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The only known niche of the human pathogen Helicobacter pylori is the gastric mucosa, where large fluctu-
ations of pH occur, indicating that the bacterial response and resistance to acid are important for successful
colonization. One of the few regulatory proteins in the H. pylori genome is a homologue of the ferric uptake
regulator (Fur). In most bacteria, the main function of Fur is the regulation of iron homeostasis. However, in
Salmonella enterica serovar Typhimurium, Fur also plays an important role in acid resistance. In this study, we
determined the role of the H. pylori Fur homologue in acid resistance. Isogenic fur mutants were generated in
three H. pylori strains (1061, 26695, and NCTC 11638). At pH 7 there was no difference between the growth
rates of mutants and the parent strains. Under acidic conditions, growth of the fur mutants was severely
impaired. No differences were observed between the survival of the fur mutant and parent strain 1061 after acid
shock. Addition of extra iron or removal of iron from the growth medium did not improve the growth of the fur
mutant at acidic pH. This indicates that the phenotype of the fur mutant at low pH was not due to increased
iron sensitivity. Transcription of fur was repressed in response to low pH. From this we conclude that Fur is
involved in the growth at acidic pH of H. pylori; as such, it is the first regulatory protein implicated in the acid

resistance of this important human pathogen.

Helicobacter pylori, a gram-negative microaerophilic bacte-
rium, is a gastric pathogen of humans. Infection always leads to
chronic gastritis and may progress to peptic ulceration and
gastric atrophy; it is associated with an increased risk for the
development of gastric adenocarcinoma and mucosa-associ-
ated lymphomas (13). When H. pylori enters the stomach, it
migrates from the acidic lumen into the gastric mucus layer,
where the pH is thought to vary between 4.0 and 6.5 and where
occasional acid shocks as low as pH 2 can occur (9, 25, 30). If
left untreated, H. pylori infection usually lasts for decades or
more, which indicates that the bacterium is well adapted to
these acidic conditions. Survival of severe acid shock has been
extensively studied and shown to depend on urease activity (10,
32). In contrast, little is known about the mechanisms that play
a role in the growth of H. pylori at acidic pH, although several
studies show that H. pylori grows in media with pHs ranging
from 4 to 8 (22, 24, 31). During growth at acidic pH, urease-
independent acid resistance mechanisms are essential (7), and
10 loci not related to urease are required in this process (8).

Acid resistance is an important trait for many bacteria and is
a virulence determinant for various pathogens, like Salmonella
enterica serovar Typhimurium, Vibrio cholerae, and Listeria
monocytogenes (23, 27). Several (global) regulatory systems
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play a role in the orchestration of the response to acid stress in
these organisms, like the OmpR/EnvZ, PhoP/Q, RpoS, and
ferric uptake regulator (Fur) systems (3, 18, 21, 28). Remark-
ably, in the complete genome sequences of H. pylori strains J99
and 26695, homologues of genes that are involved in the reg-
ulation of acid resistance of other bacteria are absent, except
for Fur (1, 35). In most organisms, Fur regulates the response
to iron limitation (14, 26), but in S. enterica serovar Typhi-
murium Fur also takes part in the regulation of the acid resis-
tance. The expression of several proteins that are part of the S.
enterica serovar Typhimurium acid resistance system depends
on Fur, and Fur-deficient mutants fail to mount an adaptive
response to low pH and are thus acid sensitive (16, 17). Fur-
thermore, the role of Fur in the acid tolerance response of S.
enterica serovar Typhimurium is independent of the intracel-
lular iron content and genetically separable from its role in
iron acquisition (20). Although H. pylori Fur has less than 60%
amino acid identity to other Fur proteins, it functions as an
iron-dependent repressor of H. pylori genes involved in iron
metabolism (4-6, 11, 15). The aim of this study was to deter-
mine whether the Fur homologue of H. pylori is involved in the
acid resistance of this gastric human pathogen.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The H. pylori strains used
were strains NCTC 11638 (National Collection of Type Cultures), 26695 (35),
1061 (19), and their isogenic fur mutants. Escherichia coli strain ER1793 was used
as host for recombinant plasmids (New England Biolabs Inc., Beverly, Mass.).
The plasmids used in this study were pBluescript, pPGEM-T.,, (Promega, Mad-
ison, Wis.) for cloning PCR products, and pFUR3-CAT (5) for generation of H.
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pylori mutants of strains 1061 and NCTC 11638. E. coli was cultured either in
liquid or on solid Luria-Bertani medium. For selection, E. coli media were
supplemented with 20 mg of chloramphenicol per liter.

