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Abstract

Metronidazole (Mtz) is a prodrug that is converted to its active form when its nitro group is reduced and
superoxide radicals are generated. The superoxide radicals are directly toxic to the bacterium. On the other hand,
the transcriptional regulator, ferric uptake regulator (Fur), of Helicobacter pylori is a direct suppressor of the iron-
cofactored superoxide dismutase SodB, which is essential for protection against superoxide attack. Here, we
demonstrate that in some Mtz-resistant strains, SodB activity is induced in a dose-dependent manner on ex-
posure to Mtz. Further, under Mtz exposure, the generation of superoxide radicals in Mtz-resistant strains was
significantly reduced as compared with that in the Mtz-susceptible strains. These Mtz-resistant strains were
found to carry amino acids mutation of Fur (C78Y, P114S; mutant-type Fur). The binding affinity of the mutant-
type Fur to an operator sequence on the sodB promoter (Fur-Box) was significantly reduced. Our approach
demonstrated that SodB expression is derepressed by mutant-type Fur, which is associated with the develop-
ment of Mtz resistance. Antioxid. Redox Signal. 14, 15-23.

Introduction H. pylori infection. Mtz enters the cells by diffusion, and its
antimicrobial toxicity is dependent on the reduction of its
HELICOBACTER PYLORI IS A GRAM-NEGATIVE BACTERIUM nitro group to nitro anion radicals and the generation of su-
that colonizes the gastric mucosa in more than half of the ~ peroxide radicals (37, 38). According to Goodwin et al., since
entire population of the world; it is a major cause of chronic nicotinamide adenine dinucleotide phosphate (reduced form)
active gastritis and peptic ulcer disease and also an early risk  nitroreductase (RdxA) of H. pylori reduces the nitro group of
factor for gastric cancer (16, 43). Eradication of this bacterium Mtz to anion radicals that produce DNA strand breaks and
from the stomach results in recovery from gastritis and peptic ~ oxidative stress, which ultimately cause rapid cell death (14),
ulcer disease in over 90% of patients. Metronidazole (Mtz) mutational inactivation of the rdxA gene would be expected to
was initially used against a variety of anaerobic microorgan- be associated with the development of resistance to Mtz.
isms, but the drug was later found to also exhibit activity However, a number of Mtz-resistant strains have been re-
against certain microaerophilic organisms such as H. pylori.  ported in which the RdxA protein appears to be unchanged
Currently, one of the most effective treatment regimens for (23, 45, 49). In addition, Masaoka ef al. has also isolated Mtz-
H. pylori consists of a combination of a proton pump inhibitor  resistant strains with an intact RdxA protein (31). These re-
and any two of the following three antimicrobial agents: ports strongly suggest the existence of a resistance mechanism
amoxycillin, Mtz, and clarithromycin (15). in the organisms other than RdxA inactivation. In the Mtz-
Recently, a gradually increasing prevalence of Mtz re- resistant strains, superoxide radicals are generated through
sistance has begun to be reported from Asia and Europe (11, the reduction of Mtz; therefore, we focused on the radical
26,47). Kim et al. suggested that Mtz is also widely prescribed  scavenging activity in these Mtz-resistant strains.
for other infections such as parasitic or genital infections and H. pylori expresses only a single superoxide dismutase
that such widespread use and abuse of this inexpensive drug  (SOD), the iron-cofactored superoxide dismutase (SodB)
may contribute to the increasing prevalence of Mtz resistance  protein, which exhibits 53.5% identity to the Escherichia coli
(26). This increase in the prevalence of Mtz resistance is likely =~ FeSod (41). SodB, as the primary defense against superoxide
to become an issue of concern in the clinical management of radicals, prevents interaction between iron and superoxide as
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well as catalyzes the dismutation of superoxide into oxygen
and hydrogen peroxide. In addition, expression of SodB is
also essential for gastric colonization by H. pylori and for its
growth under microaerobic conditions (40).

Recently, Ernst ef al. reported that sodB expression in
H. pylori is directly regulated by the ferric uptake regulator
(Fur) protein. Fur functions as a global transcriptional reg-
ulator and is involved in acid tolerance, detoxification of re-
active oxygen species (ROS), and energy metabolism in H.
pylori (5,7,12, 29). It is reported that Fur binds to iron (Fe* ")
and that the genes for iron uptake are repressed by the iron-
binding form of Fur (10, 48). On the other hand, sodB ex-
pression is known to be repressed by the iron-free form of Fur
(apo-Fur) (13). Apo-Fur binds to a specific consensus se-
quence called the Fur-Box located on the sodB promoter and
blocks the binding of RNA polymerase (2, 13, 46).

