
Response to Metronidazole and Oxidative Stress Is Mediated through
Homeostatic Regulator HsrA (HP1043) in Helicobacter pylori

Igor N. Olekhnovich,a Serhiy Vitko,a Meaghan Valliere,a Paul S. Hoffmana,b

Department of Medicine, Division of Infectious Diseases and International Health,a and Department of Microbiology, Immunology and Cancer Biology,b University of
Virginia School of Medicine, Charlottesville, Virginia, USA

Metronidazole (MTZ) is often used in combination therapies to treat infections caused by the gastric pathogen Helicobacter pylori.
Resistance to MTZ results from loss-of-function mutations in genes encoding RdxA and FrxA nitroreductases. MTZ-resistant
strains, when cultured at sub-MICs of MTZ (5 to 20 �g/ml), show dose-dependent defects in bacterial growth; depressed activi-
ties of many Krebs cycle enzymes, including pyruvate:ferredoxin oxidoreductase (PFOR); and low transcript levels of porGDAB
(primer extension), phenotypes consistent with an involvement of a transcriptional regulator. Using a combination of protein
purification steps, electrophoretic mobility shift assays (EMSAs), and mass spectrometry analyses of proteins bound to porG
promoter sequences, we identified HP1043, an essential homeostatic global regulator (HsrA [for homeostatic stress regulator]).
Competition EMSAs and supershift analyses with HsrA-enriched protein fractions confirmed specific binding to porGDAB and
hsrA promoter sequences. Exposure to MTZ resulted in >10-fold decreases in levels of HsrA and in levels of the HsrA-regulated
gene products PFOR and TlpB. Exposure to paraquat (PQ), hydrogen peroxide, or organic peroxides showed near equivalence
with MTZ, revealing a common oxidative stress response pathway. Finally, direct superoxide dismutase (SOD) assays showed an
inverse relationship between HsrA levels and SOD activity, suggesting that HsrA may serve as a repressor of sodB. As a homeo-
static sentinel, HsrA appears to be ideally positioned to enable rapid shutdown of genes associated with metabolism and growth
while activating (directly or indirectly) oxidative defense genes in response to low levels of toxic metabolites (MTZ or oxygen)
before they reach DNA-damaging levels.

Helicobacter pylori is a microaerobic bacterium that causes life-
long infections of the gastric mucosa of over 3 billion persons

worldwide, and while most of these infections result in mild su-
perficial gastritis, some infections progress to more serious dis-
eases such as peptic and duodenal ulcers, mucosa-associated lym-
phoid tissue lymphoma, and gastric cancer (1–3). The remarkable
ability of H. pylori to both colonize and persist in the gastric milieu
is attributed to several systems that monitor local pH, including a
novel pH-gated urea transporter (UreI) that modulates a powerful
urease system (4, 5), a pH-sensing chemoreceptor (TlpB) that
directs both colonization and avoidance of washout with mucus
turnover (6), and a pH-sensing two-component regulatory sys-
tem (ArsRS) that modulates expression of acid survival genes in
sync with the daily cycling of stomach acid (7–10). In contrast to
acid stress, little is known regarding the response to oxidative
stress, yet H. pylori promotes gastric inflammation and the re-
cruitment of neutrophils and macrophages, all of which produce
reactive oxygen and nitrogen species (11, 12). While H. pylori
responds to oxidative stress insults by increasing the expression
levels of many genes, including catalase, alkyl hydroperoxide re-
ductase, superoxide dismutase (SOD), and the quinone reductase
MdaB (12–14), the underlying regulatory mechanisms orchestrat-
ing this response have not been elucidated.

Metronidazole (MTZ), a synthetic redox-active prodrug, is
commonly included in triple and quadruple therapies (standard
treatments) used to treat primary infections caused by H. pylori
(15, 16). Interestingly, MTZ is often included at higher dosages in
salvage therapies (17–19). The apparent therapeutic efficacy of
MTZ in salvage therapies might indicate that higher drug doses
might overcome drug resistance or perhaps that MTZ acts syner-
gistically to enhance the efficiency of the other antimicrobials.
Conceptually, where resistance to antimicrobials requires shifts in

metabolic activities or in regulatory networks, these compensa-
tory adaptations might themselves become attractive drug targets.

The basis for MTZ resistance in H. pylori remains somewhat
controversial despite overwhelming evidence suggesting that loss-
of-function mutations in rdxA, encoding a MTZ-reducing oxy-
gen-insensitive nitroreductase, is both necessary and sufficient to
confer clinically significant resistance, as defined by resistance
greater than the breakpoint for the therapeutic (�8 �g/ml) (20–
22). Additional mutations in a second nitroreductase (frxA) in-
crease resistance in some strains (22–27). These enzymes, partic-
ularly RdxA, catalyze two 2-electron reductions of MTZ to
DNA-damaging hydroxylamine adducts (20, 22). MTZ can also
be reduced by single-electron reductions that are oxygen sensitive
and generate superoxide anions (22). In this regard, sequential
mutations in additional genes (mdaB, ribF, and fur) that are likely
associated with one-electron reductions of MTZ, lead to even
higher resistance levels (250 �g/ml), typically observed for aerobic
bacteria and Escherichia coli (28). While expression of rdxA in E.
coli produces a MTZ-sensitive phenotype (20, 22, 26), and com-
plementation of an rdxA mutant of H. pylori with the wild-type
(WT) allele restores full susceptibility (20), there appear to be
additional chemistries associated with MTZ activation in H. pylori
that are observed in E. coli only at very high drug concentrations
(26, 28). The variable responses of MTZ-resistant (MTZr) strains
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of H. pylori to a range of MTZ concentrations suggest that the drug
might be affecting metabolic activities. In this regard, MTZr H.
pylori strains, when grown in the presence of sub-MICs of MTZ,
showed dose-dependent defects in growth, manifested as ex-
tended lag times, lower growth rates, and diminished growth
yields (29). When these strains were assayed for Krebs cycle en-
zymes, most were depressed, but activities for pyruvate:ferredoxin
oxidoreductase (PFOR) and 2-oxoglutarate oxidoreductase
(OOR) were below detectable levels (29). As little as 3.5 �g/ml of
MTZ was sufficient to alter enzyme levels and bacterial growth
rates, yet analysis of DNA damage by alkaline gel electrophoresis
showed minimal DNA fragmentation at concentrations below 25
�g/ml (26, 29). Comparative proteomic studies also revealed
gene expression changes resulting from MTZ exposure, includ-
ing diminished levels of PFOR and apparent increases in levels
of enzymes associated with oxidative stress, such as alkyl hy-
droperoxide reductase (AhpC) (13, 30, 31). Since PFOR in
strictly anaerobic bacteria is considered the major enzyme as-
sociated with MTZ reduction, it seemed reasonable that H.
pylori might downregulate enzymes, like PFOR, whose activities
might contribute to cellular toxicity. However, direct enzyme as-
says with recombinant PFOR (purified from E. coli) under strictly
anaerobic conditions, used to measure MTZ reductase activity of
RdxA (22), revealed no pyruvate-dependent MTZ reduction un-
der these assay conditions. The PFOR enzymes of both H. pylori
and Campylobacter jejuni utilize flavodoxin in place of ferredoxin,
and apparently, the redox potential is not sufficiently low to chem-
ically reduce MTZ (32–35).