H. pylori was routinely cultured on Columbia agar (Oxoid, Basinstoke, United
Kingdom) supplemented with 7% lysed horse blood and Dent H. pylori selective
supplement (Oxoid; Dent plates). Bacteria were grown on plates or in liquid
medium for 48 h at 37°C in an O,-CO,-N, (5:10:85, vol/vol/vol) atmosphere.
‘When appropriate, the Dent plates were supplemented with 20 mg of chloram-
phenicol per liter (Dent-chlor plates). After sterilization and the addition of
blood and supplement to the medium, the pH of these Dent plates was adjusted
with HCI where appropriate. The pH of the medium was monitored with a
surface pH electrode (model L39A; Schott Gerite, Hofheim, Germany) and did
not change more than 0.2 unit during the course of the experiments.

For liquid growth, H. pylori was cultured in brucella broth (Oxoid) supple-
mented with 3% (for strain 1061 and 26695) or 10% (for strain NCTC11638)
newborn calf serum (Gibco, Paisley, Scotland) and Dent supplement. The dif-
ferences in serum concentrations were necessary to obtain similar growth rates
for all strains. The broth was adjusted to the desired pH with HCI after the
addition of newborn calf serum and Dent supplement and subsequently was filter
sterilized. To ensure that all strains were in the same growth phase, the bacteria
were first grown to an optical density at 600 nm (ODg) of approximately 1 in
pH 7 broth and subsequently diluted 1:100 into the test media to give a starting
ODy of 0.05. Bacterial growth was monitored by measuring the ODy, for 48 h,
after which no increase in OD was observed. The pH of the medium was
monitored by pH electrode (Schott Gerite) and did not change more than 0.5
unit during the course of the experiments, except when urea was added to the
broth. Iron-restricted conditions were achieved by supplementing the brucella
broth with 20 pM desferal (desferrioxamine-B; Sigma, St. Louis, Mo.). Iron-rich
conditions were achieved by supplementing the iron-restricted medium with 100
wM FeCl; (15). The iron content of the brucella broth was determined by
inductively coupled plasma mass spectrometry (33).

Construction of fur mutants by allelic replacement. The fur mutants of strains
NCTC 11638 and 1061 were constructed by marker exchange mutagenesis using
plasmid pFUR3-CAT (5). For generation of the 26695 fur mutant, a 431-bp
fragment of the fur gene of strain 26695 was PCR amplified and cloned into
pBluescript. Subsequently, the Campylobacter coli chloramphenicol resistance
cassette (37) was inserted into the unique Bc/l restriction site and introduced into
strain 26695 by natural transformation. In all strains the fur gene was successfully
replaced, as determined by PCR amplifications performed on DNA isolated
from these mutants with primers FurF (5'-GGTTTCTTCTCAAGGCATAG-3")
and FurR (5'-GGGTATTTGGGCAAGACTTC-3"), which are located outside
the fur gene fragment of pFUR3-CAT, and with outward facing primers (CatL
[5-TAGTGGTCGAAATACTCTTTTCGTG-3'] and CatR [5'-CCCTTATCGA
TTCAAGTGCATCATG-3']) located within the chloramphenicol cassette. Mu-
tation of the fur gene in all three strains resulted in the loss of iron regulation of
the pfr and fipBI genes (data not shown), which corresponds to the previously
published phenotypes of H. pylori fur mutants (4, 11).

