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Helicobacter pylori, an oxygen-sensitive microaerophilic bacterium, contains many antioxidant proteins, among which alkylhydroperoxide reductase (AhpC) is the most abundant. The function
of AhpC is to protect H. pylori from a hyperoxidative environment
by reduction of toxic organic hydroperoxides. We have found that
the sequence of AhpC from H. pylori is more homologous to
mammalian peroxiredoxins than to eubacterial AhpC. We have also
found that the protein structure of AhpC could shift from lowmolecular-weight oligomers with peroxide-reductase activity to
high-molecular-weight complexes with molecular-chaperone function under oxidative stresses. Time-course study by following the
quaternary structural change of AhpC in vivo revealed that this
enzyme changes from low-molecular-weight oligomers under normal microaerobic conditions or short-term oxidative shock to
high-molecular-weight complexes after severe long-term oxidative stress. This study revealed that AhpC of H. pylori acts as a
peroxide reductase in reducing organic hydroperoxides and as a
molecular chaperone for prevention of protein misfolding under
oxidative stress.
peroxiredoxin 兩 oxidative stress 兩 phylogenetic comparison 兩 dual
functionality 兩 quaternary structural change
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hronic infection by Helicobacter pylori, a Gram-negative
bacterium, can lead to various gastrointestinal diseases,
including chronic gastritis, gastric and duodenal ulceration, and
gastric cancer (1–4). After successful isolation and culture of H.
pylori from patients with gastritis ⬇20 years ago by Marshall and
Warren (5), the complete genome sequences of various H. pylori
strains have been identified (6). However, the specific functions
of most gene products remain to be defined. Previous investigations in this field focused mainly on the postinfection pathogenic events and more recently on the alteration of gene
expression and protein modification under environmental
stresses (7–10).
Infection by H. pylori involves adhesion and colonization to the
epithelial cells of gastric mucosa (11, 12), resulting in the
activation of the immune system and gastric inflammatory
responses, including discharge of reactive oxygen species (ROS)
from phagocytes (13, 14). To survive under the oxidative stress,
H. pylori expresses antioxidant proteins, including alkylhydroperoxide reductase (AhpC), superoxide dismutase, and catalase to
reduce the toxic and reactive peroxides and oxygen radicals
(15, 16).
AhpC, a member of the thiol-dependent 2-Cys peroxiredoxin
family (17), is the most abundant antioxidant protein in H. pylori
(18). Previous reports on bacterial AhpC indicated that the
protein forms homodimers through an intersubunit disulfide
linkage which can then be reduced by electron donors, as
exemplified by AhpF in Salmonella typhimurium and AhpD in
Mycobacterium tuberculosis (19, 20). However, the electron
donor flavoprotein (AhpF) used by most bacteria to reduce
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AhpC was shown to be inactive for the AhpC of H. pylori (21–24).
In addition, some AhpC-deficient mutant strains have been
found to have an increase in the expression of neutrophilactivating protein (NapA) (15, 18) or a decrease in the activity
of catalase (25). Our previous study has also revealed that the
transcription and expression of AhpC in H. pylori isolated from
duodenal ulcer patients decrease under long-term oxidative
stress (⬎8 h in 20% O2) (26). These results suggest that AhpC
in H. pylori, in addition to providing its anti-oxidative activity,
may also play an important role in the regulation of other cellular
functions. It was indeed observed that yeast peroxiredoxins
(Prxs) can switch from an enzymatic activity to a molecularchaperone function under oxidative stresses (27). However,
there is no report on AhpC in prokaryotes regarding its structural modification or functional switch under oxidative stresses.
To investigate whether prokaryotic AhpC possesses functional
properties similar to those of eukaryotic Prxs, we have cloned
and expressed the AhpC gene of H. pylori from patients with
duodenal ulcer and gastric cancer, and we have studied the
structural and functional alterations of AhpC caused by oxidative stresses. We have demonstrated that the AhpC of H. pylori
acts not only as a peroxide reductase but also as a stressdependent molecular chaperone.
Results
Cloning and Nucleotide Sequencing. DNAs of two different H.

