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Neutrophil-activating protein (NapA) has been well documented to play roles in human neutrophil recruit-
ment and in stimulating host cell production of reactive oxygen intermediates (ROI). A separate role for NapA
in combating oxidative stress within H. pylori was implied by studies of various H. pylori mutant strains. Here,
physiological analysis of a napA strain was the approach used to assess the iron-sequestering and stress
resistance roles of NapA, its role in preventing oxidative DNA damage, and its importance to mouse coloni-
zation. The napA strain was more sensitive to oxidative stress reagents and to oxygen, and it contained fourfold
more intracellular free iron and more damaged DNA than the parent strain. Pure, iron-loaded NapA bound to
DNA, but native NapA did not, presumably linking iron levels sensed by NapA to DNA damage protection.
Despite its in vitro phenotype of sensitivity to oxidative stress, the napA strain showed normal (like that of the
wild type) mouse colonization efficiency in the conventional in vivo assay. By use of a modified mouse
inoculation protocol whereby nonviable H. pylori is first inoculated into mice, followed by (live) bacterial strain
administration, an in vivo role for NapA in colonization efficiency could be demonstrated. NapA is the critical
component responsible for inducing host-mediated ROI production, thus inhibiting colonization by the napA
strain. An animal colonization experiment with a mixed-strain infection protocol further demonstrated that the
napA strain has significantly decreased ability to survive when competing with the wild type. H. pylori NapA has
unique and separate roles in gastric pathogenesis.

Helicobacter pylori, a gram-negative microaerophilic bacte-
rium, infects the stomachs of more than 50% of the human
population. Infection by H. pylori causes active chronic gastritis
in many subjects and in some individuals leads to the devel-
opment of ulcer diseases or even gastric adenocarcinoma (14).
H. pylori infection of the gastric mucosa induces the appear-
ance of inflammatory infiltrates, consisting mainly of neutro-
phils and monocytes, which contribute to H. pylori-induced
gastritis (4, 16). A correlation exists between severity of the
disease and the neutrophil-activating capacity of H. pylori iso-
lates (10, 16, 32).

One of the bacterial factors shown to mediate neutrophil
activation is the H. pylori neutrophil-activating protein en-
coded by the gene napA (HP0243 in the H. pylori genome). H.
pylori expresses a large amount of NapA, especially in vivo (6),
so that NapA is a major antigen in the human immune re-
sponse to H. pylori (2, 33). NapA is a cytosolic protein ex-
pressed by virtually all H. pylori isolates, and it is oftentimes
detected in the culture medium after bacterial growth (7, 36).
NapA has the capacity to bind to carbohydrates, which may
mediate H. pylori binding to both host cells and the stomach
mucus (25, 35). NapA is chemotactic for human neutrophils
and monocytes, and it plays a major role in recruiting these
cells to the site of infection (7, 15). NapA is a powerful stim-
ulant of reactive oxygen intermediate (ROI) production by
human neutrophils and monocytes (15, 33). NapA-induced
ROI production involves a cascade of intracellular activation

events, including an increase in the cytosolic calcium ion con-
centration and phosphorylation of proteins, leading to assem-
bly of the superoxide-forming NADPH oxidase on the neutro-
phil plasma membrane (24, 27, 33).

The primary sequence and structure of NapA are similar to
those of the proteins in the Dps family which have functions in
iron binding and DNA protection (17). The 17-kDa NapA
protein forms a dodecameric complex with a central cavity that
sequesters large amounts of iron (nearly 500 atoms of iron per
dodecamer) (37, 48). Thus, NapA could be involved in iron
sequestering and storage by H. pylori. However, the expression
of NapA in H. pylori was shown not to be regulated in response
to iron content in the medium nor to play a part in metal
resistance of H. pylori; these findings led to the proposal that
the primary role of NapA in vivo may not be as an iron binding
and storage protein (12, 13).

Proteins within the Dps family are expressed in most bacterial
species and accumulate to high levels under conditions of oxida-
tive or nutritional stress. A role of some Dps family proteins is in
protecting bacteria from oxidative stress damage. Such a role for
H. pylori NapA was first implied by the observation that loss of
AhpC (alkyl hydroperoxide reductase, an important antioxidant
enzyme) leads to a concomitant increase in NapA expression
(28). More recent studies demonstrated that increased NapA
production is the most frequent up-expression change associated
with the apparent compensatory response to loss of major oxida-
tive stress resistance factors in H. pylori (30). Like other Dps
proteins, H. pylori NapA production is maximal in stationary-
phase cells, and an H. pylori napA mutant survived less well than
the wild-type strain upon exposure to oxidative stress conditions,
suggesting that NapA plays a role in protecting H. pylori from
oxidative stress damage (9).
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To maintain long-term persistent infection in the host, H.
pylori combats oxidative stress via a battery of diverse detoxi-
fication enzymes, including superoxide dismutase (SOD), cata-
lase (KatA), alkyl hydroperoxide reductase (AhpC), and
NADPH quinone reductase (MdaB). Disruption of any of
these genes in H. pylori resulted in a clear mouse stomach
colonization deficiency of the strain (20, 29, 34, 43). Although
NapA was assigned putative roles as an important virulence
factor and as antioxidant protein, the ability of an H. pylori
napA mutant to colonize the host has not been investigated. In
addition, the importance of NapA to H. pylori was ambiguous,
as napA mutants appeared to have much weaker oxidative
stress-related phenotypes in vitro compared to other oxidative
stress resistance mutants such as sodB or ahpC mutants (9, 28).
Thus, the roles and mechanisms of NapA in protecting H.
pylori from oxidative stress damage are not clear.