The apparent repression of genes encoding Krebs cycle en-
zymes coordinate with growth arrest suggests that responses to a
synthetic drug like MTZ must be routed through an existing
global regulatory system. However, H. pylori produces a paucity of
transcriptional regulators compared with E. coli and lacks ortho-
logues of the oxidative stress response regulatory genes rpoH,
rpoS, soxRS, and oxyR (36, 37). Since a transcriptional regulator
was not obvious, we used a protein purification-DNA electropho-
retic mobility shift assay (EMSA) screening strategy to enrich for
proteins that bind to the promoter region of porG of the PFOR
operon as a first step in elucidating underlying regulatory mecha-
nisms. Here we report that an essential atypical (orphan) response
regulator, HP1043, renamed HsrA (homeostatic stress regulator),
is a positive regulator of the porGDAB operon. Our studies show
that MTZ exposure results in a dramatic decrease in HsrA protein
levels coordinate with decreases in levels of PFOR as well as TlpB,
which is regulated by HsrA (38). Exposure to paraquat (PQ) (a
superoxide generator) or peroxides (hydrogen or organic) also
resulted in depression of HsrA, suggesting that HsrA is also re-
sponsive to oxidative stress. In this regard, HsrA shares some sim-
ilarities with CosR, an orthologue in C. jejuni that is also essential
and was shown to regulate responses to oxidative stress (39, 40).
While HsrA appears to be a negative regulator of sodB (superoxide
dismutase activities increase in response to MTZ and PQ), regu-
lation of katA and ahpC (catalase and alkyl hydroperoxide reduc-
tase, respectively) must be indirect, as these genes lack HsrA con-
sensus DNA binding sequences (41). We previously proposed that
HsrA functions as a global homeostatic regulator by syncing met-
abolic functions and virulence with availability of nutrients and
cell division (41). Our studies reveal that the sub-MIC effects of
MTZ on the growth rate of MTZr mutants of H. pylori are not due
to extensive DNA damage but rather to activation of an existing

oxidative defense pathway. Knowledge of these MTZ-induced
shifts in metabolic pathways and other compensatory adaptations
might be exploited in development of novel therapeutics.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains
and plasmids used in these studies are listed in Table 1. E. coli strains were
routinely grown in LB medium (42) at 37°C, and H. pylori strains were
grown under humid microaerobic conditions at 37°C on brucella-based
medium (BA) supplemented with 7.5% newborn calf serum (Gibco Lab-
oratories), 10 �g/ml vancomycin, 5 �g/ml trimethoprim, and 4 �g/ml
amphotericin B (24). H. pylori HP1061 and HP1134R contain loss-of-
function mutations in rdxA and frxA (20, 29). The HP1061fur::cat5 mu-
tant was constructed as previously described (43).

Growth studies, preparation of bacterial extracts for immunoblots,
and enzyme assays. MTZr strains and a fur mutant of H. pylori were
grown in BA supplemented with various concentrations of MTZ (10 or 18
�g/ml), and the optical density at 660 nm (OD660) was measured spectro-
photometrically as previously described (41). Bacteria were harvested at
an OD600 of 0.9 (late log phase) by centrifugation (6,000 � g) at 4°C, and
following suspension in phosphate-buffered saline (PBS), they were sub-
jected to sonic disruption (29). Supernatants obtained from centrifuga-
tion at 10,000 � g to remove unbroken cells and debris were used for
immunoblot or enzyme assays. The enzymatic activity of PFOR was de-
termined by tracking reduction of benzyl viologen under anaerobic con-
ditions (22, 29). Superoxide dismutase activity was determined by the
xanthine oxidase, horse heart cytochrome c reduction method (44). One
unit of SOD activity was determined as the protein concentration that
inhibited the reduction of cytochrome c by 50% at 550 nm. Protein con-
centrations were estimated by the Bradford dye binding assay (Bio-Rad)
with bovine serum albumin (BSA) as the standard. All antibodies used in
these studies (HsrA, Hsp60, Hsp70, and TlpB) were described previously
(6, 29, 41, 45, 46). SDS-PAGE and immunoblotting were performed ac-
cording to general methods reported previously (47, 48).