General genetic manipulations. All standard DNA manipulations were per-
formed as described previously (29). Plasmid DNA was isolated with the Mini-
prep spin kit (Qiagen Gmbh, Hilden, Germany). All enzymes were from New
England Biolabs and were used as specified by the manufacturer.

Determination of urease activity. The urease activity of fresh lysates was
determined by measuring ammonia production from urea hydrolysis with the
Berthelot reaction, as described previously (36).

Acid shock experiments. The acid shock was performed essentially as de-
scribed previously (10). Bacteria were grown for 48 h, resuspended in phosphate-
buffered saline (PBS) (pH 7), and centrifuged for 10 min at 3,000 X g. The pellets
were resuspended in 1 ml of PBS, and aliquots of ~1.25 X 10° bacteria, as
determined by measuring the ODy, were resuspended in 5 ml of PBS of
different pHs (7, 4.8, and 3.5). The pH of the PBS had been previously adjusted
by addition of either HCI or NaOH. The bacteria were incubated for 60 min at
37°C under microaerobic conditions in 15-ml tubes with loose-fitting caps. The
cells were then centrifuged at 3,000 X g for 10 min, and the pellet was resus-
pended in PBS (pH 7.2). Serial dilutions were made, plated on pH 7 Dent plates,
and incubated for 5 days at 37°C under microaerobic conditions, and the CFU
per milliliter were counted.

RNA analysis. Total RNA was isolated from 4 X 10° bacteria grown for 24 h
on RNeasy spin columns (Qiagen), as specified by the manufacturer. RNA
samples were normalized to 16S and 23S rRNA band intensity. RNA was sep-
arated on 2% formaldehyde-1.5% agarose gels in 20 mM sodium phosphate
buffer (pH 7), transferred to positively charged nylon membranes (Roche Diag-
nostics, Hoffmann-LaRoche, Basel, Switzerland), and covalently bound to these
membranes with a UV cross-linker (Merck, Darmstadt, Germany). Transfer of
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RNA was confirmed by methylene blue staining, and the sizes of hybridizing
RNA species were calculated from comparisons with a digoxigenin DIG-labeled
RNA marker (RNA marker I; Roche Diagnostics). A fur-specific probe was
amplified with primers FurF2 (5'-TCCATTTTAGAGCGCTTGAG-3') and Fur-
R-T7 (5'-ctaatacgactcactatagggagaTTAACGACTTCATTCTGGCGGTT-3"). The
resulting PCR fragment contained a T7 promoter sequence (indicated in lower-
case type) and was used for the creation of an antisense RNA probe labeled with
DIG by in vitro transcription with T7 RNA polymerase (Roche Diagnostics).
Northern hybridization and stringency washes were done at 68°C. The hybridized
RNA probe was detected by using the DIG-labeling and detection kit (Roche
Diagnostics) and visualized using the chemiluminescent substrate CPD-Star
(Amersham Pharmacia, Uppsala, Sweden).

Quantification of the chloramphenicol acyltransferase reporter protein. The
production of Cat reporter protein by the fur mutant of strain 1061 was measured
with the Cat-ELISA system (Roche Diagnostics) (4). Bacteria were grown at pH
7 and 6 and were harvested by centrifugation. Lysis and determination of the Cat
protein were performed with the Cat-ELISA system. The amount of Cat was
calculated from a standard curve prepared with purified Cat protein from E. coli
and standardized to the total protein content.

RESULTS

H. pylori fur mutants are not affected in their ability to
survive acid shock. To determine whether mutation of fur
affects survival of acid shock, the 1061 fur mutant and the
parent strain were submitted to acid shocks of pH 3.5 and 4.8
and to pH 7. The fur mutant and the parent strain did not show
significant differences in survival of acid shocks at pH 3.5 and
4.8 (results not shown). This indicates that mutation of fur does
not affect the ability of H. pylori to survive acid shocks.