In this study, we reassessed the DNA- and iron-binding
abilities of the H. pylori NapA protein. A napA mutant was
constructed with mouse-adapted strain X47, and the in vitro
phenotypes of the wild type and the mutant were compared,
including sensitivity to oxidative stress, the level of intracellular
free iron, and the extent of DNA damage. Most importantly,
the effect of NapA on host colonization efficiency was exam-
ined in a mouse infection model by using a napA gene disrup-
tion mutant. Assessing an in vivo role for NapA required
inoculating mice first with nonviable H. pylori as a source of
NapA in order to allow for host-mediated ROI production.
Only then could a role for NapA in combating oxidative stress
via a mutant analysis approach be ascertained. The results
demonstrate that H. pylori NapA has unique properties, with
dual roles related to oxidative stress; these are to induce oxi-
dative stress mounted by the host cells and then to protect the
bacterial cells from oxidative DNA damage.

MATERIALS AND METHODS

H. pylori culture conditions. H. pylori was cultured on brucella agar (Difco)
plates supplemented with 10% defibrinated sheep blood or 5% fetal bovine
serum (called BA plates). Chloramphenicol (50 �g/ml) or kanamycin (40 �g/ml)
was added to the medium for culturing mutants. Cultures of H. pylori were grown
microaerobically at 37°C in an incubator under continuously controlled levels of
oxygen (1 to 12% partial pressure as indicated, 5% CO2, and balanced with N2).

napA mutant construction. A plasmid containing the H. pylori napA gene
sequence disrupted with a chloramphenicol resistance cassette (pNapA::Cm
from reference 28) was used to transform H. pylori wild-type strains, including
SS1, 26695, 43504, and X47, by natural transformation. The mutant was selected
on blood agar plates supplemented with chloramphenicol under 2% O2 condi-
tions. Genomic DNA was prepared from the mutant clones, and the disruption
of the napA gene on the genome was confirmed by an 800-bp increment of the
PCR amplicon because of the insertion of the antibiotic resistance cassette into
the gene.

Protein gel electrophoresis and protein identification by N-terminal sequenc-
ing. Bacteria were harvested from the plates and resuspended in phosphate-
buffered saline (PBS) buffer containing 20 mM sodium phosphate and 150 mM
NaCl, pH 8.0. After one wash with the buffer, cells were resuspended in the same
buffer and broken by two passages through a French pressure cell (SLM instru-
ments, Inc.) at 138,000 kPa. Cell lysates were obtained by centrifugation (8,000
rpm for10 min), and the supernatant was transferred to a clean tube. The protein
concentration of the cell extract obtained was determined by Bradford protein
assay (Bio-Rad). Seven micrograms of cell extract was mixed with sodium do-
decyl sulfate (SDS) buffer and incubated at 90°C for 5 min. Proteins were then
separated by 12.5% SDS-polyacrylamide gel electrophoresis (PAGE) for 1.5 h at
100 V.

The suspected NapA protein band, which was clear in extracts resolved by
SDS-PAGE from the wild-type strain but was missing from the mutant, was
subjected to N-terminal sequencing; this was done upon transferring and excising

the band from a polyvinylidene difluoride membrane (38) (Protein Sequencing
Lab, Georgia State University).

Disk assay for oxidative stress sensitivity. The napA mutant was tested for
sensitivity to different oxidative stress reagents in comparison to the wild type.
The BA plates were streaked uniformly with 0.1 ml of liquid culture at an optical
density (OD) of 0.8. Sterile 7.5-mm filter paper disks individually saturated with
10 �l of a stress reagent (1 M cumene hydroperoxide, 1 M t-butyl hydroperoxide,
or 0.1 M paraquat separately) were then placed onto the plates. The cells were
cultured under microaerophilic conditions (5% O2) for 2 days before the zones
of inhibition were measured (see Table 1).

Growth sensitivity to oxygen. The wild-type or mutant strain was streaked onto
BA plates. These plates were placed into the CO2 incubator under continuously
controlled O2 levels (from 2 to 12% partial pressure) and incubated for 2 days
(44). The growth of the bacteria on the plates was then scored (see Table 2).

