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H

elicobacter pylori is a spiral, Gram-negative bacterium that
colonizes the gastric epithelium (1) in about 50% of the
world’s population (2). H. pylori has been shown to be the etiological agent of peptic ulcer disease or chronic atrophic gastritis
(3), which can subsequently develop into gastric cancer (4). Colonization of the gastric mucosa by H. pylori induces a strong inflammatory response in the host, who produces harmful reactive
nitrogen species (RNS) or oxygen species (ROS) (5); the latter
include superoxide anion (O2⫺), hydrogen peroxide (H2O2), hydroxyl radical (·HO), and hypochlorous acid (HOCl). Increased
production of ROS by gastric cells (6) and phagocytes (7) induced
by H. pylori has been shown in vitro, and increased levels of ROS in
the gastric mucosa have been found in H. pylori-infected patients
(8). ROS have the ability to react with and damage bacterial proteins, as well as lipids and DNA. Protein covalent modifications
include amino acid modifications or carbonyl group formation,
usually leading to partial or total loss of catalytic activity. Among
the amino acid modifications, oxidation of the sulfur-containing
methionine (Met) into R- and S-diastereoisomers of Met sulfoxide (Met-SO) has been well documented (9–11).
To counter oxidative stress, H. pylori cells have evolved different defense strategies (reviewed in references 12 and 13),
including (i) avoidance, (ii) use of antioxidant enzymes such as
superoxide dismutase (SOD), catalase (kat), and alkyl hydroperoxide C (AhpC), and (iii) use of repair enzymes such as
MutS or methionine sulfoxide reductase (Msr). The latter catalyzes the conversion of Met-SO back to Met (14). While most
organisms have two distinct Msr proteins, MsrA and MsrB, shown
to reduce the two isomers Met(S)O and Met(R)O of methionine
sulfoxide, respectively (15), H. pylori possesses only one Msr protein that consists of MsrA-like and MsrB-like domains (16). H.
pylori msr mutants show increased sensitivity to oxidants such as
paraquat and H2O2 as well as to nitrosative (GSNO) stress and
exhibit attenuated colonization of mice compared to wild-type
cells (17). Upon exposure of Msr-deficient mutants to oxidative
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stress, several methionine-containing proteins were isolated, including GroEL, thioredoxin 1 (Trx1), and catalase (14). Crosslinking interaction studies using purified recombinant proteins
revealed that Msr can bind to each of those proteins (14). In addition, oxidation of purified catalase by HOCl generated Met-SO
residues within the H2O2-scavenging enzyme and these Met-SO
residues were shown to be subsequently repaired upon incubation
with an enzyme repair mix that required Msr (10). Recently, the
UreG urease accessory protein was also identified in our laboratory as a primary target for Met oxidation (18). Evidence was
provided for an Msr-UreG transient interaction as well as for Msrmediated repair of Met-SO residues within UreG (18). While
these findings shed new light on the role of Msr in repairing oxidative stress-damaged proteins, as well as on its interaction with
methionine-rich proteins in H. pylori, we sought to find new Msrrepaired targets.
AhpC is a key enzyme to combat oxidative stress: it detoxifies
harmful lipid hydroperoxides. In the current study, we hypothesized that this enzyme would be a target for methionine oxidation
because (i) other proteins known to combat oxidative stress, such
as catalase and Trx1, have been shown to be primary targets for
Met-So formation (14), (ii) AhpC is one of the most abundant
proteins in H. pylori, and (iii) its Met content (3% of the total
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Protein exposure to oxidants such as HOCl leads to formation of methionine sulfoxide (MetSO) residues, which can be repaired
by methionine sulfoxide reductase (Msr). A Helicobacter pylori msr strain was more sensitive to HOCl-mediated killing than the
parent. Because of its abundance in H. pylori and its high methionine content, alkyl hydroperoxide reductase C (AhpC) was hypothesized to be prone to methionine oxidation. AhpC was expressed as a recombinant protein in Escherichia coli. AhpC activity
was abolished by HOCl, while all six methionine residues of the enzyme were fully to partially oxidized. Upon incubation with a
Msr repair mixture, AhpC activity was restored to nonoxidized levels and the MetSO residues were repaired to methionine, albeit to different degrees. The two most highly oxidized and then Msr-repaired methionine residues in AhpC, Met101 and Met133,
were replaced with isoleucine residues by site-directed mutagenesis, either individually or together. E. coli cells expressing variant versions were more sensitive to t-butyl hydroperoxide than cells expressing native protein, and purified AhpC variant proteins had 5% to 39% of the native enzyme activity. Variant proteins were still able to oligomerize like the native version, and circular dichroism (CD) spectra of variant proteins revealed no significant change in AhpC conformation, indicating that the loss
of activity in these variants was not related to major structural alterations. Our results suggest that both Met101 and Met133 residues are important for AhpC catalytic activity and that their integrity relies on the presence of a functional Msr.