pylori strains (HD30 and HC28) isolated from patients with
duodenal ulcer and gastric cancer, respectively, were amplified
by PCR and the products (597 bp in size) were cloned and
sequenced. Through cloning and sequencing we obtained the
complete cDNA sequences and deduced the amino acid sequences of these two AhpC genes (sequences have been deposited in databanks).
Both AhpC proteins have the two conserved catalytic sites
similar to 2-Cys peroxiredoxins of eukaryotic species. The
catalytic sites contain Cys-49 and Cys-169 in the conserved
tripeptide Val-Cys-Pro (VCP) and form an intramolecular disulfide bond essential for the catalytic activity (21, 27, 28). When
we compared these two AhpC proteins, their amino acid sequences were found to be almost identical, with only one point
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mutation, at residue 101, valine in the HD30 strain and methionine in the HC28 strain (data not shown). The biological
significance of the point mutation is, however, unclear.

proteins present in the H. pylori isolates of human origin are
more similar to mammalian than bacterial peroxiredoxins. Conceivably, their functional or enzymatic characteristics may also
be closer to eukaryotic peroxiredoxins.

Sequence Alignment and Comparison. We aligned 12 protein se-

quences encompassing representative AhpC proteins and peroxiredoxins of H. pylori and other prokaryotic and eukaryotic
organisms (Fig. 1A). Distinct differences were found at the Nand C-terminal regions with VCP tripeptide (designated by three
stars) being mostly conserved in these aligned sequences.
We have also performed pair-wise sequence homology and
divergence comparison among these sequences and the result
(Fig. 1B) showed only ⬇20–30% sequence homology between H.
pylori AhpC and other bacterial AhpC. However, the sequence
homology between H. pylori AhpC and mammalian (human or
mouse) peroxiredoxins is as high as 43%. On the other hand, the
phylogenetic tree analysis similar to our previous report (29)
showed that all of the three H. pylori AhpC proteins are more
homologous to mammalian peroxiredoxins than to other bacterial AhpC proteins (Fig. 1C). Using computer modeling, we have
also found that the AhpC protein of H. pylori isolates is more
similar structurally to mammalian peroxiredoxins (data not
shown). Taken together, these results suggested that the AhpC
Chuang et al.

Modification of AhpC from a Peroxide Reductase to a Molecular
Chaperone-Like Peroxiredoxin in Vitro. To study whether the AhpC

protein from H. pylori has both the peroxide reductase and
molecular chaperone activities, we performed a series of experiments under oxidative stress in vitro. First, we analyzed the
peroxide reductase and chaperone activities of these cloned
AhpC proteins from H. pylori isolates after exposure to 10 mM
H2O2 for 1 or 12 h (Fig. 2 A and B). Second, we checked their
molecular size by native and SDS兾PAGE. Both AhpC proteins
treated with H2O2 for 12 h were shown to lose their enzyme
activity greatly and have a structural change from low-molecularweight (LMW) oligomers (⬇75–125 kDa) to a HMW complex
(⬎669 kDa) as revealed by native gradient-gel (4–12%) electrophoresis (Fig. 2C). In contrast to the result of native PAGE,
SDS兾PAGE of both the normal and stressed AhpC showed
clearly a single band of ⬇26 kDa, with stressed AhpC showing
a slightly larger size than normal AhpC (Fig. 2C Inset). The
difference was probably due to the oxidation of some amino acid
PNAS 兩 February 21, 2006 兩 vol. 103 兩 no. 8 兩 2553
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Fig. 1. Sequence alignment and homology comparison of H. pylori AhpC with homologous AhpC and Prxs from other species. (A) Alignment of the amino acid
sequences of AhpC and Prxs (2-Cys Prx) from several representative prokaryotes and eukaryotes. The encoded amino acid sequences were aligned, and gaps
(dashes) were introduced to optimize sequence alignment. Identical and consensus amino acids in all sequences are shown in black boxes. The highly conserved
tripeptide (VCP) related to the catalytic function is designated by stars. (B) Pairwise comparison of protein sequence identity and divergence. (C) Construction
of phylogenetic tree based on sequence divergence between the AhpC sequences from clinical H. pylori isolates (HC28 and HD30) and AhpC homologues from
other species in A. Sequence data were analyzed with the MEGALIGN program of LASERGENE (DNASTAR, Madison, WI) as described previously (29). The percent
divergence is calculated by comparing sequence pairs in relation to the relative positions in the phylogenetic tree, in contrast with the percent identity, which
is estimated by comparing percent sequence identity directly without accounting for phylogenetic relationships. The tree was built by using the CLUSTAL W program
and weighted residue-weight table. The length in each branch represents the sequence distance between aligned pairs. The scale beneath the tree measures
the distance between sequences (in nucleotide substitutions). It is noted that the AhpC proteins of clinical H. pylori isolates were more similar to mammalian
Prxs (human and mouse) than eubacterial AhpC. The abbreviations for amino acid sequences of AhpC and Prx from various species are as follows: H28A and H30A,
AhpC of two clinical strains of H. pylori studied in this report; H99A, AhpC of J99 strain of H. pylori; EA, AhpC of Escherichia coli; IA, AhpC of Idiomarina loihiensis;
MA, AhpC of M. tuberculosis; SA, AhpC of S. typhimurium; YT, Trx peroxidase of yeast (Saccharomyces cerevisiae); YP1, Prx I of yeast (S. cerevisiae); MP1, Prx I
of mouse; HuP1, Prx I of human; HuP2, Prx II of human.