Determination of intracellular free-iron level by electron paramagnetic reso-
nance (EPR) spectroscopy. The protocol used for determination of intracellular
free-iron levels by EPR was described previously (41). Briefly, a 5-ml cell sus-
pension in PBS (OD at 600 nm [OD600] � 8.0) was incubated with 20 mM
desferrioxamine at 37°C for 15 min. The cells were then centrifuged, washed with
cold 20 mM Tris-HCl (pH 7.4), resuspended in a final volume of 0.4 ml of the
same buffer, and frozen in 3-mm quartz EPR tubes by immersion in liquid
nitrogen. Samples were stored at �78°C for EPR analysis. X-band (�9.6 GHz)
EPR spectra were recorded on a Bruker ESP-300E EPR spectrometer equipped
with an ER-4116 dual-mode cavity and an Oxford Instruments ESR-9 flow
cryostat. The relative amounts of intracellular free iron were assessed on the
basis of the doubly integrated intensity of the g � 4.3 EPR signal in desferriox-
amine-treated samples after normalization to the cell concentration.

DNA damage and fragmentation analysis by electrophoresis. Wild-type and
napA mutant cells were harvested and suspended in PBS buffer to an OD600 of
0.5. Cell suspensions were exposed to air for 2 h. Analysis of DNA fragmentation
was performed as described by Zirkle and Krieg (50), with the following minor
modifications. A 500-�l volume of the sample was centrifuged for 1 min at 15,000 �
g, the pellet was washed in Tris-EDTA (TE) buffer (50 mM Tris HCl, 5 mM
EDTA, pH 8) at 4°C, and the final pellet was suspended in 10 �l of TE buffer.
This suspension was then added to 50 �l of 1% low-melting-point agarose
(Fisher) at 37°C. Agarose and cells were mixed thoroughly, and 60-�l blocks
were made by pipetting the mixture onto Parafilm. After solidification, the blocks
were placed in a lysing solution (0.25 mM EDTA, 0.5% [wt/vol] Sarkosyl, 0.5
mg/ml proteinase K) and incubated at 55°C for 1 h, followed by overnight
incubation at room temperature. The next day, the blocks were washed three
times for 10 min each in cold TE buffer. Agarose plugs were then submerged in
a 0.8% agarose gel. Samples were subjected to gel electrophoresis for 7 h at 30
V. Gels were then stained for 30 min with ethidium bromide (0.5 �g/ml),
destained in H2O, and then visualized under UV light.

Construction of plasmid for overproduction of H. pylori NapA. A 458-bp DNA
fragment containing the napA gene was PCR amplified with primers NapA-F
(5�CGCGCGGCATATGAAAACATTTGAAATT3�) and NapA-R (5�CGATA
TACTCGAGTTAAGCCAAATGGGC3�) and H. pylori strain X47 genomic
DNA as the template. The PCR product was digested with NdeI and XhoI and
cloned into vector pET-21a (Novagen) treated with the same restriction enzymes.
The recombinant plasmid (pET-NapA) was then transformed into Escherichia
coli BL21 Origami competent cells (Novagen).

Overexpression and purification of NapA. E. coli BL21 Origami cells contain-
ing pET-NapA were grown at 37°C in 500 ml Luria-Bertani medium supple-
mented with 100 �g/ml ampicillin to an OD600 of 0.5. Induction of NapA
expression was achieved by adding 0.5 mM isopropyl-�-D-thiogalactopyranoside
(IPTG) to the medium, followed by extended incubation for 2 h. Cells were then
harvested by centrifugation at 5,000 rpm for 15 min, washed one time in cold
buffer A (20 mM NaCl, 10 mM Tris-Cl, pH 8.0), and suspended in 5 ml of the
same buffer. The cells were then broken by two passages through a French
pressure cell, and cell debris was removed by centrifugation at 10,000 rpm. To
further remove some residual insoluble proteins, the supernatant was subjected
to a high-speed spin at 45,000 rpm for another 2.5 h. The supernatant (�5 ml)
obtained was then applied to a HiTrap Q HP anion-exchange column (Amer-
sham Biosciences) that had been equilibrated with buffer A. Proteins were eluted
with an NaCl gradient generated by mixing buffer A (see above) with buffer B (1
M NaCl, 10 mM Tris Cl, pH 8.0) by use of the fast protein liquid chromatography
system (Amersham Biosciences). The eluted fractions were resolved by SDS-
PAGE, and two partially purified fractions were pooled and further purified by
gel filtration chromatography with a Sephacryl S-200 column (Amersham Bio-
sciences). Proteins were eluted with buffer A, and the purified NapA was mixed
with 20% glycerol and stored at �80°C. The concentration of the protein was
determined by the Bradford assay method (Pierce).
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Preparation of Fe-loaded NapA protein. A protocol described previously (21)
was used to prepare Fe-loaded NapA protein. Briefly, ferrous ammonium sulfate
(Sigma) was added to a 100-�g/ml NapA preparation in 0.1 mM morpholine-
propanesulfonic acid (MOPS)-NaOH buffer (pH 7.0) at a final concentration of
1 mM. The mixture was kept under a nitrogen atmosphere and incubated at
room temperature for 1 h. The Fe-loaded NapA was then purified on a PD-10
column (Amersham Pharmacia Biotech) equilibrated with 20 mM MOPS-NaOH
buffer (pH 7.0). The eluted protein was concentrated by an Centricon YM-50
(Millipore Corp.).