H. pylori Msr Repairs AhpC

amino-acid content) is higher than average. To get a better assessment of the oxidative stress-induced protein damage and to determine which Met residues would be preferentially oxidized and
repaired, we exposed recombinant AhpC to HOCl and measured
the level of oxidation of each individual methionine residue before
and after repair by Msr. Finally, the role of the two most oxidized
methionine residues of AhpC was investigated by replacing these
two residues with isoleucine residues and studying the effect of
both substitutions on the in vitro and in vivo AhpC activity.
MATERIALS AND METHODS
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Bacterial strains and plasmids. Escherichia coli TOP10 (Invitrogen) was
used for all cloning experiments, and E. coli BL21(DE3)RIL (Novagen)
was used to overexpress recombinant H. pylori AhpC (HpAhpC) proteins.
H. pylori wild-type strain 26695 (16) was used as a source of DNA for PCR.
H. pylori SS1 (19) and H. pylori SS1 ⌬msr (17) were used for all other
experiments. Plasmid pET21b (Invitrogen) was used to clone and express
native and variant AhpC proteins. All plasmids and PCR products used
were sequenced at the Georgia Genomics Facility of the University of
Georgia, Athens, GA, and compared to DNA sequences from strain 26695
(16) to ensure that no error had been introduced following PCR amplification.
Growth conditions. E. coli cells were grown aerobically in Luria-Bertani (LB) medium or plates at 37°C. Ampicillin (100 g/ml), chloramphenicol (30 g/ml), and isopropyl-␤-D-thiogalactopyranoside (IPTG)
(0.1 to 0.2 mM) were added as needed. H. pylori was routinely grown on
Brucella agar plates supplemented with 10% defibrinated sheep blood
(BA) at 37°C under microaerophilic conditions with 1% to 5% O2, 5%
CO2, and 90% to 94% N2, as indicated.
Sensitivity of nongrowing cells to HOCl. The H. pylori wild type
(SS1) and the SS1⌬msr mutant were grown for 36 h on BA plates under
1% O2 conditions, harvested, and resuspended in phosphate-buffered
saline (PBS) to an optical density at 600 nm (OD600) of 1. Cells (0.9 ml)
were mixed with 0.1 ml freshly prepared HOCl (available as NaClO [Sigma]; final concentrations ranging from 31.25 to 500 M) and incubated
for 30 min at room temperature, with gentle shaking (40 rpm). HOClexposed cells were then serially diluted, and 10 l of each dilution (n ⫽ 4)
was plated on BA plates. CFU were counted after 3 to 5 days. Data are
shown as the averages and standard deviations of the results of quadruplicate assays from one experiment. Another experiment (also done in
quadruplicate) confirmed that the mutants were significantly more sensitive to HOCl than the parental cells.
Cloning, expression, and purification of AhpC. Recombinant native
and variant AhpC proteins were expressed as hexahistidine-tagged
proteins in E. coli BL21(DE3)RIL. Briefly, primers AhpC1 (5=-CCGGAT
CCATATGTTAGTTACAAAACTTGCC-3=) and AhpC2 (5=-CACGGTC
TCGAGAAGCTTAATGGAATTTTCTTTG-3=) were used to amplify a
600-bp-long DNA sequence containing the whole hp1563 (ahpC) open
reading frame (ORF) (without its stop codon), as well as to incorporate a
5= NdeI restriction site and a 3= XhoI restriction site, respectively. The
PCR product was digested with NdeI and XhoI, gel purified, and cloned
into similarly digested pET21b plasmid, generating pET-AhpC. Plasmid
pET-AhpC.M101I was generated by overlapping PCR using genomic
DNA and primers AhpC1and AhpC2, along with primers AhpC3 (5=-CC
TATCGTGGCTGATATTACCA-3=) and AhpC4 (5=-CCACGATAGGGA
AAGTTACTTG-3=) (new codons are shown in bold). Plasmid pETAhpC.M133I was generated by overlapping PCR using genomic DNA and
primers AhpC1 and AhpC2, along with primers AhpC5 (5=-AACATCAA
AGTAAGGCATGCGG-3=) and AhpC6 (5=-CTTTGATGTTTTTGTCAA
TCAAAAAAC-3=). Plasmid pET-AhpC.M101I.M133I (double substitution) was generated using pET-AhpC.M101I as the template and primers
AhpC1, AhpC2, AhpC5, and AhpC6. BL21(DE3)RIL cells transformed
with the appropriate pET-AhpC plasmid were grown at 37°C in 500 ml of
LB supplemented with ampicillin and chloramphenicol until an OD600 of
0.5 was reached. Gene expression was induced by the addition of 0.2 mM