Cloning of porG. Cloning and expression of the porGDAB operon
were described previously (48). The region of the porG promoter from
positions �89 to �25 (Fig. 1) was amplified from H. pylori SS1 chromo-
somal DNA by PCR using Hot Star Taq DNA polymerase (Qiagen) and

TABLE 1 Bacterial strains and plasmids

Strain or plasmid Relevant characteristic(s)
Source or
reference(s)

Bacterial strains
H. pylori

HP1061 rdxA frxA Laboratory
collection

HP1061fur rdxA frxA fur::Cm5 Camr This study
HP1061CC11 hsrA CC11 from G27CC11 41; this study
SS1 Sydney 1 strain Laboratory

collection
HP1134R MTZr clinical isolate Laboratory

collection
E. coli

DH5� endA1 hsdR17 glnV44 thi-1 recA1
gyrA relA1 �(lac-argF)169
deoR [	80dlac�(lacZ)M15]

Invitrogen

BL21-CodonPlus(DE3)-RIPL Stratagene
TOP10 Invitrogen

Plasmids
pCR2.1-TOPO Vector for cloning of PCR

fragments; Apr Kmr
Invitrogen

pTOPO-porGp Derivative of pCR2.1-TOPO
with porG promoter; Apr Kmr

This study

pET16b Ap; T7 promoter Novagen
pET16b-HP1043 Ap; His10-HP1043-expressing

plasmid
This study
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cloned into the pCR2.1-TOPO vector (Invitrogen) as specified by the
manufacturers. The primers used to amplify the porG promoter were as
follows: 5Por�50Sac2 (5=-TCCCCGCGGTCCTTGTGGGTATGCCCCC
ATTT) and �164PorR (5=-TCGTATAAAATAAATTGAATTTAGCCT).
The pTOPO-porGp construct was verified by sequencing at GeneWIZ.

Primer extension. H. pylori strain HP1134R was grown in BA me-
dium in the presence or absence of 18 �g/ml MTZ to an OD600 of 0.6 and
harvested by centrifugation. Total RNA was extracted by the hot phenol
method (49). RNA was suspended in 200 �l of diethyl pyrocarbonate-
treated water, and the concentration was determined by using a Nano-
drop instrument (Thermo Scientific). Oligonucleotide reverse primer 5=-
ATAGGAAGCGAACGCTTGCA was end labeled with T4 polynucleotide
kinase with [
32P]ATP (3,000 Ci/mmol; ICN) and purified as previously
described (49). Primer extension was performed on 50 �g of RNA samples
mixed with purified labeled oligonucleotide (�1.2 � 107 cpm) (50). Ex-
tensions were performed with reverse transcription (RT) buffer (1 M Tris-
HCl [pH 8.3]; 1 M MgCl2; 1 M dithiothreitol [DTT]; 50 mM [each] dATP,
dCTP, TTP, and dGTP; and 2 mg/ml actinomycin) and 200 U of Moloney
murine leukemia virus (M-MLV) reverse transcriptase (Gibco/BRL,
MD). Following incubation at 41°C for 1 h, extension was stopped by
addition of 1 ml 0.5 M EDTA, and cDNA was prepared (49, 50). DNA
sequencing was performed with the same primer. Samples were subjected
to electrophoresis on a denaturing polyacrylamide sequencing gel and
developed by autoradiography (50).

Electrophoretic mobility shift assay. DNA fragments containing the
region of the porG promoter from positions �89 to �25 were generated
by PCR using plasmid pTOPO-porGp as the template and primers
5Por�50Sac2 and �164PorR. A 114-bp DNA fragment containing the
hsrA promoter was generated by PCR using chromosomal DNA from H.
pylori strain SS1 as the template and primers hp1043-p1R (5=-TCAGTA
GAACGCGCATGGT) and hp1043-p1F (5=-AGGGCTTGATTTTAACC
AAGC). The amplified DNA fragments were purified from a 1% agarose
gel by using a QIAquick gel extraction kit (Qiagen) and end labeled by
incubation with T4 polynucleotide kinase (New England BioLabs) and
[
-32P]ATP (3,000 Ci/mmol; ICN). The labeled DNA fragments were
separated from unincorporated [
-32P]ATP by gel filtration through Sep-
hadex G-50 Quick Spin columns (Boehringer Mannheim). Radiolabeled

DNA fragments (ca. 10,000 to 20,000 cpm per reaction) were incubated
with cell extracts and fractions containing partially purified proteins
and/or recombinant HsrA (rHsrA) protein at 25°C for 10 min in 0.5�
TBE buffer (45 mM Tris, 45 mM boric acid, and 1 mM EDTA [pH 8.3])
with 2 ng of poly(dI-dC)/�l. For supershift experiments, polyclonal anti-
HsrA serum was added to bind protein-DNA complexes. Samples were
resolved by electrophoresis in 1.5-mm-thick, 6% nondenaturing poly-
acrylamide– 0.5� TBE gels at 20 mA for 45 min at room temperature. The
gels were dried, and the positions of radioactive DNA fragments were
detected with a PhosphorImager (Molecular Dynamics, Sunnyvale, CA).

Identification of proteins bound to the porG promoter. Two grams
of H. pylori HP1061fur::Cm5 wet cells was resuspended to a total volume
of 10 ml in 100 mM potassium phosphate buffer (pH 7.5) containing 14
mM �-mercaptoethanol (�ME) and disrupted by sonication. Unbroken
cells and particulate material were removed by centrifugation at 20,000 �
g for 30 min at 4°C. Nucleic acids and some bound proteins were precip-
itated by addition of polyethyleneimine (final concentration, 0.5%) for 10
min on ice, followed by centrifugation at 10,000 � g for 5 min. After
centrifugation, proteins of interest were precipitated at between 0 and
50% saturation of ammonium sulfate. The precipitate was dissolved in 4
ml of buffer B (30 mM Tris-HCl [pH 6.9], 0.5 mM EDTA, 14 mM �ME),
followed by dialysis against buffer B. The dialyzed sample was applied
onto a UNO Q1 column (Bio-Rad Laboratories, Inc.). Proteins of interest
were eluted with a 24-ml linear gradient of 0 to 500 mM NaCl in buffer B
at a flow rate of 1 ml/min. Fractions were subjected to EMSA and analysis
by SDS-polyacrylamide gel electrophoresis. The proteins from the EMSA-
active fractions that bound porG sequences were identified at the W. M.
Keck Biomedical Mass Spectrometry Laboratory at the University of Vir-
ginia.