In the present study, we attempted to confirm the hy-
pothesis that Mtz-resistant strains which show no evident
change of the RdxA protein exhibit an enhanced ability to
defend themselves against superoxide radicals by SodB. The
present study was designed to examine the expression of
SodB and the structure and functions of Fur, which acts as a
sodB transcriptional repressor, in Mtz-resistant strains.

Materials and Methods
Bacterial strains and culture conditions

H. pylori strains ATCC700392, KS0163, and KS0189 were
used as the Mtz-susceptible strains; and strains KS0033, KS0048,
and KS0145 were used as the Mtz-resistant strains. None of
these Mtz-resistant strains showed any evident changes of the
RdxA protein as determined by amino acid alignment analysis
of the RdxA protein (31). According to the report of Masaoka
et al., KS0033 and KS0048 showed a moderate-level resistance
(16 < minimum inhibitory concentration [MIC] <32 ug/mL),
and KS0145 showed a high-level resistance (32 ug/mL <MIC) to
Mtz (31). In this study, KS strains isolated from patients were
maintained at —80°C in Brucella Broth (Becton-Dickinson)
containing 25% (vol/vol) glycerol. The bacteria were cultured
on Columbia HP agar (Becton-Dickinson) for 2 days at 37°C,
under microaerobic conditions maintained with AnaeroPack
MicroAero (Mitsubishigas).

Total RNA isolation and quantitative RT-polymerase
chain reaction

Since Fur activity is dependent on the concentration of iron
in the medium, the bacteria, normalized to an ODgy of 0.5,
were incubated with 0, 0.01 and 0.05 ug/mL Mtz for 3h in an
iron-free medium (saline). The total RNA of the bacteria in-
cubated with Mtz (Sigma) was isolated using the SV Total
RNA Isolation system (Promega). The reverse transcription
(RT) reaction was performed using the PrimeScript RT re-
agent Kit (Takara), in accordance with the manufacturer’s
guidelines. For real-time polymerase chain reaction (PCR), the
PCR amplification was performed using the SYBR Premix Ex
Taq Perfect Real Time kit (Takara) in a Thermal Cycler Dice
Real Time System (Takara). The primer sequences used were
as follows: sodB mRNA: forward 5'-CGACTGCCCTAAGC
GATG and reverse 5-CCAATTCCAACCAGAGCC; the 16S
rRNA gene mRNA primers have been previously described in
detail (35). The H. pylori 165 rRNA gene was used as the in-
ternal control for the quantitative RT-PCR.
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Measurement of SOD activity

Since the Fur activity is dependent on the concentration of
iron in the medium, the bacteria, normalized to an ODgy, of
0.5, were incubated with 0, 0.05, and 0.5 ug/mL Mtz for 5h in
an iron-free medium (saline). After sonication (1.5 min at 25%
power) of the bacteria incubated with Mtz, the resultant
bacterial lysates were centrifuged, and the SOD activities
were measured using an SOD Assay Kit-WST (Dojindo), in
accordance with the manufacturer’s guidelines.

Electron spin resonance assay

A spin trapping agent, 5 uM 4-Hydroxy-TEMPO (Sigma) or
40 mM CYPMPO (Radical Research), was added to the bac-
teria, normalized to an ODgyg of 0.5, and incubated with O,
0.05 or 0.5 ug/mL Mtz for 5 h. After sonication of the bacteria,
the resultant bacterial lysates were transferred to a quartz flat
cell (disposables) (Radical Research), and the radical intensity
was determined by electron spin resonance (ESR) spectro-
scopy (JESRE1X, X-band; 100kHz modulation frequency;
Jeol) at 20°C.

Measurement of RdxA activity

After sonication (1.5min at 25% power) of the bacteria cul-
tivated for 2 days in the Brucella Broth plate, the resultant
bacterial lysates were centrifuged, and the protein concentra-
tions were measured using the BCA method (Pierce). RdxA
activity was spectrophotometrically measured with reduction
of Mtz observed at 320nm. The reaction mixture contained
Tris/acetate (100 mM Tris-HCI, 50 mM acetate), pH 7.0, 0.05 mM
Mtz, and 0.3 mM nicotine adenine dinucleotide (reduced form),
as described by Goodwin et al. (14).