Table 1. Determination of sulfhydryl contents of normal and
stressed recombinant AhpC proteins from H. pylori with or
without dithiothreitol (DTT) by Ellman’s reagent
AhpC
Normal
Normal
Stressed
Stressed

DTT

No. of Cys per protein

⫺
⫹
⫺
⫹

0.12 ⫾ 0.09
5.98 ⫾ 0.32
0.08 ⫾ 0.15
0.03 ⫾ 0.02

Data shown are means of triplicate determinations ⫾ SD.

Fig. 2. The dual-function activity of recombinant H. pylori AhpC from HC28.
(A) Peroxide reductase activity assays of recombinant AhpC from HC28 were
measured in the absence of Trx system (line 1). Peroxide reductase activity
assays of AhpC pretreated with 10 mM H2O2 (12 h) were measured in the
presence of Trx system (line 2). The same activity assay of AhpC was carried out
in the presence of Trx system without pretreatment with H2O2 (line 3).
Recombinant AhpC from HC28 and HD30 possesses similar peroxide reductase
activity under short-term oxidative treatment (⬍1 h) as shown by the rapid
decrease of NADPH absorbance at 340 nm (line 3). However AhpC lost most of
the peroxide reductase activity when treated with H2O2 for 12 h (line 2). (B)
The chaperone activity of recombinant AhpC from HC28 or HD30 (data not
shown) was measured by the turbidity change at 360 nm of DTT-induced
aggregation of insulin at 25°C. The activity was measured in the absence of
H2O2 (line 1) or in the presence of 10 mM H2O2 for 1 h (line 2) and 12 h (line
3), respectively. The protein exhibited its full chaperone activity after 12 h. (C)
Structural change of purified AhpC was analyzed by native PAGE (4 –12%
gradient polyacrylamide gel) after treatment with 10 mM H2O2 for 12 h. The
proteins were converted to high-molecular-weight (HMW) complexes with
molecular mass ⬎669 kDa as estimated by gel electrophoresis with molecular
mass markers. (Inset) All of the different forms of AhpC isolated from normal
or stressed conditions showed a 26-kDa single band on SDS兾15% PAGE. N,
normal condition; O, oxidative stress condition. Gels were stained with Coomassie blue and molecular mass markers are shown on the left. (D) Electron
micrographs showing structures of recombinant purified AhpC protein from
HC28 under normal condition (Left) or after treatment with 10 mM H2O2 for
12 h (Right). Electron micrographs were obtained by negative staining with
uranyl acetate. (Scale bar, 100 nm.) Arrows indicate the presence of HMW
complex particles under oxidative stress. Similar EM images were obtained
with recombinant AhpC of HD30.

