INFECTION AND IMMUNITY, Feb. 2004, p. 766-773
0019-9567/04/$08.00+0 DOI: 10.1128/1AL.72.2.766-773.2004

Vol. 72, No. 2

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Acid-Responsive Gene Induction of Ammonia-Producing Enzymes in

Helicobacter pylori Is Mediated via a Metal-Responsive
Repressor Cascade

Arnoud H. M. van Vliet,* Ernst J. Kuipers, Jeroen Stoof, Sophie W. Poppelaars, and
Johannes G. Kusters

Department of Gastroenterology and Hepatology, Erasmus MC-University Medical Center, Rotterdam, The Netherlands

Received 29 September 2003/Accepted 15 October 2003

Although the adaptive mechanisms allowing the gastric pathogen Helicobacter pylori to survive acid shocks
have been well documented, the mechanisms allowing growth at mildly acidic conditions (pH ~5.5) are still
poorly understood. Here we demonstrate that H. pylori strain 26695 increases the transcription and activity of
its urease, amidase, and formamidase enzymes four- to ninefold in response to growth at pH 5.5. Supplemen-
tation of growth medium with NiCl, resulted in a similar induction of urease activity (at low NiCl, concen-
tration) and amidase activity (at =500 nM NiCl,) but did not affect formamidase activity. Mutation of the fur
gene, which encodes an iron-responsive repressor of both amidases, resulted in a constitutively high level of
amidase and formamidase activity at either pH but did not affect urease activity at pH 7.0 or pH 5.5. In
contrast, mutation of the nikR gene, encoding the nickel-responsive activator of urease expression, resulted in
a significant reduction of acid-responsive induction of amidase and formamidase activity. Finally, acid-
responsive repression of fur transcription was absent in the H. pylori nikR mutant, whereas transcription of the
nikR gene itself was increased at pH 5.5 in wild-type H. pylori. We hypothesize that H. pylori uses a repressor
cascade to respond to low pH, with NikR initiating the response directly via the urease operon and indirectly

via the members of the Fur regulon.

Helicobacter pylori is an important human pathogen, which
colonizes the mucus layer overlaying the gastric epithelium.
Colonization with H. pylori results in chronic gastric mucosal
inflammation, which can progress to peptic ulcer disease and
gastric carcinomas (16). The pH in the gastric mucus layer is
thought to vary between 4 and 6.5, with occasional acid shocks
of pH <2 occurring when the mucus layer is damaged. Since H.
pylori demonstrates optimal growth at neutral pH, survival and
growth of H. pylori in the hostile environment of the stomach
require mechanisms to survive acid shocks and allow growth at
mildly acidic pH (31, 35). Resistance of H. pylori to acid shocks
requires production of ammonia by urease-mediated degrada-
tion of urea (summarized in reference 35). H. pylori produces
large amounts of urease, up to 10% of its total protein content,
and expression of urease is controlled at the transcriptional,
posttranscriptional, and posttranslational level (1, 31, 38, 39).
Cytoplasmic urease activity is under strict pH-mediated con-
trol, since the intracellular urea concentration is controlled by
the H" -gated urea transporter Urel (10, 30, 42).

In contrast to the mechanisms involved in the resistance to
acid shocks, relatively little is known about the mechanisms,
allowing growth at mildly acidic conditions (pH ~5.5). The
chronicity of colonization, however, suggests that H. pylori is
able to grow at mildly acidic pH. Growth at acidic pH induces
changes in lipopolysaccharide composition (23, 26, 36), in-
creases expression of chaperone-like proteins (19), and affects
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expression of several genes at the transcriptional and protein
expression level (4-6, 15, 24, 25, 34, 43). However, the exact
role in acid resistance of many of these factors is largely un-
known.

There is a close link between metal metabolism and acid
resistance in H. pylori. Transcription of the urease structural
genes, as well as the acid-activated enzyme activity of H. pylori
urease, is dependent on the availability of the nickel cofactor
(31, 38), probably via the NikR nickel-responsive regulatory
protein (12, 39). In addition, the iron-responsive regulator Fur
is required for growth at pH 5.5 (8). The relationship between
the NikR and Fur metal-regulatory systems and acid resistance
may not solely depend on a disturbed metal homeostasis, since
we demonstrated recently that Fur mediates iron-responsive
regulation of the H. pylori paralogous amidases AmiE and
AmiF (40). Both amidases degrade amide substrates to am-
monia and the corresponding carboxylic acid and, together
with the amino acid deaminases, they probably represent al-
ternative systems for ammonia production in times of urea
shortage (9, 22, 25, 32, 33, 40). Recent studies using transcrip-
tome analyses have provided evidence for acid-responsive reg-
ulation of diverse ammonia-generating pathways (25, 43), but
thus far the responsible regulatory systems mediating this acid-
responsive regulation were not described.