DNA-binding assay. The DNA-binding assay was done as described by Almi-
rón et al. (1). According to the method, 30 �g of native NapA, Fe-loaded NapA,
or bovine serum albumin (BSA; negative control) was added to 200 ng of plasmid
pGEMT DNA (Promega) in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0)
and incubated at 37°C for 30 min. The reaction mixture was then run on 1.0%
agarose gel. DNA was detected by staining with ethidium bromide and observed
under UV light.

Mouse colonization. Mouse colonization assays were performed essentially as
described previously (43, 44). Briefly, wild-type or napA mutant X47 cells were
harvested after 48 h of growth on BA plates (37°C, 5% oxygen) and suspended
in PBS to an OD600 of 1.7. The headspace in the tube was sparged with argon gas
to minimize oxygen exposure, and the tube was tightly sealed. The bacterial
suspensions were administered to C57BL/6J mice (3 � 108 H. pylori cells/mouse)
twice, with the oral deliveries made 2 days apart. Three weeks after the first
inoculation, the mice were sacrificed and the stomachs were removed, weighed,
and homogenized in argon-sparged PBS (34) to avoid O2 exposure. Stomach
homogenate dilutions were plated on BA plates supplemented with bacitracin
(100 �g/ml), vancomycin (10 �g/ml), and amphotericin B (10 �g/ml), and the
plates were rapidly transported into an incubator containing sustained 5% partial
O2 pressure. After incubation for 5 to 7 days, the fresh H. pylori colonies were
enumerated and the data were expressed as CFU per gram of stomach.

This conventional colonization assay was necessarily modified here in order to
assess the effect of NapA disruption on mouse colonization. The modification
was at the initial inoculation step; the inoculation on each day (day 1 and day 3)
included first injecting 2 � 108 dead wild-type cells as a source of NapA and then
(4 h later) injecting 2 � 108 test cells (i.e., either live wild-type cells or live napA
mutant cells). Dead cells were prepared by three cycles of freezing (�80°C) and
thawing (room temperature) of the wild-type cell suspension. The cells were
proven to be dead by their culture on BA plates; there were no colonies. The
remaining steps were like the conventional assay procedure. The rationale for
the above modification is that dead wild-type cells contain the functional (se-
creted) NapA protein able to induce oxidative stress from the host; this permit-
ted assessment of the role of NapA via a mutant-versus-wild type colonization

comparison. As a control for this modified protocol, mice were first inoculated
with dead napA mutant cells, followed (4 h later) by inoculation with either
wild-type or napA mutant cells.

In a competition assay, each mouse was inoculated with a mixture of 2 � 108

wild-type cells and 2 � 108 napA mutant cells twice (2 days apart). The results of
H. pylori colonization were examined after 3 weeks as described above. Stomach
homogenate dilutions were plated on plates either without or with chloramphen-
icol (50 �g/ml). The number of H. pylori cells on plates without chloramphenicol
represents the total number of cells colonizing the mouse stomach, and the
number of cells on plates with chloramphenicol represents the number of napA
mutant cells (X47 napA:CAT).

RESULTS

Construction of a napA mutant with mouse-adapted strain
X47. The primary goal of this study was to investigate the effect
of NapA disruption on H. pylori’s mouse colonization ability.
However, attempts to construct an H. pylori napA mutant
strain in the mouse-adapted strain SS1 background were un-
successful, probably because of the lower transformation fre-
quency in this particular strain. The napA mutants were ob-
tained in other strains such as 43504 and 26695, but these
parent strains were not useful for the mouse colonization assay
(data not shown). Finally, the napA mutant was constructed
with another mouse-adapted strain, X47. PCR analysis (not
shown) indicated the correct insertion of a cat cassette into the
napA gene on the genome.

Crude extracts from wild-type and napA mutant cells were
resolved by SDS-PAGE to examine the protein profiles. A
band of 17 kDa that is present in wild-type X47 and is lacking
in the mutant was confirmed to be the NapA protein by N-
terminal sequencing (Fig. 1).

napA mutant is more sensitive to oxidative stress. The phe-
notypes of napA mutants of certain H. pylori strains in relation
to oxidative stress resistance were reported previously (9, 28).
We characterized the in vitro oxidative-stress-related pheno-
types of the X47 napA mutant before performing the mouse
colonization assay. We conducted paper disk assays with 1 M
cumene hydroperoxide, 1 M t-butyl hydroperoxide, and 0.1 M
paraquat (Table 1). Inhibition zones around disks previously
saturated with the reagents were measured. According to the
Student t distribution test, the napA mutant had significantly
(P 	 0.01) greater inhibition zones around cumene hydroper-
oxide and paraquat than did the parent strain.

An oxygen sensitivity assay was conducted next by culturing
both wild-type and mutant cells under different continuous
oxygen levels (2 to 12%) for 2 days (Table 2). Wild-type cells
grew well under all of these O2 conditions. The napA mutant
grew like the parent strain only at a 2% oxygen partial pressure
and slower than the parent at a 5% oxygen partial pressure.