Effects of MTZ, paraquat, and peroxides on the HsrA regulon. Bac-
terial cultures (HP1061) were allowed to grow without additions to early
logarithmic phase (OD600 of �0.3), at which time MTZ (10 �g/ml), PQ
(10.5 �M), hydrogen peroxide (10 mM), cumene hydroperoxide (5 �M),
or t-butyl hydroperoxide (5 �M) was added. As a control, one culture was
untreated. Growth rates were measured optically, and aliquots were ob-
tained at 12 and 24 h for MTZ-treated cultures and at hourly intervals (1
to 5 h) for cultures subjected to oxidative stress reagents. For aliquots

FIG 1 Schematic version of the horH-porGDAB intergenic region. The alignment of the porGDAB promoters from different Helicobacter strains is shown below.
The porGDAB �10 promoter hexamer and the HsrA DNA binding motif are boxed. A Fur box was identified upstream of porG but outside the depicted region
and near the promoter region of horH.
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obtained from MTZ treatment, bacteria were sonicated and subjected to
SDS-PAGE. For these studies, lanes were loaded with 4, 8, 16, or 32 �g of
protein. Following transfer of separated proteins onto nitrocellulose, blots
were probed with antisera to HsrA, PorA, TlpB, Hsp60, and Hsp70. For
oxidative stress-treated cultures, following determination of the OD,
equal protein loadings were subjected to SDS-PAGE and immunoblotting
with antisera to HsrA. Semiquantification of band intensities was deter-
mined by densitometry scanning and analysis with Image-Pro software
(Media Cybernetics). All assays were performed at least twice, and repre-
sentative results are depicted.

Direct effects of MTZ and PQ on HsrA. Two terminal cysteine resi-
dues of HsrA were each replaced by serine (C215S and C221S) to produce
single mutants and the double mutant (CC11), as previously described
(41). PCR and DNA sequencing were used to confirm the mutant alleles in
HP1061. The effects of MTZ and PQ were also assessed by disk diffusion.
BA plates were uniformly streaked with 0.1 ml of H. pylori cell suspensions
adjusted to an OD600 of 0.1. Sterile 7-mm filter paper disks saturated with
15 �l of MTZ (10 mg/ml) or PQ (3.3 mg/ml) were placed onto the plates
in triplicate. The plates were incubated for 72 h before the zones of inhi-
bition were measured (22).

RESULTS

The respiratory metabolism of H. pylori is highly dependent on the
Krebs cycle for energy production; therefore, decreases in the spe-
cific activities of Krebs cycle enzymes would be expected to affect
bacterial growth. We previously reported that sub-MICs of MTZ
led to repression of PFOR, OOR, aconitase, isocitrate dehydroge-
nase, and succinate dehydrogenase (fumarate reductase) activities
(29). While PFOR and OOR were similarly affected by MTZ ex-
posure, we arbitrarily chose to focus our investigations on deter-
mining how PFOR was regulated in response to sub-MICs of
MTZ. We first confirmed that growth of H. pylori strain HP1134R
(MIC, 32 �g/ml) in medium supplemented with 18 �g/ml of
MTZ depressed PFOR protein levels. As shown in Fig. 2, PorA
protein levels (determined by immunoblotting with anti-PorA se-
rum) were substantially decreased in bacteria grown in the pres-
ence of sub-MICs of MTZ. In contrast, Hsp70 levels were unaf-
fected by MTZ, suggesting regulatory specificity. The decreased
protein levels of PorA were consistent with previous work show-
ing an absence of detectable enzymatic activity (29). Primer exten-
sion was then used to both identify the transcriptional start site of
porGDAB and determine if mRNA levels were similarly depressed
by MTZ. As shown in Fig. 3, a consensus �10 (TATAAT) hexamer
sequence was located upstream of the transcription start site. The
extension products generated from 50 �g of total RNA from
HP1134R were so significantly depressed by MTZ to require over-
loading of the sequencing gel in order to detect transcript relative
to the untreated control, thus confirming that the effect of MTZ

on PFOR activity was due to strong repression of transcription.
Since strong “on/off” repression of transcription is not typically
observed in H. pylori (8, 9, 38, 41), the action of MTZ seemed to be
associated with a novel regulatory mechanism. An examination of
the porGDAB locus and the upstream region containing the tran-
scription start site and promoter elements is shown in Fig. 1. A
putative Fur DNA binding box is located outside the depicted
region and in the promoter region of the upstream gene horH. The
promoter region, like most in H. pylori, is highly AT rich. We
previously identified a putative HrsA (HP1043) consensus DNA
binding motif in sequences spanning the �35 region, as indicated
in Fig. 1 (41).

Fur and MTZ-responsive repression of PFOR. It was sug-
gested by previous microarray studies that the ferric uptake regu-
lator Fur regulated the expression of porGDAB under acidic con-
ditions (51) and that Fur binds the promoter of oorDABC and
contributes to its regulation (52). To test whether Fur is the MTZ-
responsive regulator, we measured PFOR specific activities in cell
extracts prepared from MTZr H. pylori strains HP1061 and
HP1061�fur, grown in the presence or absence of sub-MICs of
MTZ. As shown in Fig. 4, in the absence of MTZ, PFOR specific
activities were equivalent, at 150 to 160 nmol/min/mg protein. We
then determined that 10 �g/ml of MTZ in the growth medium was

FIG 2 Effect of metronidazole on PFOR protein levels. Cell extracts from H. pylori strain Hp1134R grown in the presence (� MTZ) or absence (� MTZ) of 18
�g/ml MTZ were subjected to SDS-PAGE and immunoblotting with antibodies prepared against the PorA subunit (A) and Hsp70 (B). MW, molecular weight
(in thousands).

FIG 3 Primer extension. Total RNA was obtained from MTZr strain HP1134R
grown in the absence (�MTZ) or presence (�MTZ) of MTZ (18 �g/ml), and
equal concentrations of RNA were extended. Extension products and DNA
sequence were generated with the same primer. The sequencing gel was sub-
stantially overloaded in order to detect the extension product (porG arrow) for
the �MTZ sample. In the depicted nucleotide sequence, the �10 element and
the transcription start site are shown in boldface type.
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sufficient to decrease the specific activity of PFOR in HP1061
by 50% compared to the controls (Fig. 4). Under similar growth con-
ditions, the PFOR enzymatic activity in extracts prepared from the
HP1061fur mutant strain was decreased by nearly 85% (Fig. 4). Since
the putative fur box is located outside the porGDAB promoter region
and near horH, we conclude that the regulatory effects attributed to
Fur are most likely indirect. Since the MTZ-repressive effects on
PFOR were not abolished by the fur mutation, we conclude that Fur is
not the MTZ-activated repressor.