IPTG followed by incubation at 22°C for 3 to 5 h. Cells were harvested by
centrifugation (10,000 ⫻ g, 15 min, 4°C), and His-tagged proteins were
purified following the manufacturer’s instructions (Qiagen, Valencia, CA)
and finally dialyzed three times against 1 liter of 50 mM NaH2PO4 buffer (pH
7.5). Purified AhpC wild-type or mutant proteins were purified to a level close
to homogeneity (as estimated by SDS-PAGE).
In vitro HOCl oxidation of purified AhpC. The in vitro oxidation of
AhpC was carried out as previously described by Mahawar et al. (10).
Briefly, 10 M purified AhpC was incubated with a 60-fold-molar-excess
ratio of HOCl in oxidation buffer (50 mM sodium phosphate [pH 7.5], 50
mM KCl, 10 mM MgCl2) for 15 min at room temperature in the dark.
Residual oxidants were quenched by excess free methionine (5 mM) for 10
min on ice and finally dialyzed twice against 1 liter of 50 mM sodium
phosphate buffer (pH 7.5) to remove HOCl and free methionine.
Repair of AhpC Met-SO residues by Msr. Equimolar amounts of
HOCl-oxidized AhpC and Msr were incubated for 2 h at 37°C in the
presence of 100 M dithiothreitol (DTT) and a thioredoxin system containing 5 M purified H. pylori thioredoxin 1 (Trx1), 0.1 M purified H.
pylori thioredoxin reductase (TrxR), and 400 M NADPH in 50 mM
sodium phosphate buffer (pH 7.4). These components plus Msr are referred to here as the repair mixture. Purification of Msr, Trx1, and TrxR
was previously described (14).
Peroxide reductase activity of recombinant AhpC. AhpC activity was
measured in a coupled assay by monitoring thioredoxin reductase-dependent oxidation of NADPH at 340 nm, as previously described (20, 21).
Briefly, each assay was carried out with 1 M AhpC (previously unoxidized or HOCl oxidized or HOCl oxidized and Msr repaired) in a final
volume of 100 l containing 50 mM potassium phosphate buffer (pH
7.0), 100 mM ammonium sulfate, and 0.5 mM EDTA in the presence of
0.5 M Trx1, 0.5 M TrxR, and 150 M NADPH; 1 mM H2O2 was added
to start the reaction. To account for non-AhpC-dependent NADPH oxidation, our control included all the above except AhpC. To rule out any
Msr-dependent NADPH oxidation, a Msr-only control included Trx1,
TrxR, and Msr. The decrease of NADPH absorbance (at room temperature) was followed for 2 min using an ELX800 BioTek microplate reader
(Winooski, VT). One unit of specific activity is defined as 1 mol of
NADPH oxidized per min per mg of AhpC protein. Data shown are means
and standard deviations of the results from 4 to 15 replicate assays.
Detection and quantification of oxidized methionine residues by
LC-MS/MS. For detection and quantification of oxidized Met residues
within AhpC, the protein was digested with sequencing-grade GluC, following the recommendations of the manufacturer (Promega, Madison,
WI). GluC digests of (i) unoxidized AhpC, (ii) unoxidized AhpC with
Msr, (iii) oxidized AhpC, or (iv) oxidized and Msr-repaired AhpC were
separated by reversed-phase liquid chromatography (LC) using trapping
cartridges coupled to a 50-mm-long, 200-m-inside-diameter (ID) Halo
C18 column (Advanced Materials Technology, Wilmington, DE), and the
eluent was analyzed by electrospray ionization-tandem mass spectrometry (ESI-MS/MS) using a linear trap quadrupole-Fourier transform
(LTQ-FT) mass spectrometer (Thermo Scientific, West Palm Beach, FL)
as described before (10, 18).
Disk inhibition assays. Disk inhibition assays were done following the
method of Lundström and Bölin (22). Briefly, E. coli BL21(DE3)RIL
strains with either pET21b vector (control) or one of the pET-AhpC plasmids were grown to an OD600 of 2, and 0.2 ml of cells was mixed with 3.5
ml of top agarose (0.8%) before being spread on top of LB plates supplemented with ampicillin and chloramphenicol and with 0.1 mM IPTG
when indicated. Sterile paper disks (7.5-mm diameter) were placed in the
center of each plate, and 10 l of 5% t-butyl hydroperoxide was added to
the disk. Cells were allowed to grow for 24 h, and the diameter of the
inhibition zone was recorded. Data are shown as means and standard
deviations of the results from measurements done on 3 to 5 plates.
CD analysis. Circular dichroism (CD) spectra of AhpC were obtained
on an Aviv 400 spectropolarimeter (Lakewood, NJ) at the Robert Wood
Johnson Medical School CD Facility, Piscataway, NJ. Purified recombi-
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HOCl. H. pylori SS1 (wild-type) and SS1 ⌬msr mutant cells were grown on BA
plates, harvested, and resuspended in PBS containing the indicated HOCl
concentration for 30 min at room temperature. Cells were serially diluted and
plated on BA plates, and CFU were counted after 3 to 5 days. Data shown
represent the averages and standard deviations of the results of quadruplicate
assays from one experiment, and the mutant is significantly more sensitive
than the parent at 125 and 250 M HOCl (P ⬍ 0.05, as determined by Student’s t test). *, no CFU could be detected (detection limit, 100 CFU/ml).