FIG. 1. Protein profiles of wild-type (WT) and napA mutant X47
cells. The 12.5% polyacrylamide gel shown was stained with Coomassie
brilliant blue. The sizes of protein standards are labeled on the left.
The arrow indicates the 17-kDa NapA band which is present in wild-
type cells but lacking in mutant cells.

TABLE 1. Disk sensitivity assay results

Strain

Zone of growth inhibition diam (mm)a

1 M t-Butyl
hydroperoxide

1 M Cumene
hydroperoxide

0.1 M
Paraquat

Wild-type X47 14.3 
 1.0 9.2 
 1.5 18.9 
 2.8
napA mutant X47 14.1 
 1.4 12.3 
 2.2 25.8 
 3.6

a Zones of growth inhibition were measured around filter paper disks satu-
rated with 10 �l of the indicated compounds. Water (as a control) did not yield
any zones of growth inhibition. Results are averages of five independent exper-
iments with standard deviations.
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The napA mutant did not grow at all in an environment where
the oxygen concentration was above 7.5%. These results indi-
cate that the napA mutant is more O2 sensitive than its parent,
as expected for a strain containing an oxidative-stress-related
mutation.

napA mutant cells contain higher levels of intracellular free
iron and damaged DNA. An excess amount of intracellular free
iron promotes the generation of reactive oxygen species that
attack important cellular components such as DNA. As a Dps
homolog, a proposed function of NapA is to sequester intra-
cellular free iron and to protect against oxidative DNA dam-
age. Previously, we determined the intracellular free-iron level
in H. pylori (wild type and katA, sodB, and ahpC mutants) by
EPR spectroscopy and determined the level of DNA damage
in these strains with a DNA fragmentation assay (41). In the

present study, we applied these techniques to H. pylori X47 and
its targeted napA mutant cells. The cells were grown under 2%
controlled oxygen conditions to late log phase and then sus-
pended in PBS. The cell suspension was exposed to air for 2 h,
followed by EPR analysis to determine intracellular free-iron
levels and also by agarose gel electrophoresis to determine the
level of DNA fragmentation (Fig. 2). As shown in Fig. 2A, X47
napA mutant cells contain approximately fourfold more free
iron than wild-type cells do. This result is clearly in agreement
with a role for NapA in sequestering intracellular free iron.
Figure 2B shows the extent of DNA fragmentation within
wild-type H. pylori X47 and the napA mutant strain. DNA
fragmentation could potentially arise because of a series of
physical or chemical processes such as radiation, oxidation, or
endonuclease activities. A small amount of fragmented DNA
was observed for the wild-type sample, with the smallest frag-
ment being about 4 kb. In contrast, a significantly greater
amount of fragmented DNA was observed for the mutant
sample, with the smallest fragment being about 1 kb. There-
fore, compared to wild-type cells, napA mutant cells contain
higher levels of both intracellular free iron and damaged DNA,
suggesting a physiological role for NapA in protection of H.
pylori DNA from iron-mediated damage.

Iron-loaded NapA protein binds DNA. It was reported that
H. pylori NapA does not bind DNA on the basis of an in vitro
DNA-binding assay (37). However, another study demon-
strated that NapA colocalizes with nuclear material, suggesting
that it could interact with DNA (9). Our recent study of H.
hepaticus Dps demonstrated that the iron-loaded form of Dps
protein has much greater DNA-binding ability than native or

FIG. 2. Levels of intracellular free iron and DNA fragmentation in
H. pylori cells. Wild-type (WT) or napA mutant H. pylori X47 cells were
grown under 2% oxygen (partial pressure) conditions to late log phase
and suspended in PBS. The cell suspension was exposed to air for 2 h,
followed by EPR analysis to determine the intracellular free-iron level
and by agarose gel electrophoresis to determine the level of DNA
fragmentation. (A) The free-iron concentration in the cells was deter-
mined by measuring the magnitude of the g � 4.3 EPR signal, and the
relative values were determined by comparing the napA mutant cells to
the wild-type cells. The data are the mean from three experiments with
the standard deviation indicated. (B) Agarose gel electrophoresis
showing genomic DNA fragmentation of wild-type or napA mutant H.
pylori X47 cells. The sizes of DNA standards are labeled on the left.
The experiments were repeated three times with similar results.

FIG. 3. Purification of H. pylori NapA protein and analysis of its
DNA-binding ability. (A) Twelve percent polyacrylamide gel contain-
ing 1% SDS stained with Coomassie brilliant blue showing the expres-
sion and purification of the H. pylori NapA protein. Lane 1, cell extract
of IPTG-induced E. coli BL21 Origami containing pET-NapA; lane 2,
purified NapA protein; lane M, protein standards (Bio-Rad). (B) Pu-
rified NapA or BSA control protein was incubated with plasmid
pGEMT DNA at 37°C for 30 min before being subjected to agarose gel
electrophoresis. DNA on the gel was stained with ethidium bromide.
Lanes: 1, DNA (200 ng) alone; 2, native NapA (30 �g) and DNA (200
ng); 3, Fe-loaded NapA (30 �g) and DNA (200 ng); 4, BSA (30 �g)
and DNA (200 ng).