H. pylori fur mutants are affected in their ability to grow at
acidic pH. To determine whether the inactivation of the fur
gene affected the growth of H. pylori under acidic conditions,
the H. pylori 1061 wild-type and fur mutant strains were grown
on plates with different pHs. On pH 7 plates the fur mutant and
its wild-type strain gave similar colony sizes. The fur mutant
grew on pH 4.8, 5.0, 5.3, and 5.5 plates, but their colonies were
smaller than those of the wild-type strain, even after more than
5 days of incubation. This difference between wild-type and fur
mutant was most pronounced at pH 5.3.

To quantify the growth defect of the fur mutant at low pH,
strain 1061 and the 1061 fur mutant were grown in brucella
media with pHs of 5.3 and 7 until the stationary phase was
reached (after 48 h). The parent strain and the fur mutant have
similar growth rates at pH 7 (Fig. 1A), but growth of the fur
mutant was impaired at pH 5.3 (Fig. 1A) compared to the
parent strain.

Since H. pylori strains are genetically diverse, we tested
whether the fur mutants of strain 26695 and NCTC 11638
showed the same impairment in growth at acidic pH. NCTC
11638 is acid sensitive, and neither the parent strain nor the fur
mutant grew at pH 5.3; therefore, the growth experiments were
performed at pH 6 and 7 (Fig. 1B). Growth of the NCTC 11638
fur mutant was significantly reduced at pH 6 compared to that
of the NCTC 11638 wild-type strain. Experiments with H. pylori
strain 26695 were performed at pH 5, since the growth differ-
ence between the wild-type and fur mutant strains was most
pronounced at this pH. Again, growth of the 26695 fur mutant
was significantly reduced at pH 5 compared to the 26695 wild-
type strain (Fig. 1C).

Mutation of fur does not affect urease-dependent acid resis-
tance. Urease activity has previously been shown to be impor-
tant for survival of acid shocks and for growth at low pH (10,
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FIG. 1. H. pylori fur mutants are defective in growth under acidic
conditions. (A) Growth of H. pylori 1061 (white bars) and its fur mutant
(black bars) after 48 h (stationary phase) in broth adjusted to pH 7 or
5.3. Note the logarithmic scale of the y axis. Results are the means of
three independent experiments and standard errors of the mean. At
pH 5.3, the difference between the parent strain and the mutant was
significant, as determined by Student’s ¢ test (P < 0.05). (B) Growth of
H. pylori NCTC 11638 (white bars) and its fur mutant (black bars) after
48 h (stationary phase) in broth adjusted to pH 7 or 6. Neither the
parent strain nor the fur mutant grew at pH 5.3 (data not shown).
Results are the means of three independent experiments and standard
errors of the mean; due to the small standard errors, most of the error
bars are not visible. At pH 6, the difference between the parent strain
and mutant was significant (P < 0.05) as determined by Student’s ¢ test.
(C) Growth of H. pylori 26695 (white bars) and its fur mutant (black
bars) after 48 h (stationary phase) at pH 7 or 5. This experiment was
repeated five times. Large experimental variation occurred; therefore,
the results shown are a representative example of the means and
standard errors of the mean of two independent experiments per-
formed at the same day.
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31, 32). The urease activities of H. pylori 1061 and its fur
mutant were 6.4 = 2.1 and 8.4 = 2.9 pmol of urea/min/mg of
protein, and this difference was not significant (P = 0.15, n =
4; Student’s ¢ test). This excludes the possibility that the growth
defect of the fur mutants at acidic pH is due to reduced urease
activity.

To investigate whether urease was still fully functional at pH
5.3 in the fur mutant, the 1061 fur mutant and its parent strain
were grown in broth at pH 7 and 5.3 supplemented with 5 mM
urea. Growth of the fur mutant and the parent strain were
identical at both pHs (data not shown).