Construction of SodB overexpression strain and rdxA
deletion mutant strain

The shuttle vector pHel3 (19) was used as a scaffold to
construct a SodB-overexpressing strain of H. pylori. The sodB
gene was PCR-amplified with specific primers (forward
5-CTCGAGATTAACTTITAAAAAATTTAAAAAGAATTIG
and reverse 5-GGTACCTTAAGCTTTTTTATGCACC) and
cloned into the pHel3 shuttle vector as a Kpnl-Xhol fragment.
A nucleic acids sequencing of a Kpnl-Xhol fragment was
performed on the pHelSodB construct, and then the construct
was electroporated into H. pylori, which was grown on ka-
namyecin to obtain a SodB-overexpressing strain. On the other
hand, H. pylori transfected with only the pHel3 shuttle vector
was grown on kanamycin to obtain the control strain.

The target-region gene cassette (5'rdxA-chloramphenicol
acetyltransferase (cat)-3'rdxA) for construction of rdxA deletion
mutant strain was cloned into the pCR4-TOPO vector
(Invitrogen, Carlsbad, CA), and then the sequences were
determined (target-vector). The target-vector was electro-
porated into H. pylori ATCC700392, which was grown on
20 ug chloramphenicol (Sigma) to obtain an rdxA deletion
mutant strain of H. pylori ATCC700392.

Measurement of the MIC to Mtz

The bacteria (at an ODggg of 0.1) were inoculated on an agar
plate containing Mtz in serial twofold dilutions (0.5-128 ug/
mL). All the plates were incubated at 37°C under micro-
aerobic conditions, and the MIC values were determined (32).
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DNA sequencing and protein modeling of H. pylori Fur

The complete fur gene and the promoter region of sodB
were PCR-amplified with specific primers ( fur gene: forward
5-ATGAAAAGATTAGAAACTTTG and reverse 5'-ACATT
CACTCTCTTGGCATTCT; sodB promoter gene: forward
5'-CCCTTAAAATCCACAAAATTTGC and reverse 5-GTA
ATGTAAACATGTTTTCTCCTTGTG) using Ex Taq DNA
polymerase (Takara). The PCR products were cloned into the
PCR4-TOPO vector (Invitrogen), and then the sequences of
the fur and sodB promoter genes were determined using the
BigDye terminator V1.1 Cycle Sequencing Kit (Applied Bio-
systems); the deduced amino acids were then aligned using
GENETYX Version 5.1. The protein structures were modeled
and displayed wusing Swiss-Model (www.expasy.org/
swissmod) and DeepView-Swiss-PdbViewer (www.expasy
.org/spdbv/), respectively.

Expression and purification of H. pylori Fur

The fur gene was PCR-amplified with specific primers
(ExFur gene: forward 5'-CATATGAAAAGATTAGAAACTT
TGG and reverse 5- AGATCTGGACATTCACTCTCTTG)
and cloned into the pET-30b (+) (Novagen) as an Ndel-Bg/II
fragment. The pETFur construct was transformed into E. coli
BL21 (DE3), and the expression was achieved by induction, by
the addition of 0.5mM IPTG, of a 200 mL culture incubated
for 6-8 hat 30°C and grown to an ODg of 0.6. The Fur protein
expressed in this strain as a C-terminal Six-His tagged protein
was purified using the MagneHis Protein Purification System
(Promega).

Apo-Fur binding analysis by surface plasmon
resonance assay

A Biacore 2000 instrument (Biacore AB) was used to per-
form the Surface Plasmon Resonance assay in accordance
with the manufacturer’s guidelines. To construct the bioti-
nylated sodB promoter gene of each strain, each sodB promoter
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gene was PCR-amplified with specific biotinylated primers
(forward 5'-CCCTTAAAATCCACAAAATTTGC and reverse
5'-Bio-GTAATGTAAACATGTTTTCTCCTTGTG). To con-
duct the analyses under a low-iron condition, the following
buffer was used for the analyses: HBS-EP running buffer
(10mM HEPES, pH 7.4, 150 mM NaCl, 3 mM ethylenediami-
netetraacetic acid, 0.005% surfactant P20) and biotinylated
PCR products of the sodB promoter were immobilized on to
Sensor Chip SA (GE Healthcare). At least five concentrations
of each purified Fur protein were applied to the sodB pro-
moter-immobilized Sensor Chip SA in HBS-EP buffer at a
flow rate of 10 ul/min. The response value of the reference cell
(flow cell 3, blank) was subtracted from the response value of
each flow cell 4 (sodB promoter) to correct for nonspecific
binding. The data were analyzed, and the dissociation con-
stant (Kd) values were calculated using a BlAevaluation
software (Baicore).