TABLE 2. Growth sensitivity to oxygen

Strain
Growtha at O2 concn (%) of:

2 5 7.5 10 12

Wild-type X47 �� �� �� �� ��
napA mutant X47 �� � 
 � �

a Cells were inoculated onto plates and incubated under different concentra-
tions of oxygen as indicated, and growth was scored after 2 days as follows: ��,
healthy growth; �, slow growth; 
, slight growth at the site of heaviest inoculum;
�, no growth at all. The experiments were repeated three times with similar
results.
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iron-free Dps (21). In the present study, we reassessed the
DNA-binding ability of H. pylori NapA. The protein was over-
expressed in E. coli and purified by using anion- exchange and
gel filtration approaches (Fig. 3A). Fe-loaded NapA was pre-
pared by incubating the purified protein with ferrous ammo-
nium sulfate as described in Materials and Methods. A DNA-
binding assay was performed by incubating purified NapA
(native form) or iron-loaded NapA with plasmid DNA and
resolving the reaction mixture on agarose gel (Fig. 3B). The
native form of NapA did not bind DNA (lane 2). In contrast,
Fe-loaded NapA showed a strong ability to bind DNA, as DNA
was totally retained in the well of the agarose gel (lane 3). As
a negative control, the BSA protein did not change the elec-
trophoresis pattern of plasmid DNA on the gel, indicating that
BSA did not associate with DNA. The DNA used in the bind-
ing assay was either plasmid pGEMT (3 kb, from E. coli) or the
same plasmid carrying an additional 1-kb H. pylori DNA se-
quence (pGEMT-mdaB) (43). The same results were obtained
with both experiments, indicating that NapA binds to DNA
nonspecifically.

H. pylori NapA has dual effects within the host. On the basis
of the in vitro phenotypes of the napA mutant characterized
above, we would expect that the napA mutant may have a
defective or attenuated ability to colonize the host. With a
well-established mouse colonization assay (29, 40, 43), the rel-
ative abilities of the wild-type and napA mutant X47 strains to
colonize the mouse stomach were evaluated. Twelve C57BL/6J
mice were inoculated with the wild-type strain, and another 12
mice were inoculated with the napA mutant. H. pylori cells
were recovered from the mouse stomachs 3 weeks after oral
administration. Surprisingly, in contrast to other oxidative
stress gene disruption strains (29, 34, 43), the napA mutant
showed a colonization efficiency similar to that of the wild type
(Fig. 4).

It is well known that H. pylori NapA induces host cells to

produce ROIs; the purified NapA protein or the NapA in the
cell extract also retains this ability (15, 33). The dual roles of
NapA as an oxidative stress inducer and an oxidative damage
defender could explain the above mouse colonization results.
Presumably, wild-type H. pylori induces ROI production of the
host via NapA (as well as other factors), and the bacterium
itself is protected by functional NapA, as well as other antiox-
idant proteins. Compared to wild-type cells, the napA mutant
likely has a decreased ability to induce ROI production; thus,
upon infection the mutant strain would encounter a much less
hostile oxidative environment than the parent strain. This en-
vironment would presumably be equivalent to the low-oxygen
condition in vitro, where the napA mutant survives and grows
like the wild type. To distinguish a role for NapA by use of a
mutant-versus-wild type comparison, we modified the mouse
colonization procedure to include a NapA-mediated host stim-
ulation response. First, dead wild-type H. pylori cells were
inoculated into the mouse stomach, which is expected to in-
duce a regular level of ROI production. After 4 h, live wild-
type or napA mutant cells were inoculated. As shown in Fig.
5A, H. pylori was recovered from the stomachs of 9 of 10 mice
inoculated with the wild-type strain, with numbers of around

FIG. 4. Conventional assay of mouse colonization by wild-type
(WT) and isogenic napA mutant H. pylori X47. Mice were inoculated
with H. pylori two times (2 days apart) with a dose of 3 � 108 cells.
Colonization of mouse stomachs by H. pylori was examined 3 weeks
after the first inoculation. Data are presented as a scatter plot of
numbers of CFU per gram of stomach as determined by plate counts.
Each spot represents the CFU count from one mouse. The baseline
(log10 2.7 CFU/g) is the detection limit of the assay, which represents
the count below 500 CFU/g of stomach. According to Wilcoxon rank
test analysis, there is no significant difference between the wild type
and the napA mutant in mouse colonization ability.