residues in AhpC upon H2O2 treatment. As shown in lines 2 and
3 of Fig. 2B, AhpC started to act as a chaperone protein upon
exposure to H2O2 treatment for ⬎1 h, and it exhibited the full
chaperone activity after 12 h. To rule out the possibility that
2554 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0510770103

protein aggregation induced by DTT in this chaperone-activity
assay was due to the reduction of HMW complexes of AhpC, we
determined the sulfhydryl contents in the native and oxidized
forms of AhpC (Table 1). The results indicated that the native
form of AhpC contained three disulfide bonds, and no disulfide
bonds were detected in the oxidized HMW form of AhpC. It
clearly suggests that all of the disulfide bonds in native AhpC
were converted to sulfinic or sulfonic acid (–SO2H or –SO3H) in
the oxidized HMW form of AhpC by H2O2 (28) and are thus
resistant to reduction by DTT. Therefore, the experimental
results support the notion that the protein aggregation in the
chaperone-activity assay is indeed due to the reductive unfolding
of insulin induced by DTT, resulting in the accumulation of
insulin aggregate upon refolding. It is noteworthy that HMW
complexes of AhpC can indeed protect insulin from DTTinduced protein aggregation.
The gross structural change of AhpC under oxidative stress
can also be detected by electron microscopy (EM). The EM
images showed that AhpC appeared as small molecules of
irregular shape under normal conditions. HMW AhpC complexes can be found as spherical particles after 10 mM H2O2
treatment at 37°C for 12 h (Fig. 2D), corroborating the sizeestimation results based on native-gel electrophoresis. Collectively, these in vitro assays clearly suggested that AhpC possesses
dual functions: i.e., it acts as peroxide reductase in the form of
oligomers under normal physiological conditions and changes to
HMW complexes with chaperone-like activity under oxidative
stress.
Exposure of H. pylori to Oxidative Stress in Vivo Induces Functional
Change of AhpC. A previous report showed that the enzyme

activity of Prxs was rapidly decreased by bursts of intracellular
peroxide production (30), in agreement with our previous result
(26) showing that the amount of monomeric AhpC in H. pylori
was greatly decreased after long-term oxidative stress. Herein we
have further performed a time-course analysis of AhpC under
long-term oxidative (20% O2) conditions by native PAGE and
Western blotting to probe the structural changes of the AhpC of
H. pylori isolates under oxidative stress in vivo.
Crude extracts prepared from cell cultures of H. pylori isolates
incubated under normal or oxidative stress conditions for 8 and
16 h were subjected to native PAGE. The AhpC proteins
obtained from normal H. pylori cells consisted of multiple forms
of LMW oligomers in a size range of 75–125 kDa (stained with
Coomassie blue) similar to that shown in Fig. 2C. A time-course
study on native PAGE followed by immunoblotting with antibodies to H. pylori AhpC (Fig. 3) revealed that normal or
short-term stress (0–8 h) AhpC formed approximately LMW
trimers or higher oligomers. Almost all AhpC protein molecules
were, however, converted to HMW complexes after long-term
oxidative stress (⬎16 h). Consistent with the in vitro analysis (Fig.
2 A–C), these in vivo analyses also suggest that H. pylori AhpC
switched from the peroxide reductase activity (LMW oligomers)
under normal conditions to chaperone-like activity (HMW
complexes) under oxidative stress.
Chuang et al.

Fig. 3. Oxidative stress-dependent switching of AhpC structures in vivo.
Crude proteins extracted from two clinical H. pylori isolates HC28 and HD30
under atmospheric oxidative stress were separated by native 4 –12% PAGE and
subjected to immunoblotting with anti-H. pylori-AhpC polyclonal antibodies.
The results of a time-course study indicated that the proteins formed oligomers (lower arrow) under short-term (8 h) stress; however, all AhpC were
converted to HMW complexes (higher arrow) with molecular chaperone
activity after long-term stress (16 h).