Results
Expression of SodB under Mtz exposure

In the Mtz-susceptible strain ATCC700392, sodB mRNA
expression was scarcely derepressed under Mtz exposure
(Fig. 1a). On the other hand, in the Mtz-resistant strains,
which showed no evident change of the RdxA protein
(KS0033, KS0048, and KS0145), the sodB mRNA expression
was derepressed in a dose-dependent manner under exposure
to Mtz (Fig. 1a). Further, no increase of the SodB activity was
observed in the Mtz-susceptible strain, whereas significant
increase of the SodB activity was found in the Mtz-resistant
strains in the presence of 0.5 ug/mL Mtz (Fig. 1b).

Generation of superoxide radicals in H. pylori under
Mtz exposure

To assess whether ROS generation was suppressed by the
overexpression of SodB in the Mtz-resistant strains, we mea-
sured the amount of ROS produced in each type of H. pylori
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FIG.1. Expression of SodB under Mtz exposure. (a) Expression of sodB mRNA in an Mtz-susceptible strain (ATCC700392)
and Mtz-resistant strains (KS0033, KS0048, and KS0145) exposed to 0 (white), 0.01 (gray), and 0.05 (black) ug/mL Mtz was
measured by quantitative reverse transcription—polymerase chain reaction. (b) Expression of SodB activity in an Mtz-sus-
ceptible strain (ATCC700392) and Mtz-resistant strains (KS0033, KS0048, and KS0145) exposed to 0 (white), 0.05 (gray), and
0.5 (black) ug/mL Mtz was measured by the method described in the Materials and Methods section. Results are means + SD
of three independent assays. Asterisks indicate statistical significance from each strain with no Mtz exposure, *p < 0.05,
**p < 0.01. Mtz, metronidazole; SodB, iron-cofactored superoxide dismutase.


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3146&iName=master.img-000.jpg&w=380&h=170

18

strain under Mtz exposure by ESR assay. Although significant
dose-dependent increase in the generation of ROS was ob-
served after exposure to Mtz in the Mtz-susceptible strains,
the ROS generation was significantly reduced in the Mtz-
resistant strains (Fig. 2a). Further, Figure 2b shows the pre-
sence of the superoxide radical-specific signal of ESR detected
with the CYPMPO reagent in the Mtz-susceptible strain,
whereas no such specific signals can be seen in the Mtz-
resistant strains.

Effect of SodB overexpression on H. pylori
susceptibility to Mtz

To assess the contribution of the SodB overexpression to
Mtz resistance, a SodB-overexpressing strain was constructed
using a pHel3 shuttle vector (19). The SodB activity of the
SodB-overexpressing strain (ATCC700392 pHel3::s0dB) was
twofold higher as compared with that of the control strain
(ATCC700392 pHel3 control) (data not shown). Although the
MIC of Mtz for the ATCC700392 strain and pHel3 control
strain was the same as that for the Mtz-susceptible strains
(MIC <8pug/mL), the MIC values for KS0033, KS0048,
KS0145, and ATCC700392 pHel3::s0dB were 64, 32, 128, and
32 ug/mL, respectively (Table 1). Thus, these strains showed a
high level resistance to Mtz (MIC >32 ug/mL). In addition, to
assess the Mtz reduction activity associated with Mtz re-
sistance of KS0033, KS0048, and KS0145, the RdxA activity
was spectrophotometrically measured with reduction of Mtz
at 320nm. The RdxA activity for KS0033, KS0048, KS0145,
ATCC700392 pHel3::s0dB, and ATCC700392 pHel3 control
were not decreased compared with ATCC700392 (Table 1).
On the other hand, the RdxA activity of ATCC700392 ArdxA,
which showed a moderate-level resistance to Mtz (8 <MIC
<32 ug/mL), was significantly decreased compared with
ATCC700392 (Table 1). This result indicated that RdxA in-
activation did not contribute to development of the Mtz re-
sistance in the KS0033, KS0048, KS0145, and ATCC700392
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pHel3::s0dB. Therefore, these findings strongly suggest that
SodB overexpression contributes to Mtz resistance in the
KS0033, KS0048, KS0145, and ATCC700392 pHel3::50dB.