Gel retardation identifies MTZ-responsive complexes. We
used EMSA to screen for proteins in cell extracts of HP1061 and
HP1061fur that might bind to the porG promoter. The binding of
proteins in extracts from bacteria grown in the presence or ab-
sence of MTZ to a 114-bp 32P-labeled porG promoter fragment
(nucleotides �89 to �25) showed a common set of three retarded
complexes, designated C-1, C-2, and C-3 (Fig. 5, lanes 2 and 3).
The PCR-generated product used in EMSAs (see Materials and
Methods for details) consisted of two DNA fragments. Cloning
and sequencing of these fragments revealed that the upper band
contained the porG promoter sequence (free DNA) (Fig. 5, lane 1).
Thus, we decided to take advantage of the presence of the unspe-
cific fragment in our EMSAs and use it as an additional internal
control for nonspecific binding. As shown in Fig. 5, the porG pro-
moter (free DNA band) was completely shifted in the presence of
5 �g of total protein from the HP1061 (lacking MTZ [MTZ�])
extract with formation of C-1, C-2, and C-3. A further 2-fold
increase in the protein concentration (10 �g/ml) showed a dose
response increase in C-3 but also shifted the control DNA. Impor-
tantly, band shifts with extracts from H. pylori HP1061 cells grown
with MTZ showed reduced formation of all three complexes (Fig.
5, lanes 4 and 5), consistent with a MTZ-responsive transcrip-
tional factor phenotype. Introduction of a fur deletion into strain
HP1061 did not ablate any of the shifted complexes (Fig. 5, lanes 6
and 7), but most of the free DNA was unbound. Sub-MICs of
MTZ further depressed the DNA binding pattern of HP1061fur
(Fig. 5, lanes 8 and 9). The lack of definition of the shifted bands

(lanes 8 and 9) might result from activation of DNases or more
likely the action of proteases on protein-bound DNA complexes,
since most of the free DNA had not shifted. To eliminate these
competing effects as well as possible indirect effects of Fur, protein
purification was conducted with the fur mutant in the absence of
MTZ.

Identification of the transcriptional factor(s) mediating
MTZ-responsive repression of PFOR. Our purification strategy
began with treatment of crude extracts with polyethyleneimine to
precipitate out nucleic acids and some proteins. Second, proteins
from the polyethyleneimine-treated extract were precipitated
with ammonium sulfate and separated on a UNO Q1 column (see
Materials and Methods). The collected fractions from UNO Q1
separation were subjected to EMSA and SDS-PAGE analysis. The
set of three retarded complexes noted in Fig. 5 was detected in
fractions 19 and 20 from HP1061fur (Fig. 6A). Analysis of these
fractions by SDS-PAGE and silver staining revealed enrichment
for proteins in the 18- and 60-kDa regions (data not shown).
These regions were excised and subjected to mass spectrometry
(MS) (liquid chromatography-tandem MS [LC-MS/MS]),
which identified 69 proteins, 1 of which was the orphan re-
sponse regulator HP1043. No other DNA binding proteins
were present in this list, although it is possible that other DNA
binding proteins exist in fractions 19 and 20 which were not
detected by MS analysis. Ironically, we had generated a mutant
variant of HP1043 (HP1043CC11) that enabled the identifica-
tion of 70 new genes containing consensus DNA binding motifs
in their promoter regions, including porGDAB, oorDABC, and
sodB (41). Thus, the pleiotropic regulatory phenotypes re-
ported for HP1043 seemed to overlap those generated by MTZ
(13, 29, 38, 41). We named this gene hsrA (homeostatic stress
regulator) to denote its function in regulating genes of central
metabolism that would influence growth and growth cycle ac-
tivities.

FIG 4 Effects of MTZ and fur on PFOR activity. The specific activity of PFOR
was determined for strains HP1061 (rdxA) and HP1061fur (rdxA fur) grown in
the presence (�) or absence (�) of 10 �g/ml MTZ. The experiment was
performed three times, and the means and standard deviations are depicted.
The specific activities are reported in nmol of benzyl viologen reduced per
minute per mg protein under anaerobic conditions.

FIG 5 Effect of MTZ on formation of gel-retarded complexes with the porG
promoter. EMSA was performed by using the indicated amounts of cell extracts
(�g/ml), which were prepared following growth of H. pylori HP1061 or
HP1061fur in medium supplemented with 10 �g/ml MTZ (� MTZ) or with
no MTZ (� MTZ). The cell extracts were incubated with a 32P-labeled DNA
amplicon representing a portion of the porGDAB promoter from positions
�89 to �25 depicted in Fig. 1. Samples were resolved by nondenaturing poly-
acrylamide gel electrophoresis, and the positions of the radioactive bands (C-1,
C-2, and C-3) were detected by use of a PhosphorImager. Note the near ab-
sence of shifted complexes, particularly band C-3 in extracts from MTZ-grown
bacteria.
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DNA binding properties of native and recombinant HsrA
proteins. Since HsrA (HP1043) has been shown to bind its own
promoter by DNase I footprinting (38, 41), we next determined
whether the fraction containing the native HsrA protein (Q1 frac-
tion 19) (Fig. 6A) also formed complexes with the hsrA promoter.
As shown in Fig. 6B, the EMSA pattern for fraction 19 with the
porG probe and a DNA probe containing the hsrA promoter re-
gion produced a similar band shift pattern (C-1, C-2, and C-3). As
depicted in Fig. 6B, recombinant HsrA (rHsrA) bound poorly by
EMSA (band denoted C-L), as previously reported (38, 41). The
surprisingly weak DNA binding of rHsrA-His6 protein compared
to fraction 19 might be due to the His tag. To test this possibility,
we removed the His tag from rHsrA using thrombin protease.
However, no changes in DNA binding properties of rHsrA versus
rHsrA-His6 were detected (data not shown). The inability of
rHsrA to strongly bind DNA might result from improper folding
in E. coli or possibly to posttranslational modifications that are

unique to H. pylori. The HsrA protein is denoted by an arrow in
Fig. 6B, as this band showed a dose-dependent increase in inten-
sity with both the porG and hsrA operator sequences.