Materials and Methods
Materials. The H. pylori strains used in this study were isolated
from the gastric biopsy specimens in two patients, one with
duodenal ulcer and one with gastric cancer, and were abbreviated by HD30 (from human duodenal ulcer) and HC28 (from
human gastric cancer), respectively. The Escherichia coli strains
used for sequencing, genetic manipulation and expression were
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Discussion
To combat the reactive oxygen species released from the host
immune system and survive in the gastric mucosa, pathogenic H.
pylori is equipped with a number of detoxifying proteins (25, 31).
Among these, the most abundant one is AhpC. Several functional studies of H. pylori AhpC have shown that the AhpCdeleted mutants have increased sensitivity to oxygen (15), overexpress neutrophil-activating protein (18), and accelerate
inactivation of catalase (25).
As a member of 2-Cys peroxiredoxins (17, 21, 31), AhpC has
been shown to be Trx-dependent (17, 27, 32, 33). The native
structure of AhpC in S. typhimurium was shown to exist as a
dimer (34, 35). Although the structure of bacterial AhpC was
shown to be similar to that of eukaryotic Prxs, the cofactors for
AhpC and Prxs were different. The peroxide reductase activity
of AhpC from S. typhimurium was shown to be flavin-dependent,
whereas the AhpC in M. tuberculosis was lipoamide and AhpDdependent (19, 20). All these data indicated that the bacterial
AhpC proteins were more heterogeneous in functional characteristics than eukaryotic Prxs.

We have previously demonstrated that the enzyme activity of
AhpC in H. pylori of clinical isolates was suppressed under
long-term oxidative stress (26). We have further compared the
sequences of AhpC and Prxs from different species, including
bacteria, yeasts, and mammals (Fig. 1 A–C), and found that the
AhpC of H. pylori is more homologous to human Prx than to
eubacterial AhpC. These results suggest that a long-term infection of H. pylori may facilitate the recombination of its AhpC
gene with human Prx genes to form a human-like AhpC (36–38).
The AhpC of H. pylori is closer to eukaryotic Prx than to other
prokaryotic AhpC phylogenetically (Fig. 1C), and it was found
that H. pylori AhpC also acts as a molecular chaperone as does
yeast Prx. Herein we propose a likely mechanism underlying the
structural and functional changes of AhpC in H. pylori under
short-term and long-term oxidative stresses (Fig. 4). When H.
pylori encounters intracellular attack by reactive oxygen species,
the AhpC will react to ameliorate peroxides and oxygen radicals
generated under short-term oxidative stress. However, some
AhpC will be converted to HMW chaperones to prevent the
misfolding or unfolding of proteins under long-term stress
conditions. If the oxidative stress is too severe because of the
presence of excessive damaged proteins (perhaps including some
essential transcription factors for AhpC transcription), all expressed AhpC may be switched to molecular chaperones for
salvage of unfolded proteins. Based on the full genome sequences of H. pylori (6), it is of interest to note that H. pylori does
not appear to contain all small heat-shock proteins (sHSPs) used
as potential molecular chaperones by most eukaryotes. Therefore, it is suggested that AhpC or other as-yet-unidentified
proteins in H. pylori may possess stress-induced chaperone
property like sHSPs (39). Under various environmental stresses,
these proteins may act as potent stress sensors and chaperones
for H. pylori to survive and persist in the extreme environment
of human stomachs.

Fig. 4. A schematic representation of the oxidative stress-dependent structural and functional switching of AhpC in H. pylori. Two aggregate forms of AhpC
in H. pylori with distinct quaternary structures are formed in two independent pathways, i.e., under antioxidant homeostasis (A) and severe hyperoxia stress
conditions (B). When H. pylori grows in a microaerobic environment or short-term oxidative shock, their AhpC proteins may exist as LMW oligomeric forms to
effect the inherent peroxide reductase function for reducing toxic reactive oxygen species (ROS). AhpC proteins could be converted to HMW complexes with
chaperone activity for prevention of unfolded proteins from aggregation under severe long-term stress conditions.
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Table 2. Strains, plasmids, and primers
Strains, plasmids
and primers
Strains
H. pylori
HC28
HD30
E. coli
DH5␣
BL21
Plasmids
yT&A
yAhpC-C28
yAhpC-D30
pET21b
pAhpC-C28
pAhpC-D30
Primers
ahpCF
ahpCR

Description and source

Clinical strain isolated from a patient with gastric
cancer
Clinical strain isolated from a patient with
duodenal ulcer
Cloning strain from commercial ECOS101
(Yeastern Biotech, Taipei, Taiwan)
Expression strain from commercial ECOS21
(Yeastern Biotech)
Cloning vector for sequencing (Yeastern Biotech)
ahpC of HC28 inserted into yT&A
ahpC of HC30 inserted into yT&A
Cloning vector for expression (in our laboratory
stock)
ahpC of HC28 inserted into the Xhol and Ndel
sites of pET21b
ahpC of HD30 inserted into the Xhol and Ndel
sites of pET21b
5⬘-CCATATGTTAGTTACAAAACTTGCC-3⬘
5⬘-CTCGAGAAGCTTAATGGAATTTTC-3⬘