Alignment of the nucleic acid sequence of the SodB
promoter and the amino acid sequence of Fur

To assess the mechanism of SodB overexpression in the
Mtz-resistant strains, we focused on the regulation of sodB
expression by Fur. We aligned the nucleic acid sequence of the
sodB promoter (Fur-Box) and the predicted amino acid se-
quence of Fur for the Mtz-susceptible strains (ATCC700392,
KS0163, and KS0189) and Mitz-resistant strains (KS0033,
KS0048, and KS0145). The A-5C mutation of the Fur-Box was
detected in all of the clinical isolates from Keio University
hospital (Fig. 3a). Although KS0145 showed a G-3A mutation
adjacent to the Fur-Box, no distinct mutation of the Fur-Box
was observed in the Mtz-resistant strains (Fig. 3a). On the
other hand, two distinct mutations of the amino acid sequence
of Fur were noted in the Mtz-resistant strains (Fig. 3b). KS0145
had a mutant-type Fur protein, with Cys 78 replaced by
Tyr (C78Y) and Asn 118 replaced by His (N118H). KS0033
and KS0048 also showed a mutant-type of Fur, with Pro
114 replaced by Ser (P114S) and N118H (Fig. 3b). The
HHDHXXCXXC motif, which is believed to be involved in
the binding of the iron cofactor, was highly conserved
(Fig. 3b) (4).

Kd value of apo-wild-type Fur and apo-mutant-type Fur

To assess the effect of the amino acid mutations of Fur
(mutant-type Fur) on the affinity of apo-Fur for the Fur-Box,
we examined the affinity of each of the apo-Fur proteins for
the sodB promoter (Fur-Box) by Surface Plasmon Resonance
assay (Biacore 2000). Beforehand, it was confirmed that the Kd
value of apo—wild type (WT)-Fur to Fur-Box was similar to the
value that Ernst et al. reported (13), and then the Kd value of
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FIG. 2. Generation of superoxide radicals under Mtz exposure. (a) The induction of ROS was measured by electron spin
resonance using 5 uM 4-Hydroxy-TEMPO in an Mtz-susceptible strain (ATCC700392) (white circle) and Mtz-resistant strains
(KS0033 [white square], KS0048 [black circle], and KS0145 [white triangle]) exposed to 0, 0.05, and 0.5 ug/mL Mtz. The ROS
generation was calculated as reference in the ROS generation of each strain without Mtz exposure. Results are means & SD of
three independent assays. Asterisks of KS0048 and KS0145 indicate statistical significance for the comparison with Mtz-
susceptible strain (ATCC700392) as determined by Student’s t-test (*p < 0.05). (b) Representative signal patterns of generation
of superoxide radicals in the Mtz-susceptible stain and Mtz-resistant strains exposed to 0.5 ug/mL Mtz as measured by
electron spin resonance using 40 mM CYPMPO. ROS, reactive oxygen species.
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TaBLE 1. THE EFFECT OF SUPEROXIDE D1SMUTASE-OVEREXPRESSION AND
RDXA AcTIVITY ON MINIMUM INHIBITORY CONCENTRATION (1G/ML) OF METRONIDAZOLE

RdxA activity Minimum inhibitory Metronidazole
Strains (nmol /min/mg protein) p-Value concentration (ug/mL) susceptibility
ATCC700392 2.57+0.26 2 Susceptible level
ATCC700392 ArdxA 1.2940.19 <0.01 16 Moderate level resistance
KS0033 2454041 0.59 64 High level resistance
KS0048 2.354+0.08 0.11 32 High level resistance
KS0145 2.404+0.23 0.23 128 High level resistance
ATCC700392 pHel3::sodB 2.39+0.05 0.16 32 High level resistance
ATCC700392 pHel3 control 2.77£0.05 0.23 4 Susceptible level

SodB, iron-cofactored superoxide dismutase; RdxA, nicotinamide adenine dinucleotide phosphate (reduced form) nitroreductase.

apo-mutant-type Fur to Fur-Box as control with that of apo-
WT-Fur was measured. The results of the assay revealed a
significant increase of the Kd value for the apo-mutant-type
Fur in the Mtz-resistant strains as compared with that of apo-
WT-Fur in the Mtz-susceptible strains (Fig. 4). These results
indicate a significantly decreased affinity of apo-mutant-type

Fur for the Fur-Box and that the SodB expression in the Mtz-
resistant strains is not repressed to the same extent as that in
the Mtz-susceptible strains (Fig. 5).