To further investigate the specificity of HsrA in DNA binding,
cold hsrA promoter competitor DNA was used to compete for
binding with the radiolabeled porG promoter sequence. As shown
in Fig. 6C, the gel shift pattern for binding of both fraction 19 and
purified rHsrA-His protein to porG was abolished by competitor
DNA, indicating that binding of HsrA to the porG promoter se-
quences was specific. It is also noteworthy that the addition of
rHsrA protein to the fraction 19 extract led to an enhancement in
DNA binding (Fig. 6C, lane 6) that was greater than the sum of
fraction 19 and rHsrA combined (sum of lanes 2 and 4), suggest-
ing the possibility that other components in fraction 19 may have
improved the DNA binding efficiency of recombinant HsrA pro-
tein. To confirm that HsrA was in shifted complexes, HsrA anti-
body was added to the HsrA-DNA complexes, and as indicated in

FIG 6 Partial purification of proteins bound to the porG promoter. (A) Fractions eluted with an NaCl gradient from the UNO Q1 column (see Materials and
Methods) were analyzed by EMSA. Note that in all EMSAs involving the porG amplicon, a control amplicon lacking HsrA binding sequences is included. (B)
EMSA of porG and hsrA promoters in the presence of HsrA produced in E. coli (rHsrA-His10) or H. pylori (UNO Q1 column fraction 19). (C) EMSA of the porG
promoter (114 bp) in the presence of competitor DNA (not-labeled hsrA promoter DNA; 114 bp; 70 ng). The amount of protein used for EMSA is depicted at
the top. (D) Supershift with anti-HsrA serum and unbound DNA (lane 1). Protein concentrations (�g) and the presence or absence of anti-HsrA serum (lane 4)
are indicated at the top of the gel. The supershift is indicated by an arrow. Note that the C-3 band in lane 4 was diminished compared to that in lane 3 and that
the control amplicon had not shifted, a control for specificity.
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Fig. 6D, the supershifted labeled DNA complex (indicated by an
arrow) confirms that HsrA is present in the complex. These stud-
ies confirm that HsrA binds the porGDAB promoter, as suggested
previously (41).

HsrA and members of the HsrA regulon are repressed in the
presence of MTZ. We next tested the hypothesis that HsrA pro-
tein levels were responsive to MTZ exposure. HP1061 was grown
in the presence or absence of 10 �g/ml of MTZ, cell extracts were
diluted (range, 4 to 32 �g per well), and the extracts were probed
with anti-HsrA serum following SDS-PAGE. As shown in Fig. 7,
HsrA levels (compared with those of untreated controls) were
decreased �10-fold by MTZ. Similar decreases were observed for
PFOR (PorA) (4-fold) and TlpB (�8-fold), which both contain
consensus HsrA binding motifs (41). As a control, there was no
change in Hsp60 protein levels. A bioinformatics search of the H.
pylori genome with the HsrA consensus DNA binding sequence
identified genes in which the consensus sequence was located be-
tween nucleotides 6 and 21 of the identifiable �10 hexamer, sug-
gesting that HsrA is likely to be a positive regulator of hsrA,
porGDAB, tlpB, oorD, fur, flhA, fliP, cag25, and cagA (41). Simi-
larly, the presence of a consensus HsrA motif within the promoter
of porG is confirmed in the present study. In the case of fur, the
HsrA binding motif is within the high-affinity O-I Fur binding
region of the gene (region from positions �35 to �60), which
might affect transcription (53). Overall, our findings support the
hypothesis that MTZ exposure leads to diminished levels of HsrA
and account for the negative regulatory effects on porGDAB and
other genes.

HsrA-repressed genes. Since some studies have suggested that
superoxide dismutase is activated in response to MTZ exposure
(54), and a putative HsrA binding site was identified upstream of
the promoter region (41), we examined SodB levels in extracts
from MTZr bacteria grown in medium supplemented with MTZ.
As shown in Fig. 8, SOD activity was nearly doubled in bacterial
extracts from bacteria exposed to MTZ compared with controls.
Since paraquat (PQ) (methyl viologen) has been reported to in-

duce genes associated with oxidative stress, we determined
whether SOD levels were increased in bacteria exposed to PQ. As
shown in Fig. 8, SOD levels were similarly increased in extracts
from bacteria grown in the presence of PQ. It is therefore conceiv-
able that depression of HsrA levels in response to MTZ and PQ
results in derepression of the sodB gene. These observations do not
rule out indirect regulatory responses, such as those which might
be mediated through Fur (11, 55).

HsrA response to oxidative stress. We next investigated the
possibility that paraquat and hydrogen peroxide exposure might
also activate the oxidative stress pathway by depressing levels of
HsrA. Since peroxides and paraquat were toxic to H. pylori, we
first optimized concentrations to enable bacterial growth, as de-
picted in Fig. 9A. Based on the accompanying immunoblot (Fig.
9B), HsrA levels were depressed at the 2- and 3-h time points and
seemed to recover, as did microbial growth, by 5 h postchallenge.
Cumene peroxide was toxic, and bacterial growth did not recover.
The various peroxides were more toxic to H. pylori than was PQ,
but in each case, levels of HsrA were depressed, as similarly ob-
served with MTZ. The effect of oxidative stress on growth rates
correlates with depression of HsrA levels, as was observed
with MTZ.

HsrA is not directly affected by oxidative stress. In examining
the amino acid sequence of HsrA, we noticed two C-terminal cys-
teine residues that might be susceptible to oxidation by peroxides
or superoxide anions generated by PQ. To evaluate a direct role
for HsrA, we used hsrA mutants in which the two terminal cysteine
residues were each changed to serine and a double mutant
(HsrAC215S, HsrAC221S, and HsrACC11), as previously de-
scribed (41). A disk diffusion assay was used to evaluate suscepti-
bility of these mutants and wild-type HP1061 to MTZ and PQ. As
shown in Fig. 10, there was essentially no difference in the diam-
eters of zones of inhibition by MTZ or PQ between the WT and the
mutants. These results suggest that the cysteine residues of HsrA
are not directly involved in sensing oxidative stress and that addi-
tional levels of regulation modulate the cellular levels of HsrA in
response to MTZ and to toxic oxygen species.