Iron toxicity is not the cause of the growth defect of the fur
mutant at pH 5. The total iron concentrations in the brucella
media at pH 7 and 5.3 were similar (13.9 and 15 pM, respec-
tively), which is far below the toxic level (>1 mM FeCl;) for H.
pylori and even for a fur mutant (4). However, iron is more
soluble at low pH, and mutation of fur in H. pylori results in an
increase of iron uptake; therefore the amount of iron in the
growth medium could be toxic under acidic conditions. There-
fore, the growth defect of the fur mutants at low pH might be
caused by iron toxicity instead of proton toxicity. To test this
hypothesis, strain 26695 and its isogenic fur mutant were grown
at pH 5 and 7 in medium supplemented with 20 uM desferal
(iron restricted) and iron-restricted medium supplemented
with 100 M FeCl; (iron rich). Changing the iron availability
did not affect the acid sensitivity of the fur mutant at pH 5 or
the growth at pH 7, which indicates that the acid-sensitive
phenotype of the fur mutant in the growth medium we used is
not caused by a defect in iron homeostasis (Fig. 2).

Transcription of fur is repressed under acidic conditions. To
investigate whether the function of Fur in acid resistance of H.
pylori is mediated by a change in the expression of fur under
different pH conditions, total RNA of the parent strain 1061
grown at pH 7 and 5.3 for 24 h was isolated and hybridized with
a fur-specific probe. This analysis revealed that the fur gene is
transcribed as a monocistronic unit and that transcription of
fur was reduced at pH 5.3 (Fig. 3A). Similar effects were ob-
served with fur in strains 26695 and NCTC 11638 (data not
shown). Repression of fur under acidic conditions was inde-
pendently confirmed by quantitating the levels of the Cat re-
porter protein in the 1061 fur mutant grown at pH 6 and 7 (Fig.
3B). To exclude the possibility that the observed reduction of
fur transcription was the result of a general repression of tran-
scription due to growth at acidic pH, we hybridized the same
RNA samples with a probe specific for the catalase gene katA.
Transcription of katA was not altered in response to pH (data
not shown). Therefore, the environmental pH clearly affects
the transcription of fur.

DISCUSSION

Fur is a global regulator of the response to iron in many
bacteria (14, 26). The genome of the gastric pathogen H. pylori
contains a Fur homologue, whose function in several aspects of
iron homeostasis has been the subject of several recent studies
(4, 11, 15). As in other organisms, H. pylori Fur functions as an
iron-responsive regulator of iron homeostasis (4, 11) but also
in the nickel-responsive induction of urease expression (36). In
this study we show that Fur also plays an important role in
urease-independent growth at acidic pH, which, to our knowl-
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FIG. 2. Influence of iron on fur-mediated acid sensitivity. The parent strain 26695 and its fur mutant were grown at pH 7 (A) or pH 5 (B) for
48 h in regular medium (white bars) or in iron-restricted (20 wM desferal; gray bars) or iron-rich (100 wM FeCls; black bars) medium. The results
shown are a representative example of the means of two independent experiments.

edge, is the first report of a regulator being involved in acid
resistance of H. pylori. At acidic pH, the growth of H. pylori fur
mutants in three different strain backgrounds was significantly
impaired, even though the strains differed in their respective
sensitivities to acidic pH. Furthermore, the use of pH 7 pre-
cultures to start the different pH cultures ensured that the
wild-type and fur mutant strains were all in the same growth
phase, which excludes the possibility that impaired growth at
low pH was due to differences in growth phase.