Further, to assess the effect of nucleic acid mutations of the
sodB promoter on the affinity of apo-Fur for the Fur-Box, we
examined the affinity of apo-ATCC700392 Fur for the KS0145

KSO163  (TGCATAAAGATCCATTTTTAAGAAAAGATTTACCAAAAAGTATTAAARAATGATTACAAT

KS0189  :TGCAT TTTTTAAGAARAGATTTACCAAAGTATTAAAAAATGATTACAATARGGCTATCITATCACAAGGAGAA

KS0033  :TGCATANSGATCHATTTTTAAGAAAAGATTTACCAAAAAGTATTAAAAAATGATTACAATASGGCTATCTLIATCACAAGGAGAA

KS0048 rscAT%A%mmmmmmcmmmmmnmsnmcm GCTATCTLIATCACAAGGAGAA

KS0145  :TGCATANSGATONATTTTTAAGAAAGATTTACCAAAAAGTATTAAMAAATGATTACAATASGCTATCTANTCACAAGGAGAA
-47 Fur-Box -5 +1; RBS

ATCC700392 :MKRLETLESILERLRMSIKKNGLKNSKQREEVVSVLYRSGTHLSPEEITHSIRQKDKNTS 60
KS0163 :MKRLETLESILERLRMSIKKNGLKNSKQREEVVSVLYRSGTHLSPEEITHSIRQKDKNTS 60
KS0189 :MKRLETLESILERLRMSIKKNGLKNSKQREEVVSVLYRSGTHLSPEEITHSIRQKDKNTS 60
KS0033 :MKRLETLESILERLRMSIKKNGLKNSKQREEVVSVLYRSGTHLSPEEITHSIRQKDKNTS 60
KS0048 :MKRLETLESILERLRMSIKKNGLKNSKQREEVVSVLYRSGTHLSPEEITHSIRQKDKNTS 60
KS0145 :MKRLETLESILERLRMSIKKNGLKNSKQREEVVSVLYRSGTHLSPEEITHSIRQKDKNTS 60
ATCC700392 :ISSVYRILNFLEKENFICVLETSKSGRRYEIAAKEHHDHIICLHCGKIIEFADPEIENRQ 120
KS0163 :ISSVYRILNFLEKENFICVLETSKSGRRYEIAAKEHHDHIICLHCGKIIEFADPEIELRQ 120
KS0189 :ISSVYRILNFLEKENFICVLETSKSGRRYEIAAKEHHDHIICLHCGKIIEFADPEIELRQ 120
KS0033 :ISSVYRILNFLEKENFICVLETSKSGRRYEIAAKEHHDHIICLHCGKIIEFADSEIEZRQ 120
KS0048 :ISSVYRILNFLEKENFICVLETSKSGRRYEIAAKEHHDHIICLHCGKIIEFADEEIEZRQ 120
KS0145 :ISSVYRILNFLEKENFILVLETSKSGRRYEIAAKEHHDHIICLHCGKIIEFADPEIEZRQ 120
ATCC700392 :NEVVKKYQAKLISHDMKMFVWCKECQESEC 150
KS0163 :NEVVKKYQAKLISHDMKMFVWCKECQESEC 150
KS0189 :NEVVKKYQAKLISHDMKMFVWCKECQESEC 150
KS0033 :NEVVKKYQAKLISHDMKMFVWCKECQESEC 150
KS0048 :NEVVKKYQAKLISHDMKMFVWCKECQESEC 150
KS0145 :NEVVKKYQAKLISHDMKMFVWCKECQESEC 150

FIG. 3. Alignments of the Helicobacter pylori sodB promoter and Fur protein. (a) Alignment of the sodB promoter from
the Mtz-susceptible strains (ATCC700392, KS0163, and KS0189) and Mtz-resistant strains (KS0033, KS0048, and KS0145).
Each mutation point is marked in white. The predicted Fur-Box ranges from —5 to —47 and is indicated by the double line. +1
indicates the sodB transcriptional start site, and RBS indicates the ribosmal binding site. (b) Alignment of the predicted Fur
amino acid sequences of Mtz-susceptible strains (ATCC700392, KS0163, and KS0189) and Mtz-resistant strains (KS0033,
KS0048, and KS0145). Each mutation point is marked in white. The highly conserved motif (HHDHXCXXC) believed to be
involved in the binding of the iron cofactor is indicated by the double lines. Fur, ferric uptake regulator.
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FIG. 4. Mutation of Fur affects its affinity for the Fur-Box. The Kd value for binding of each apo-Fur protein to each Fur-
Box was calculated as reference in the Flow Cell in which sodB promoter was not immobilized on to Sensor Chip SA using a
BIAevaluation software, and the combination of apo-Fur protein and Fur-Box is denoted as Fur protein versus Fur-Box. White
bar indicates the affinity of apo-wild type (WT)-Fur for the Fur-Box of the Mtz-susceptible strains, black bar indicates the
affinity of apo-mutant-type Fur for the Fur-Box in the Mtz-resistant strains, and the gray bar indicates the effect of the nucleic
acid mutations of the Fur-Box on the affinity of apo-Fur for the Fur-Box. Results are means + SD of three independent assays.
Asterisks indicate statistical significance from using an apo-WT-Fur, *p < 0.05. Kd, dissociation constant.