nant wild-type, Met101Ile, or Met133Ile AhpC proteins dissolved in 10 mM
NaH2PO4 buffer (pH 7.5) to a final concentration of ⬃0.15 mg/ml were
used for the Far-UV CD analysis at from 185 to 260 nm at 20°C in a
0.1-cm-gap cuvette. The molar ellipticity values () were calculated using
a molar concentration of 6.4 M and 206 amino acids.

RESULTS

H. pylori ⌬msr mutants are more sensitive to HOCl. Previous
studies in our laboratory showed that nongrowing H. pylori ⌬msr
mutants were more sensitive to a variety of oxidants (such as O2,
H2O2, and GSNO) than the wild type (17). In addition, those
mutants were also more sensitive to neutrophil-mediated killing
(10). Neutrophils produce HOCl via their robust myeloperoxidase, so the increased sensitivity of the ⌬msr mutants was possibly
due to an inability to repair HOCl-induced Met-SO residues. In
the current study, we aimed at complementing our previous findings by comparing the sensitivities of nongrowing H. pylori wildtype and ⌬msr mutant cells to HOCl. Wild-type and ⌬msr mutant
cells were grown on plates, resuspended in PBS, and mixed with
increasing HOCl concentrations before being serially diluted and
plated. CFU counts indicated that ⌬msr mutants were significantly more sensitive to HOCl than the parental strain (Fig. 1).
AhpC inactivation by HOCl can be repaired by Msr. Among
the methionine-rich proteins known to be affected by HOCl treatment in the ⌬msr mutant strain are two proteins involved in oxidative stress combat, catalase and Trx1 (14). This finding led us to
consider a third oxidative-stress-combating protein, AhpC, as a
likely target for methionine oxidation. Indeed, AhpC has a high
methionine content (more than 3% of its residues). It is also an
abundant protein, making up approximately 3% of the total protein content, according to our own densitometry analysis of resolved peptide bands after gel electrophoresis resolution (data not
shown). Therefore, we sought to study further a possible link between oxidative stress and Met oxidation in AhpC. To investigate
the functionality of AhpC before and after oxidative repair, we
analyzed the peroxide reductase activities of various purified
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TABLE 1 AhpC activity of native and variant AhpC proteinsa
AhpC protein

AhpC activity (nmoles NADPH
oxidized/min/mg protein)

Native†
Native, oxidized†
Native, oxidized, Msr added†
Native, Msr added†
Native‡
Variant M101I‡
Variant M133I‡
Variants M101I and M133I‡

216 ⫾ 22
5⫾5
242 ⫾ 5
244 ⫾ 22
144 ⫾ 22
23 ⫾ 7
57 ⫾ 15
8⫾7

a
AhpC activity was measured in a coupled assay by monitoring thioredoxin reductasedependent oxidation of NADPH at 340 nm. “native” refers to the protein as purified
from E. coli. † and ‡ indicate 2 independent sets of experiments done with different
batches of native AhpC, Trx1, and TrxR. Data represent means and standard deviations