ECOS101 (DH5␣) and ECOS21 (BL21), respectively. These H.
pylori strains were grown on Centers for Disease Control and
Prevention (CDC) anaerobe blood agar plates (BD) at 37°C in
a modular atmosphere-controlled system (5% O2兾10% CO2兾
85% N2) (Don Whitley Scientific, Shipley, U.K.), and confirmed
to be H. pylori because of their urease activity and helical
morphology as determined by phase-contrast microscopy. Luria–
Bertani (LB) agar and media supplemented with ampicillin (100
g兾ml) were used for growing E. coli strains at 37°C. Protein
concentrations were determined with the bicinchoninic acid
(BCA) protein assay kit (Pierce). Protein standards used in
PAGE were purchased from Amersham Pharmacia. Insulin,
Ellman’s reagent, L-cysteine, and the bacterial thioredoxin (Trx)
system used in AhpC activity assays including thioredoxin,
thioredoxin reductase, NADPH, and H2O2 were obtained from
Sigma.
Cloning and Sequencing of ahpC from Clinical H. pylori. Genomic

DNA was prepared from confluent cultures on CDC agar plates
with a QIAprep DNA minikit (Qiagen, Chatsworth, CA). The
primers used for PCR (40) and sequencing are listed in Table 2.
Briefly, specific PCR was carried out in 50-l mixtures containing 10 ng of DNA, 0.2 M deoxyribonucleoside triphosphates
(dNTPs), 1 M each primer, 1 M cDNA, and 1 unit of Taq
DNA polymerase (Promega) in a standard PCR buffer for 35
cycles under the following conditions: 94°C for 1 min, 60°C for
1 min, and 72°C for a time period chosen based on the size of
expected fragments (1 min兾kb). The PCR products were then
analyzed by 1.5% agarose gel electrophoresis using standard
protocols. After PCR amplification, the products (⬍650 bp)
were collected and purified by using an EasyPure PCR clean-up
kit (Bioman, Taipei, Taiwan), treated with T4 DNA ligase
(Promega), and cloned into the yT&A vector to give yAhpC-D30
and yAhpC-C28, which were then transformed into E. coli DH5␣
cells. These constructs were sequenced in both directions by
using a Taq DyeDeoxy Terminator Cycle Sequencing kit (Ap2556 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0510770103

plied Biosystems Prism) on a 373A sequencing system (Perkin–
Elmer).
Expression and Purification of Recombinant AhpC. For expression of
the AhpC in E. coli, the yAhpC-D30 and yAhpC-C28 plasmids
were doubly digested with the restriction endonucleases XhoI
and NdeI, and the products were ligated into pET21b (Novagen),
a His-taq protein expression vector bearing the T7 promoter and
ampicillin resistance. The plasmids with the correct gene sequences were then transformed into E. coli strain BL21 (DE-3).
The His6-fused AhpC was purified by using a native Ni-NTA
column (Qiagen, Chatsworth, CA). The enzyme activity of the
recombinant AhpC containing the added six His residues at the
C terminus was measured according to previous reports (21, 27).
The purity of the purified recombinant AhpC was determined to
be ⬎99% based on SDS兾PAGE. The structural and functional
changes of recombinant AhpC proteins from HD30 or HC28
after treatment with 10 mM H2O2 and Trx system for 1 or 12 h
were analyzed by molecular size measurement on native PAGE
and SDS兾PAGE and peroxide reductase and chaperone-activity
assays plus electron microscopy as described below.
Gel Electrophoresis and Western Blot Analysis of H. pylori AhpC Under
Oxidative Stress. Plate-grown H. pylori cells of HC28 and HD30