Fur-Box and the affinity of apo-mutant-type Fur for the
ATCC700392 Fur-Box. The Kd value of apo-ATCC700392 Fur
for binding to the KS0145 Fur-Box was fourfold higher as
compared with that for the binding to the ATCC700392 Fur-
Box, although the difference was not significant (Fig. 4). On
the other hand, the Kd values of apo-mutant-type Fur for
binding to the ATCC700392 Fur-Box were scarcely reduced as
compared with that for its binding to the KS0145 or KS0048
Fur-Box (Fig. 4). The results of the assay revealed a significant
increase of the Kd values of apo-mutant-type Fur for binding
to the ATCC700392 Fur-Box as compared with that of apo-
ATCC700392 Fur for binding to the KS0145 Fur-Box (Fig. 4).

[Mtz-resistant strain] [Mtz-susceptible strain]

apo-mutant-type Fur

apo-WT-Fur

SodB

FIG.5. Schematic representation of the proposed mode of
action of apo-mutant type-Fur in the Mtz-resistant strains
and apo-WT-Fur in the Mtz-susceptible strains. The apo-
Fur binds to an operator sequence called Fur-Box in the sodB
promoter, and then binding of apo-Fur suppresses sodB ex-
pression. The affinity of the apo-mutant-type Fur to the Fur-
Box is significantly decreased, and then sodB expression of
Mtz-resistant strains is more derepressed than Mtz-susceptible
strains.

Prediction of the three-dimensional structure
of H. pylori Fur

To predict the positions of the mutations in the three-
dimensional structure of Fur, the structure was determined
using a Swiss Model and DeepView-Swiss-PdbViewer. The
N-terminal domain possessing four helices followed by a loop
was formed by the residues located between two antiparallel
p-strands. The C-terminal domain, which was separated by
a coil from the N-terminus possessing two antiparallel
f-strands, was followed by another f-strand located between
the two helices (Fig. 6). C78Y is predicted to belong to a f
strand in the N-terminal domain, whereas P114S and N118H
are predicted to belong to a C-terminal domain (Fig. 6).

Discussion

The present study revealed amino acid mutations of Fur in
some Mtz-resistant strains with the RdxA activity remaining
with reduced affinity of the mutant Fur for the Fur-Box, and
enhancement of the superoxide radical scavenging activity in
these strains, as sodB was not repressed to the same extent by
the apo-mutant-type Fur in these strains as by the wild-type
apo-fur in the Mtz-susceptible strains (Figs. 14, Table 1).

Recently, Carpenter et al. reported that the A-5C mutation of
the Fur-Box decreases the affinity of apo-Fur for the Fur-Box in
H. pylori (6). In the present study, the A-5C mutation of the Fur-
Box was detected in all of the tested clinical isolates (Fig. 3a). In
the Surface Plasmon Resonance assay, the Kd value for the
binding of apo-ATCC700392 Fur to the KS0145 Fur-Box was
fourfold higher as compared with that for its binding to the
ATCC700392 Fur-Box (Fig. 4), suggesting that the A-5C mu-
tation in the Fur-Box is important for the binding with apo-
ATCC700392 Fur, which is consistent with the report of Car-
penter et al. (6). On the other hand, in the Mtz-resistant strains,
the A-5C mutation hardly influenced the interaction between
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N-terminal domain

C-terminal domain

L ]

FIG. 6. Prediction of the three-dimensional structure of
the Fur protein. Each mutation point is marked with an
arrow. C78Y is predicted to exist in the N-terminal domain,
whereas P114S and N118H are predicted to be located in
the C-terminal domain. The three-dimensional structure was
determined using a Swiss-Model and DeepView-Swiss-
PdbViewer. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of
this article at www.liebertonline.com/ars).

the Fur-Box and the apo-mutant-type Fur (Fig. 4). These results
indicate that the Fur mutations C78Y, P114S, and N118H could
play a greater role on the affinity of apo-Fur for the Fur-Box
than the A-5C mutation in the Fur-Box.