from 4 replicates (†) or 10 to 15 replicates (‡).
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FIG 1 Sensitivity of nongrowing H. pylori wild-type and ⌬msr mutant cells to

AhpC preparations by following TrxR-dependent NADPH oxidation (Table 1). AhpC was expressed as a hexahistidine-tagged recombinant protein in E. coli and purified to a level close to homogeneity (data not shown). Purified AhpC was divided in three
pools: (i) as purified, (ii) oxidized with HOCl, and (iii) HOCl
oxidized and subsequently Msr repaired. AhpC-dependent reduction of H2O2 was observed with purified (unoxidized) AhpC;
however, treatment of pure AhpC enzyme with excess HOCl abolished the reductase’s activity (Table 1). Upon incubation with an
enzyme repair mixture requiring Msr, oxidized AhpC fully recovered peroxide reductase activity (at a level similar to that seen with
the nonoxidized sample). As a control, the presence of Msr did not
affect the peroxidase enzyme activity of the nonoxidized AhpC
(Table 1). Also, a Msr repair mixture control had negligible peroxidase activity (approximately 2 nmol NADPH/min/mg of Msr).
Taken together, our results strongly suggest that HOCl-oxidized
AhpC can be fully repaired by the Msr methionine sulfoxide repair
enzyme.
Identification of oxidized and Msr-repaired Met residues in
H. pylori AhpC. The primary sequence of the AhpC protein
(HP1563 in H. pylori strain 26695) contains 198 amino acids, including 6 Met residues (Met1, Met101, Met133, Met152, Met155, and
Met180). Each of the three AhpC pools defined above (unoxidized,
oxidized, and oxidized and then repaired) and our control (Msrincubated unoxidized AhpC) were digested with GluC (protease),
with peptide identification confirmed by MS/MS (Fig. 2). Oxidation of residues Met152 and Met155, which were located on the
same peptide, was determined by LC-MS/MS of the oxidized peptide to determine the fraction of oxidation of that peptide measured by LC-MS to be assigned to each methionine on the peptide.
All the other identified Met residues were distributed on different
peptides. We identified residue Met101 as the Met residue with the
highest oxidation rate as well as the highest repair rate by Msr,
followed by Met133 (Fig. 2). Only partial Msr-mediated Met repair
was observed for Met155 or Met180.
Met101 and Met133 residues are critical for AhpC activity both
in vivo and in vitro. Since Met101 and Met133 residues were found
to be readily oxidized and repaired by Msr (Fig. 2), we hypothesized that both residues might be important for the stability
and/or activity of AhpC. Therefore, both Met residues were independently or concomitantly replaced with an isoleucine (I) residue by site-directed mutagenesis. Each construct was cloned into
pET21b and introduced into E. coli BL21(DE3)RIL host cells to