DISCUSSION

Atypical or orphan response regulators like HsrA of H. pylori are
members of the OmpR/PhoB family of transcription factors,
whose activation does not require phosphorylation and whose
regulatory functions are poorly understood (41, 56–59). We re-

FIG 7 Effect of MTZ on the HsrA regulon. Shown is an immunoblot of MTZr

strain HP1061 grown in the presence or absence of MTZ. Bacteria were grown
to early logarithmic phase (OD600 of 0.3), at which time 10 �g/ml MTZ (�)
was added to one flask, and the other served as a control (�). After 4 h, bacteria
were collected, and cell extracts (4 to 32 �g/ml) were subjected to SDS-PAGE
and probed with the indicated antibodies. GroEL (Hsp60) served as a control.
The depicted immunoblot is representative of several replicates that also in-
cluded different strains.

FIG 8 Superoxide dismutase activity of HP1061. Superoxide dismutase activ-
ity was measured in cell extracts of HP1061 grown in the absence or presence
of MTZ (10 �g/ml) or paraquat (3.3 �g/ml). Units of activity per mg protein
were determined based on 1 unit inhibiting the rate of cytochrome c reduction
by 50%. The average data of two experiments are shown.
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cently proposed that HsrA (HP1043) serves as a homeostatic
marker whose steady-state level is strictly maintained by unknown
regulatory mechanisms operating on transcriptional, posttran-
scriptional, and posttranslational levels (31, 38, 41, 60). Here we
show that exposure of H. pylori to sub-MICs of MTZ, a synthetic
redox-active prodrug, perturbs this regulation, resulting in a �10-
fold decrease in HsrA protein levels that correlated with similar
decreases in expression levels of HsrA-regulated genes. We iden-
tified HsrA as the transcriptional regulator of porGDAB in a func-
tional screen of H. pylori cell extracts for proteins that bind the
porG promoter region. HsrA binding to porG and to hsrA pro-
moter sequences was validated by EMSA, competition with hsrA
and porG competitor DNA, and supershifting with antibody spe-
cific for HsrA. We mapped the transcriptional start site for porG
and identified the HsrA binding motif in the �35 area of the
promoter. While not depicted, the HsrA DNA binding motif in
the oorDABC promoter region also spanned the �35 hexamer
sequence (positions �52 to �21 relative to the transcription start
site). By binding near or overlapping the �35 sequences of regu-
lated genes, HsrA might function like a bacterial class II transcrip-
tional activator by interacting with the housekeeping sigma factor
RpoD or with the �-C-terminal domain (�CTD) of RNA poly-

merase to initiate transcription (61). While our studies do not rule
out the possibility that other DNA binding proteins may participate
in regulation of porGDAB or oorDABC, they do support a prominent
role for the homeostatic regulator HsrA as a positive regulator of
transcription and establish a strong correlation between HsrA levels
and those of PFOR, TlpB (Fig. 7), and OOR (29).

Precisely how MTZ or its toxic metabolites mediate repression
of HsrA levels is not known, but the demonstration that exposure
to the superoxide anion-generating drug paraquat or to various
peroxides similarly depressed HsrA protein levels suggests a com-
mon pathway associated with the response to oxidative stress. We
previously noted that for some MTZr strains, as little as 3.5 �g/ml
of MTZ was sufficient to depress PFOR and OOR activities and
bacterial growth rates (29), while drug concentrations of �25
�g/ml were required to produce detectable DNA damage (26).
This difference suggests that H. pylori may be wired to respond to
reactive oxygen species before serious DNA and cellular damage
occurs. The notion seems to fit with the general view that H. pylori
plays a game of “cat and mouse” with the host gastric mucosa,
both promoting nutrient-bearing inflammation and responding
to the host oxidative inflammatory response (11, 62, 63). Our
studies with a CC11 mutant tended to diminish the possibility that
C-terminal cysteine residues of HsrA were chemically modified by
reduced forms of MTZ or oxygen. We did not determine how
reduced products of MTZ and oxygen were detected or what reg-
ulatory systems became activated to control HsrA levels.

Our previous studies also suggested that autoregulation may
not play a strong role in regulating HsrA gene expression, since the
CC11 mutant expressed half the HsrA protein level (also predicted
to bind more tightly to DNA) of the wild-type strain and 40-times
more transcript (41). Similarly, Muller et al. used a promoter swap
strategy (Pcag, Ppfr, and PfecA for PhsrA) and hsrA gene duplica-
tion to alter HsrA protein levels, but while primer extension stud-
ies showed that large amounts of transcript were produced, the
protein levels of HsrA were unaltered (60). These results seem to
suggest that transcription control is less important than transla-
tion control in maintaining steady-state levels of HsrA. Posttrans-
lational control systems are also largely unexplored, and we envi-
sion enzyme modifications to HsrA that improve DNA binding
efficiency (suggested from gel shift experiments with native and
recombinant HsrA) and perhaps proteases that become activated
in response to MTZ and toxic oxygen species that might accelerate
protein turnover. Given the tight on/off phenotype generated by

FIG 9 Effect of paraquat and peroxides on bacterial growth and HsrA protein levels. (A) Growth inhibition of HP1061 by paraquat (PQ) (3.3 �g/ml), hydrogen
peroxide (Perox) (10 mM), cumene peroxide (CH) (5 �M), and t-butyl hydroperoxide (tBH) (5 �M). Bacterial growth was monitored spectrophotometrically
at 600 nm. (B) Aliquots were taken at the indicated times and subjected to SDS-PAGE and immunoblotting with anti-HsrA serum. The results depicted are
representative of two independent experiments.

FIG 10 Cysteine residues of HsrA are not inactivated by MTZ or PQ. A disk
diffusion assay was used to evaluate susceptibility of HP1061 and the HP1061
HsrA C215S (Ser215), HP1061 HsrA C221S (Ser221), and HP1061 HsrA
C215S,C221S (CC11) mutants to MTZ and PQ. BA plates were uniformly
streaked with 0.1 ml of H. pylori cell suspensions adjusted to an OD600 of 0.1.
Sterile 7-mm filter paper disks saturated with 15 �l of MTZ (10 mg/ml) or PQ
(3.3 mg/ml) were placed onto the plates in triplicate. The plates were incubated
for 72 h before the zones of inhibition were measured (22). The means and
standard deviations of three experiments are depicted.
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MTZ and toxic oxygen species and in the absence of tight gene
regulation reported for this species (8, 9, 38, 52, 53), these alter-
natives seem plausible. Studies are in progress to explore these
alternative regulatory mechanisms and how they are activated.