The Fur protein has been best characterized in E. coli, in
which it has been shown to possess three functional domains
(the DNA-binding domain, iron-binding domain, and the
oligomerization domain), and the protein binds to the Fur-
Box after dimerization (17, 36, 42, 46). The Fur monomer of
E. coli has been reported to consist of a helix-turn-helix motif
and two f strands separated by a turn that forms the wings on
the N-terminal domain, which is considered to be involved in
the DNA binding (21, 42, 46). On the other hand, the C-terminal
domain of E. coli Fur, separated by a coil from the N-terminal,
consists of two antiparallel f-strands, which are considered to
be involved in the oligomerization of the protein (21, 42).
From the results of the homology modeling of H. pylori Fur, it
was inferred that H. pylori Fur also has three functional do-
mains (the DNA-binding domain near the N-terminal, iron
cofactor-binding domain (HHDHXXCXXC), and the oligo-
merization domain near the C-terminal) (4). Therefore, it was
inferred that the C78Y mutation of the KS0145 strain was
located in the DNA-binding domain and that the P114S and
N118H mutations of KS0033 and KS0048 strains were located
in the oligomerization domain using a homology modeling
(Fig. 6). Therefore, these mutations are predicted to affect the
affinity of the Fur protein for the Fur-Box. However, the
amino acid sequence of H. pylori Fur exhibited moderate
identity (23%-37%) to the Fur protein from other bacteria
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present in the database, such as Campylobacter jejuni, E. coli,
Haemophilus influenzae, Vibrio cholerae, Bordetella pertussis,
Klebsiella pneumoniae, Neisseria meningitides, Staphylococcus
epidermidis, Pseudomonas aeruginosa, and Bacillus subtilis, sug-
gestive of a moderate homology (4). This finding indicates
that the amino acids which are important for DNA binding or
dimerization may differ between H. pylori Fur and other
bacterial Fur proteins.

ROS damage of pathogenic bacteria constitutes a key part of
the immune response of the host. Many studies have shown
that H. pylori infection elicits a strong oxidative stress response
from the host (1, 3, 9, 44). To survive the effects of production of
ROS by the host, H. pylori depends on a significant repertoire of
detoxification enzymes, such as SodB, catalase (KatA), and
neutrophil-activating protein (NapA) (18, 34, 41). Upstream of
katA, a low-affinity putative Fur-Box has been identified (30,
33). In addition, Cooksley et al. reported that Fur is involved in
napA regulation and that a potential Fur-Box by which this
control could be mediated has been identified (8). Accordingly,
the expression of katA and/or napA might be derepressed
by mutant-type Fur, leading to enhancement of the ability of
H. pylori to colonize the human stomach.

In the present study, we demonstrated that the over-
expression of SodB mediated by mutant-type Fur may un-
derlie the RdxA-independent resistance of H. pylori to Mtz.
Recently, it has come to be recognized that in addition to
RdxA, some other proteins such as pyruvate oxidoreductase,
nicotinamide adenine dinucleotide phosphate (reduced form)
flavin oxidoreductase (FrxA), and ferredoxin-like protein
(FdxB) may also be associated with the activation of Mtz (22,
25). Many researchers have demonstrated an association be-
tween inactivation of these proteins and resistance to Mtz (20,
24,27, 28). On the other hand, Jenks et al. reported that RdxA-
independent mechanisms may play only a relatively minor
role in Mtz resistance or may be involved only in the transition
to high-level resistance (22). Although it is difficult to de-
termine whether overexpression of SodB associated with
mutant-type Fur entirely accounts for RdxA-independent Mtz
resistance, it is, nevertheless, an important mechanism that
participates in not only Mtz resistance but also resistance of
the host immune responses to ROS.

Recently, overexpression of Fe-SOD was reported to be
associated with the Mtz resistance in Mtz-resistant strains of
the protozoan parasite Entamoeba histolytica, which is the
causative agent of human amoebiasis (39, 50). Based on these
reports, it is considered that overexpression of SOD may affect
the Mtz resistance mechanism in many bacterial species.

In conclusion, the present study demonstrates a novel
mechanism of Mtz resistance of H. pylori, namely, aberrant
increase of SodB expression resulting from mutations of Fur.
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