H. pylori Msr Repairs AhpC

FIG 2 Identification and quantification of HOCl-oxidized and Msr-repaired methionine residues in H. pylori AhpC by LC-MS/MS. AhpC was oxidized with a

allow T7-based expression in the presence of the IPTG inducer.
First, cells expressing each AhpC variant were characterized for
their sensitivity to t-butyl hydroperoxide (t-BH) (Table 2). Although E. coli host cells also have their own AhpC, we hypothesized that expression of active recombinant H. pylori AhpC should
confer to them increased resistance to the chemical. While there
was no difference between the inhibition zones in the absence of
IPTG, upon addition of 0.1 mM IPTG in the medium, E. coli cells
expressing native AhpC were indeed more resistant to t-BH
(smaller inhibition zone) than E. coli cells with pET21b vector
only (Table 2). Interestingly, E. coli cells expressing M101I, M133I,
or M101I-M133I AhpC variant proteins were more sensitive to
t-BH than cells expressing native AhpC. This phenotype was not
due to differences in protein expression, as wild-type and mutant
AhpC proteins were expressed to similar levels in the presence of
0.1 mM IPTG, as seen by SDS-PAGE (data not shown). Rather,
these results indicate that both Met101 and Met133 residues are
important for alkyl hydroperoxide detoxification in vivo.
The importance of both Met residues was confirmed in vitro,
by measuring the AhpC activity of each purified AhpC variant
protein. M101I, M133I, and M101I-M133I AhpC proteins were independently purified to a level close to homogeneity on a nickelnitrilotriacetic acid (Ni-NTA) column (data not shown) and assayed by monitoring the TrxR-dependent oxidation of NADPH at

340 nm, following the exact same protocol as for native AhpC
(Table 1). The levels of peroxide reductase activity of M101I, M133I,
and M101I-M133I were 16%, 40%, and 6% of wild-type activity,
respectively, confirming that the presence of both residues—individually and together—was critical (Table 1). To determine
whether the AhpC protein structure was affected by the methionine substitutions, nonreducing SDS-PAGE and CD analyses
were conducted. Both the M101I and M133I single variants as well
as the double variant were able to form dimers as well as highermolecular-mass complexes (like native AhpC), as seen by nonreducing SDS-PAGE (Fig. 3). CD analysis (Fig. 4) indicated a slight
increase in helicity and decrease in total ␤-structure for M101I and
a slight decrease in helicity and increase in total ␤-structure for
M133I. Overall, these changes are minor and are highly unlikely to
indicate a gross destabilization of the structure of these variants.
Rather, it appears that these Met residues are important for maintaining catalytic activity.
DISCUSSION

As part of the host defense system against invading microorganisms, neutrophils produce HOCl via the enzyme myeloperoxidase
(23) and Met residues are considered primary amino acid targets

TABLE 2 Diameter of zone of inhibition of E. coli cells expressing H.
pylori native or variant AhpC proteinsa
Diam of zone of inhibition (mm)
Plasmid