The H. pylori 1061 and NCTC 11638 fur mutants contained
a fur gene that was inactivated by a chloramphenicol cassette
(cat) that lacks promoter and terminator sequences (37), mak-
ing polar effects highly unlikely, although they cannot be ex-
cluded. However, it is unlikely that the insertion of cat affected
the genes downstream of fur since they are in the opposite
orientation. In addition, the genes directly flanking fur, encod-
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ing HP1026 (JHP0396), a conserved hypothetical helicase-like
protein, and HP1028 (JHP0398), a hypothetical protein, are
not expected to function in either iron metabolism or acid
resistance (1, 35).

In H. pylori, Fur has been implicated in the regulation of
urease expression (36). Since urease plays an important role in
acid resistance of H. pylori (10, 31), the acid sensitivity of the
fur mutant might be due to reduced urease activity. However,
the urease activities of wild-type and fur mutant H. pylori are
comparable, and addition of urea to the pH 5 growth medium
restores growth of the fur mutant to levels similar to that of the
wild-type strain. This indicates that the role of Fur in acid
resistance of H. pylori is thus independent of urease and is
mediated through a yet unknown mechanism.

Iron is more soluble under acidic conditions than under
alkaline conditions. In addition, fur mutation derepresses iron
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FIG. 3. Transcriptional analysis of the fur gene under acidic conditions. (A) The left panel shows a methylene blue stain of transferred RNA
prior to hybridization. The positions of 16S and 23S RNA are indicated. The right panel shows total RNA isolated from strain 1061 grown at pH
7 or 5.3 and analyzed by Northern hybridization with DIG-labeled fur antisense RNA. The band corresponding to the 0.5-kb fur mRNA is
indicated. The experiment was repeated three times, with similar results. (B) Expression of the fur::cat reporter gene fusion under acidic conditions.
The fur mutant of H. pylori strain 1061, where the promoterless cat gene is transcriptionally fused to the fur gene, was grown at pH 7 or 6, and
the expression of the Cat protein was assayed by a Cat-specific ELISA. Results shown are the means of four experiments and standard errors of

the mean.
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uptake genes, which could result in an increased iron uptake by
H. pylori fur mutants. Therefore, the growth defect that we
observed at acidic pH in the fur mutant could also be due to
iron toxicity. However, when we added an excess of iron to the
parent strain at pH 5, this did not have a negative effect on its
growth. Also, growth of the fur mutant under iron-restricted
conditions did not abolish the growth defect, nor did an excess
of iron abolish the growth at acidic pH. These results indicate
that the role of Fur in the acid resistance of H. pylori is inde-
pendent of its role in iron acquisition.

Interestingly, transcription of fur is repressed under acidic
conditions. This repression was also apparent when fur tran-
scription was determined by measuring the Cat production
from the inserted promoterless cat cassette, indicating that it is
not an effect of Fur autoregulation. This means that the ex-
pression of Fur is (partly) regulated by other proteins. The
regulatory properties of Fur are based on the higher affinity for
DNA of Fur containing iron than of Fur without iron. In H.
pylori, fur transcription is regulated not only by pH but also by
iron (34); this indicates that apart from the amount of free iron
present in the cell, Fur-mediated regulation is controlled by
changing the transcription of fur in H. pylori. It is unlikely that
the pH-dependent repression of fur transcription is due to a
general repression of transcription at acidic pH, since tran-
scription of catalase was not altered at acidic pH. Furthermore,
in studies using microarray hybridization, transcription of sev-
eral H. pylori genes was induced under acidic conditions (2,
12). In both studies, the repression of fur transcription at low
pH was not observed. This could be due to the use of solid
media in those studies, whereas in this study we have used
broth-grown bacteria; it could also be because fur transcription
levels are near detection limits. Interestingly, transcription of
HP1562 (ceuE), encoded by an open reading frame putatively
involved in iron uptake, is induced under acidic conditions (2).
Taken together, these results indicate that the relation be-
tween iron and pH homeostasis in H. pylori is more complex
than was previously thought and that H. pylori is well adapted
to the high bioavailability of iron that is presumed to exist in
the acidic gastric environment in which that this bacterium
thrives.
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