FIG. 5. Modified inoculation procedure for mouse colonization by
wild-type (WT) and isogenic napA mutant H. pylori X47. Mice were
inoculated with H. pylori two times, with the second inoculation 2 days
after the first. Each time, the inoculum contained 2 � 108 dead wild-type
cells and 4 h later 2 � 108 live test cells (i.e., either live wild-type cells or
live napA mutant cells). Colonization was examined 3 weeks after the first
inoculation. Data collection and analysis were done as described in the
legend to Fig. 4. Panels A and B show results from two independent
experiments. In both experiments, the napA mutant strain data are sig-
nificantly lower (less colonization) than those of the wild type at a 99%
confidence level, according to Wilcoxon rank test analysis.
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106 CFU/g of stomach. However, only three of nine mice that
were inoculated with the napA mutant strain were found to
harbor H. pylori. In addition, the titers of colonization (i.e.,
viable numbers) for these H. pylori-positive stomachs were
much lower than those of mice inoculated with the wild-type
strain. The experiment was repeated with 12 mice for the wild
type and 12 mice for the mutant, and similar results were
obtained (Fig. 5B).

As a control for this modified procedure, we conducted a
reverse experiment in which mice were first inoculated with
dead napA mutant cells, followed (4 h later) by inoculation
with either wild-type or napA mutant cells. As shown in Fig. 6,
with this inoculation regimen, both strains were equally effi-
cient in mouse colonization. By comparing these results to
those in Fig. 5, we conclude that NapA, which is present in the
preparation of nonviable H. pylori wild-type cells, is the critical
active component inducing ROI production; it must be the
trigger ultimately responsible for killing the napA mutant cells.

To further confirm the role of NapA in host colonization, a
competition assay was conducted in which a mixture of cells
(wild-type and napA mutant cells mixed in a 1:1 ratio) was
inoculated into mice. Three weeks after inoculation, each
mouse stomach homogenate was examined for the total num-
ber of H. pylori cells and separately for the number of napA
mutant cells; the latter carried a chloramphenicol resistance
marker. As shown in Table 3, at stomach harvest, all 10 of the
mice contained 7.5 � 104 to 8.0 � 105 H. pylori cells per g of
stomach. However, napA mutant cells were the clear minority
in all of the stomachs in which they were present at all and this
strain was not detectable in 6 of 10 stomachs.

DISCUSSION

The Dps family members constitute a group of ferritin-like
iron-binding proteins that are widespread in eubacteria and

archaea and are implicated in oxidative stress resistance and
virulence (8, 22, 45, 47, 49). As a member of the Dps family, H.
pylori NapA was previously shown to be involved in oxidative
stress resistance (9, 28, 30). Distinct from other proteins of the
Dps family, however, H. pylori NapA has a documented ability
to induce a series of signal transduction events in eukaryotic
host cells, resulting in the production of reactive oxygen spe-
cies (15, 27, 33). Originally NapA was described as an impor-
tant virulence factor because of its function in neutrophil ac-
tivation, and now it is also recognized as an antioxidant
protein. In this study, we sought to assess the colonization
ability of a napA mutant and investigate the roles and mecha-
nisms of NapA in protecting H. pylori from oxidative stress
damage. For these purposes, a napA gene disruption mutant of
mouse-adapted H. pylori strain X47 was generated and char-
acterized.

So far, all of the Dps family proteins have been reported to
bind iron. The sequestration of intracellular free iron was pro-
posed as a mechanism affording oxidative stress by Dps family
proteins. Yamamoto et al. (46) demonstrated that Streptococ-
cus mutans dpr mutant cells contain higher levels of intracel-
lular free iron than do wild-type cells when subjected to oxi-
dative stress conditions. With a similar method of whole-cell
EPR, we have shown that H. pylori napA mutant cells contain
about fourfold greater amounts of intracellular free iron than
do wild-type cells. At the same time, H. pylori napA mutant
cells contain more DNA damage. Thus, H. pylori NapA has a
major role in protecting H. pylori DNA from oxidative damage
via sequestering free iron. H. pylori has a “canonical” ferritin,
Pfr, which is the major iron storage protein playing a significant
role in iron homeostasis (5, 39). H. pylori Pfr confers resistance
to killing by iron toxicity but appears not to confer significant
protection against oxidative stress (5). With the same EPR
method, we found that H. pylori pfr mutant cells contain the
same level of intracellular free iron as do wild-type cells (data
not shown), suggesting that the sequestration of free iron un-
der oxidative stress is not the role of Pfr. Thus, the role of
ferritin as iron storage may not require rapid iron sensing,
while NapA is probably able to quickly sequester fluxes of free
iron. A mechanism of rapid iron binding would be advanta-
geous to prevent generation of oxygen-related radicals during
fluxes of oxidative stress.

Some specific Dps family proteins, for example, those from

FIG. 6. Results of the reverse experiment to Fig. 5 but still with the
modified inoculation procedure for mouse colonization. Mice were
inoculated with H. pylori two times, with the second inoculation 2 days
after the first. Each time, the inoculum contained 2 � 108 dead napA
mutant cells and 4 h later 2 � 108 live test cells (i.e., either live
wild-type [WT] cells or live napA mutant cells). Colonization was
examined 3 weeks after the first inoculation. Data collection and anal-
ysis were done as described in the legend to Fig. 4. According to
Wilcoxon rank test analysis, there is no significant difference between
the wild type and the napA mutant in mouse colonization ability under
these conditions.