No IPTG

0.1 mM IPTG

pET21b (vector control)
pET-AhpC
pET-AhpC.M101I
pET-AhpC.M133I
pET-AhpC.M101I. M133I

50 ⫾ 4
48 ⫾ 1
49 ⫾ 1
51 ⫾ 1
49 ⫾ 1

52 ⫾ 4
41 ⫾ 2
53 ⫾ 3
58 ⫾ 5
55 ⫾ 2

a

E. coli BL21 RIL cells transformed with the appropriate plasmid were mixed with top
agarose and spread on top of LB plates (ampicillin [Amp], chloramphenicol [Cm])
supplemented with 0.1 mM IPTG when indicated. Sterile paper disks (7.5-mm
diameter) with t-BH were placed in the center of each plate, and the diameter of the
inhibition zone was recorded after 24 h of growth. Results shown represent means and
standard deviations of the results of measurements done on 3 to 5 plates, and the
inhibition zone for pET-AhpC with IPTG was statistically significantly smaller than for
all the other strains (P ⬍ 0.05, Student’s t test).
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FIG 3 SDS-PAGE of native and variant AhpC proteins. Oxidized native (wildtype) AhpC (WTox), nonoxidized native AhpC (WT), or variant AhpC (M101I,
M133I) (2.5 g per lane) proteins were mixed with reducing buffer and heated
at 95°C for 5 min or mixed with nonreducing loading buffer (and not heated)
before being separated on an SDS-12.5% polyacrylamide gel. A molecular
mass standard (M) is shown on the right, with sizes indicated on the right.
Calculated (theoretical) molecular mass of AhpC-His6, 23.3 kDa.
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60-fold molar excess of HOCl and subsequently repaired (or not) by Msr. Repaired and unrepaired AhpC samples were subjected to in-solution GluC digestion,
and Met residues were analyzed and quantified by LC-MS/MS. The values corresponding to the percentages of oxidation (y axis) correspond to the ratios of MetO
residues to the total number of times the peptide was found (Met coverage). Error bars represent 1 standard deviation (from three measurements). *, the
unoxidized peptide was below our limit of detection.

Benoit et al.

spectropolarimeter in a 0.1-cm-gap cuvette from 185 to 260 nm at 20°C. Mean residue molar ellipticities () were calculated using a molar concentration of 6.4
M and 206 amino acids.