strains incubated under normal (5% O2) condition for 48 h were
transferred to oxidative-stress (20% O2) conditions. Subsequently, the cells were harvested at various time intervals (0, 8,
or 16 h) and suspended in PBS. For native PAGE, 50 g of total
soluble proteins extracted from cells disrupted by lysozyme and
sonication was dissolved in a native buffer without SDS and then
applied to native gel electrophoresis. After electrophoresis, the
proteins were stained directly with Coomassie blue or transferred to poly(vinylidene difluoride) (PVDF) membranes under
a voltage of 392 V for 30 min. After transfer, the membranes
were saturated with 5% (wt兾vol) nonfat dry milk powder in
PBS兾0.1% Tween 20 at room temperature for 2 h, followed by
incubation with polyclonal antibodies against H. pylori-AhpC
(anti-HPAhpC) for 3 h. After three washes with PBS兾0.1%
Tween 20, the membranes were incubated with a solution of
anti-rabbit Ig conjugated with alkaline phosphatase. After 1-h
incubation at room temperature, the membranes were washed
three times with PBS兾0.1% Tween 20 and the membrane blots
were developed by using color-forming nitroblue tetrazolium
(NBT)兾5-bromo-4-chloro-3-indolyl phosphate (BCIP) reagents.
EM and Imaging. The AhpC proteins of normal or 10 mM

H2O2-treated (12 h) forms were absorbed to glow-discharged
carbon-coated copper grids by incubation at 25°C for 5 min, then
the grids were rinsed with deionized water and stained with 2%
(wt兾vol) uranyl acetate. The EM images were recorded with a
JEOL JSM-1200EX II transmission electron microscope at an
accelerated voltage of 80 kV and a magnification of 50,000-fold.
Light-optical diffractograms were used to select micrographs to
avoid defocus and verify that no drift or astigmatism was present
(27). For image processing, the negative image scanner (Kodak)
and EM software package (IMAGIC) were used.
Sequence Database Analysis. We have performed sequence com-

parison and alignment of the two AhpC homologues from two
H. pylori clinical isolates (HC28 and HD30) and the 10 reported
amino acid sequences obtained from bacterial and eukaryotic
AhpC proteins in the National Center for Biotechnology Information (NCBI) sequence database. The alignment, phylogenetic
analysis, and estimation of sequence divergence were carried out
by using MEGALIGN and PROTEAN programs (DNASTAR, Madison, WI).
Chuang et al.

ried out at 25°C by recording the turbidity change of OD360
within 42 min upon the initiation of DTT-induced insulin
aggregation or until the turbidity curve reaches a plateau (29).

Peroxide Reductase and Chaperone-Like Activity Assays. The peroxide reductase activity of recombinant AhpC was monitored with
an Ultrospec 4000 spectrophotometer (Amersham Pharmacia)
at 25°C by following the decrease in A340 within 12 min due to
NADPH oxidation. Each assay was performed by using 20 M
each AhpC in a total volume of 1.0 ml of 50 mM potassium
phosphate buffer (pH 7.0)兾0.1 M ammonium sulfate兾0.5 mM
EDTA containing Trx system (5 M thioredoxin, 0.5 M
thioredoxin reductase, and 150 M NADPH) and 1 mM H2O2
as described (21). Chaperone-like activity of recombinant AhpC
was studied based on the DTT-induced insulin reductive unfolding and chaperone-assisted refolding (29, 41). The reaction
mixture was prepared in a total volume of 1.0 ml of PBS buffer
containing insulin and DTT. The insulin substrate stock solution
consisted of 8.5 mg of insulin dissolved in 1 ml of 0.1 M NaOH,
1.7 ml of 0.5 M NaH2PO4兾Na2HPO4 buffer (pH 6.8), and 1.7 ml
of 1 M NaCl, and the total volume was adjusted to 17 ml with
distilled H2O. The AhpC-dependent chaperone assay was car-
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Determination of the Sulfhydryl Contents. The sulfhydryl contents
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were determined by using Ellman’s reagent and DTT according
to a published method (28). The protein concentrations of
purified recombinant AhpC and oxidative HMW complexes
induced by 10 mM H2O2 plus their reduced proteins in the
presence of 10 mM DTT were determined by the BCA protein
assay kit as described above. The sulfhydryl concentrations in
these proteins were determined from the calibration curve with
known concentrations of standard L-cysteine solutions.