TABLE 3. Mouse colonization after 1:1 mixed inoculation
of wild-type and napA mutant H. pylori cells

Mouse no.
No. of CFU/g of stomach napA:CAT/

total (%)Totala napA:CAT

1 2.7 � 105 2.25 � 104 8.3
2 7.5 � 104 0 0
3 8.0 � 105 3.5 � 104 4.4
4 6.25 � 105 0 0
5 3.25 � 105 0 0
6 2.13 � 105 5.0 � 103 2.3
7 4.5 � 105 0 0
8 2.55 � 105 7.5 � 103 2.9
9 6.0 � 105 0 0
10 3.0 � 105 0 0

a Wild type plus napA:CAT.
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E. coli and Mycobacterium smegmatis, have DNA-binding ca-
pacity. These proteins were shown to interact with DNA and
condense it, so that the DNA is “sheltered” from the attack of
free oxidative radicals (18, 49). Other Dps family proteins were
reported not to have DNA-binding ability, such as S. mutans
Dpr (47), Agrobacterium tumefaciens Dps (8), and H. pylori
NapA (37). However, another study demonstrated that H.
pylori NapA, when expressed in E. coli cells, colocalizes with
the nuclear material, suggesting that it can interact with DNA
in vivo (9). The contradictory results may be due to a nonop-
timized in vitro binding condition used to study H. pylori
NapA; it may need a more favorable (i.e., in vivo) environment
to associate with DNA. In this study, we showed that the newly
purified H. pylori NapA does not bind DNA, confirming the
result of Tonello et al. (37). However, when fully loaded with
iron, H. pylori NapA has the ability to bind DNA. Recently we
showed that, under oxidative stress, H. pylori cells accumulate
free iron because of destruction of iron-sulfur cluster proteins
(41, 42). Since NapA quickly sequesters free iron, which in turn
promotes DNA binding, we propose that protection of DNA
from iron-mediated damage under oxidative stress is a major
role of NapA. This is supported by the direct evidence from the
DNA fragmentation assays.

Oxidative damage to pathogenic bacteria constitutes a key
part of the immune response of the host. Many studies show
that H. pylori infection in human gastric mucosa elicits a strong
oxidative stress response by the host (3, 11, 26, 31). To survive
the effects of the production of reactive oxygen by the host, H.
pylori depends on a significant repertoire of detoxification en-
zymes such as SOD, catalase, AhpC, and MdaB, as well as
some repair enzymes. Disruption of any of the genes for these
enzymes in H. pylori resulted in deficiency or attenuation of the
ability to colonize the host stomach (20, 29, 34, 43). Among
them, loss of AhpC or SOD exhibited the most severe oxidative
stress-related phenotypes and resulted in almost complete de-
ficiency in host colonization (29, 34). The catalase mutant is
hypersensitive to hydrogen peroxide in vitro (19), but katA
gene disruption has a much weaker effect on effective host
colonization (20), compared to ahpC or sodB mutants. This
could be explained by the fact that H. pylori catalase itself can
induce oxidative stress production by host cells (31).

In this study, the dual roles of NapA as both an oxidative
stress inducer and a damage defender were investigated. First,
loss of NapA did not exhibit an observable phenotypic effect on
host colonization when the conventional mouse colonization
assay was used. In the modified procedure, nonviable wild-type
H. pylori cells served as an inducer of ROI production. Four
hours after nonviable-cell inoculation, either wild-type or napA
mutant cells were inoculated to test for their colonizing effi-
ciency. We arbitrarily chose a time interval of 4 h between
injection of dead cells and inoculation of live cells. However,
we did not conduct histological examination to assess the re-
sulting inflammation in the mouse gastric epithelium. It was
reported that such an inflammation change is most likely in-
significant (23), particularly in the 4-h time frame. However, it
was reported that NapA-induced ROI production by host cells
is detectable within a few minutes of its addition to neutrophils
or monocytes, and this response occurs in a NapA dose-de-
pendent manner (33). Thus, the damaging effect of ROI pro-
duction on bacterial cells may be detected earlier (or more

easily) than a pathologic effect on host epithelial cells can be
observed. The results in Fig. 5 clearly showed that the modified
inoculation regimen is effective to demonstrate the dual roles
of NapA in vivo. Simultaneous inoculation of wild-type and
napA mutant cells in a 1:1 mixture yielded results showing that
napA mutant cells have a much lower ability to compete with
the wild type. From the initial data, we concluded that induc-
tion of ROI by wild-type H. pylori cell components, which may
not cause detectable host cell inflammation, is responsible for
eliminating proficiency of colonization by H. pylori napA mu-
tant cells. Numerous components of H. pylori cells may have
roles in stimulating ROI production or altering the gastric
environment. Nevertheless, the reverse experiment with the
modified inoculation protocol provided evidence that NapA is
the critical active component responsible for inducing ROI
production. In conclusion, NapA induces production of oxygen
radicals from host cells and plays an identifiable role in pro-
tecting H. pylori from iron-mediated oxidative DNA damage.
Both roles likely contribute to the bacterium’s long-term in-
fection and pathogenesis.
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