of HOCl damage via conversion to Met sulfoxide (Met-SO) (24).
These Met-So residues can be repaired by Msr. In the current
report, we show that nongrowing H. pylori ⌬msr mutants are
more sensitive to HOCl than the parental strain. This phenotype
reflects the inability of ⌬msr mutants to repair Met-SO residues in
key enzymes, especially enzymes needed to fight against HOClgenerated oxidative stress. Indeed, previous results from our laboratory revealed that catalase and Trx1 were among the proteins
most oxidized in ⌬msr mutants subjected to oxidative stress (14).
Furthermore, H. pylori catalase is inactivated by HOCl treatment
but can be repaired upon incubation with purified Msr and MS/MS
tandem analysis revealed those Met residues specifically oxidized by
HOCl and repaired by Msr (10). Repair of catalase by Msr suggests
that a physical interaction occurs between the two proteins: Msr and
catalase can indeed interact, as shown by cross-linking (14).
In light of these findings, we sought to investigate whether
AhpC (HP1563 in H. pylori strain 26695 [16]), another key enzyme in the fight against oxidative stress, would be oxidized and
then subsequently repaired by Msr. Indeed, its high methionine
content as well as its overall abundance in H. pylori makes AhpC a
prime candidate for methionine oxidation. AhpC is a member of
the 2-Cys peroxiredoxin (Prx) family (25) whose catalytic activity
involves two conserved cysteine residues. It is commonly accepted
that reduced AhpC detoxifies H2O2 or organic peroxides (such as
lipid hydroperoxides) by converting them into their corresponding alcohols (26). However, new findings suggest that the role of
AhpC might not be solely limited to peroxide detoxification: for
instance, AhpC was recently shown to be also required for ferric
ion transport and the optimal production of enterobactin in E. coli
(27). Interestingly, H. pylori AhpC has been shown to have dual
functions: depending on the duration of the oxidative stress, it can
switch from a low-molecular-weight (LMW) complex with peroxide reductase activity (short-term oxidative stress) to a highmolecular-weight (HMW) complex with chaperone-like activity
(short-term oxidative stress) (28). In addition, HpAhpC differs
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significantly from other prokaryotes’ AhpCs: according to
Chuang and coworkers, the sequence of HpAhpC is more homologous to those of mammalian Prxs than to those of other eubacterial AhpC (21). HpAhpC has also been shown to have higher
catalytic activity toward H2O2 than other AhpC homologs do
(20). Nevertheless, HpAhpC contains two highly conserved cysteine residues (Cys49 and Cys169) which are the hallmarks of the
Cys-2 Prx protein family. AhpC is one of the most abundant proteins synthesized by the gastric pathogen. The proteome analysis
by Jungblut et al. (29) showed that AhpC (also called TsaA) is the
third-most-abundant protein in H. pylori (29); according to our
own densitometry analysis using crude extracts as well as known
amounts of purified AhpC protein, we estimated that the protein
makes up approximately 3% of the total protein content. Its abundance is reflected by the fact that H. pylori mutants with one-thirdlower ahpC transcript levels (as controlled by antisense RNA technology) can still colonize mouse stomachs (30), even though H.
pylori ahpC mutants fail to colonize, as shown by a different study
(31).
Treatment of purified AhpC by HOCl led to full inactivation of
the enzyme, which could be restored upon incubation with purified Msr, as previously shown for catalase (10) and UreG (17).
When the two most oxidized and successfully Msr-repaired Met
residues, Met101 and Met133, were independently or concomitantly replaced with isoleucine, the Ahpc enzyme activity of the
variant proteins was significantly decreased, and those recombinant AhpC variant enzymes confer lower t-BH resistance to E. coli
cells. While these mutations are not in the vicinity of the essential
Cys49 and Cys169 cysteine residues, there was a possibility that the
overall conformation of AhpC would be disturbed. However,
when run on nonreducing SDS-polyacrylamide gels, both single
variants as well as the M101I-M133I double variant formed dimers
and higher-molecular-mass complexes, similar to native AhpC
(Fig. 3), suggesting that the oligomerization capacity is not affected in these variants. In addition, CD analysis confirmed there
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FIG 4 CD spectra of purified native, M101I variant, or M133I variant AhpC proteins. CD spectra of each purified protein were measured using an Aviv 400
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was only a slight modification of the secondary structure in these
variant proteins (Fig. 4). Therefore, one has to conclude that the
loss of activity in these variants is not related to major structural
alterations. The involvement of these methionine residues in
AhpC activity is yet to be understood.
So far, only a few proteins have been shown to be repaired by
Msr in bacteria. In H. pylori, the list now includes GroEL, SSR
(site-specific recombinase), catalase, UreG, and AhpC (10, 14,
18). In E. coli, Msr was found to protect GroEL and Ffh from
oxidative damage (32, 33). As the list expands, so does our knowledge on Msr target specificity; this will eventually lead to a better
understanding of Msr-mediated repair mechanisms. Finally, methionine oxidation of a protein is usually considered detrimental
to the protein’s activity; however, a recent study from Drazic and
coworkers actually suggested otherwise: those authors showed
that methionine oxidation activates a hypochloride-responsive
transcription factor (HypT) in E. coli (34). In this case, Msr repair
of the oxidized HypT protein leads to an inactive protein. This
finding suggests that Msr can almost be considered a master regulator at the posttranslational level, able to reactivate but also
deactivate key enzyme activities in the cell.