Several studies have indicated that HsrA is highly conserved
among members of the epsilonproteobacteria and that CosR and
HsrA are functionally interchangeable (38–40, 60). In C. jejuni,
CosR has been characterized as an oxidative stress regulator that
directly controls the expression of catalase and SOD (39). Since we
had identified consensus HsrA binding motifs in the divergent
promoter regions of tagD (thiol peroxidase) and sodB (41) and
determined experimentally that MTZ exposure led to a 2-fold
increase in SOD activity over untreated controls, perhaps MTZ
metabolism also contributes to oxygen toxicity. In this regard,
single-electron reductions of MTZ produce the 5-nitro anion rad-
ical that in the presence of molecular oxygen is restored to the
5-nitro group with formation of superoxide anions (64). Our
finding that exposure of H. pylori to sublethal concentrations of
PQ or various organic and hydrogen peroxides similarly de-
pressed levels of HsrA seems to suggest that MTZ toxicity is me-
diated through a preexisting oxidative stress response pathway.
Here our findings differ from those reported previously for C.
jejuni, where only PQ was found to affect CosR levels (39). Inter-
pretation of PQ results for both species is complicated by PQ
(methyl viologen) being a substrate of PFOR and an inhibitor of
the PFOR-Fld-FqrB pathway that produces NADPH from the ox-
idation of pyruvate (33). Alternatively, changes in cellular energy
charge could feed into the HsrA regulatory circuit. We offer two
lines of evidence to support the oxidative stress regulatory route
from MTZ. First, exposure to peroxides resulted in depressed lev-
els of HsrA, and second, MTZ is not a substrate of PFOR (11, 29,
33, 48).

An HsrA orthologue was recently characterized in Helicobacter
pullorum (HPMG439) and was found to be part of a two-compo-
nent regulatory system and phosphorylated by a cognate histidine
kinase (65). In this system, HPMG439 is associated with nitrogen
regulation and not oxidative stress (65). As found with CosR and
HsrA, HPMG439 could also replace hsrA in H. pylori (65). In
reviewing the consensus DNA binding motifs reported for these
species and inferences from superimpositions of the crystal struc-
tures of CosR and HsrA, it is reasonable to suggest that the DNA
binding domains of HsrA and CosR are highly conserved, while
the consensus DNA binding motifs are rather degenerate (56).
Ordinarily, degenerate promoters are associated with weak bind-
ing by transcription factors, so the phenotypes of tight on/off reg-
ulation observed with PFOR and OOR seem contradictory. Since
HsrA is a positive regulator of the porGDAB and oorDABC oper-
ons, perhaps posttranslational modifications to HsrA in response
to MTZ or oxidative stress, such as activation of proteases, might
lead to rapid depletion of HsrA and the appearance of a strong
repression phenotype. We favor this possibility over transcrip-
tional regulation of hsrA because previous efforts to manipulate
gene expression through controllable promoters and gene dupli-
cation, while achieving increases in hsrA mRNA levels, did not
result in changes in the protein level (38, 60, 65). Proteolytic deg-
radation of transcription factors is considered a common mecha-
nism involving proteases such as ClpX and Lon (66–68). In this
regard, the expression level of the serine protease HtrA has been
shown to increase upon exposure of H. pylori to hydrogen perox-
ide (69).

Overlapping regulatory networks and oxidative stress. Gas-
tric species of Helicobacter reside in an extreme environment with
few microbial competitors and a rather restricted range of envi-
ronmental stimuli to contend with. Moreover, the strongly acidic
environment both influences growth and concentrates metals,
which, together with reactive oxygen and nitrogen species pro-
duced in the chronic inflammatory response, contribute generally
to oxidative stress (reviewed in reference 11). The importance of
acid is underscored by the number of regulatory factors associated
with the acid-protective urease system, including Fur, NikR, and
the acid response two-component regulator ArsRS (7, 8, 10, 60,
70–72). The effect of MTZ on these regulators has not been exten-
sively studied, although overexpression of sodB, a Fur-regulated
gene, has been shown to contribute to MTZ resistance (54). In this
regard, we showed that mutations of hsrA (CC11 mutant) lowered
transcript levels of fur by 1.75-fold in exponential phase and had a
similar effect on flhA (regulator of flagellum biogenesis) (41). In
the present study, we found PFOR enzymatic activity to be re-
pressed by 85% in fur mutants exposed to MTZ, compared to 50%
for WT strains (Fig. 4). We identified an HsrA motif in the up-
stream region of fur from positions �35 to �60 in an area con-
taining a Fur DNA binding motif (53). It is conceivable that HsrA
and Fur compete for binding (autoregulation) and consequently
affect transcription of this important global regulator. Further
study will be required to explore the effects of MTZ on Fur and
other downstream regulatory consequences associated with al-
tered levels of HsrA.

In summary, our studies identified HsrA as a positive tran-
scriptional regulator of the porGDAB operon in H. pylori. HsrA is
a master regulator that coordinates the expression of genes asso-
ciated with central metabolism and virulence with those of cell
division and bacterial growth. Cellular levels of HsrA are tightly
controlled throughout the growth cycle, and genetic efforts to
manipulate HsrA levels have not been successful (31, 38, 41). Our
studies show that the dose-dependent effects of MTZ on bacterial
growth and the activities of core enzymes of central metabolism
are mediated through HsrA. While it was unexpected to find MTZ
toxicity routed through an existing oxidative defense pathway, we
believe that this response pathway may be unique to those muco-
sal pathogens that promote inflammation to acquire nutrients.
Our findings might partly explain perceived beneficial effects of
inclusion of MTZ in salvage therapies to treat infections caused by
drug-resistant strains. Perhaps, further elucidation of the meta-
bolic and regulatory shifts associated with MTZ exposure and de-
pressed levels of HsrA will lead to the identification of potentially
new drug targets.
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