Based on our previous observations about the roles of the
NikR and Fur proteins in the regulation of ammonia-produc-
ing enzymes (12, 38-40), we hypothesized that NikR and Fur
may be two important mediators of acid-responsive gene reg-
ulation in H. pylori. Therefore, the effect of growth in mild
acidic conditions on transcription and activity of the three main
H. pylori enzymes involved in ammonia production was ana-
lyzed, and it was observed that transcription and the activity of
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TABLE 1. Oligonucleotide primers used in this study

Gene Primer Sequence (5'—3")”
ureA UreA-F1 ATGAAACTCACCCCAAAAGA

UreA-R-T7” ctaatacgactcactatagggagaGGAAGTGTGAGCCGATTTGA
amiE Amid-F1 AGTAGCAGCCCAGATACTGT

Amid-R-T7” ctaatacgactcactatagggagaGCACGATCTCACCCTTATCA
amiF Form-F1 TCAGTTTCCTGTGCCAATTGTCA

Form-R-T7” ctaatacgactcactatagggagaCTCAATGGGATTCCATGGGAATA
hspA HspA-F1 CCAGTTCAGGCATCATCATC

HspA-R-T7" ctaatacgactcactatagggagaCAAGAGCCTGAGCCCACAAT
fur Fur-F1 TCCATTTTAGAGCGCTTGAG

Fur-R-T7” ctaatacgactcactatagggagaTTAACGACTTCATTCTGGCGGTT
nikR NikR-F1 CACCCAATAAAGACGATTCA

NikR-R-T7” ctaatacgactcactatagggaga AGCTAGACGCCTTAGTCAAT

¢ Primer sequences were derived from the H. pylori 26695 genome sequence (37).

b Primers contained a 5’ extension with T7 promoter sequence (in lowercase letters) for the creation of an antisense RNA probe (38).

all three enzymes is significantly induced upon acidification.
Subsequently, it was shown that both NikR and Fur are re-
sponsible for the observed acid-responsive regulation of ure-
ase, amidase, and formamidase activity, and we present here a
model wherein a cascade of two or more regulatory proteins is
enough to mediate adaptation to acidic conditions.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. H. pylori wild-type
strain 26695 (37) and its isogenic fur (8), nikR (39), and nikR fur (the present
study) mutants were routinely cultured on Dent agar, consisting of Columbia
agar supplemented with 7% saponin-lysed horse blood, 0.004% triphenyltetra-
zolium chloride (Sigma, St. Louis, Mo.), and Dent selective supplement (Oxoid,
Basingstoke, United Kingdom) at 37°C under microaerophilic conditions (10%
CO,, 5% O,, and 85% N,). Broth cultures were grown in brucella broth (Difco,
Sparks, Md.) supplemented with either 0.2% B-cyclodextrins (Fluka, Buchs,
Switzerland) (BBC) or 3% newborn calf serum (Gibco/Life Technologies, Breda,
The Netherlands) (BBN). NiCl, was purchased from Sigma, filter sterilized, and
used at the indicated concentrations (38, 39). The pH of broth medium was
adjusted to 5.5 by using HCI as described previously (8) and did not change by
more than 0.5 pH during growth experiments or by NiCl, supplementation. For
antibiotic selection, growth media were supplemented with kanamycin or chlor-
amphenicol to final concentrations of 20 or 10 pg/ml, respectively.

RNA hybridization. RNA was isolated by using TRIzol (Invitrogen, Carlsbad,
Calif.) according to the manufacturer’s instructions, separated on 2% formalde-
hyde-1.5% agarose gels in 20 mM sodium phosphate buffer, and subsequently
transferred to nylon membranes (Roche, Basel, Switzerland) by using standard
protocols (38). After transfer, RNA was covalently bound to the membrane by
cross-linking with 0.120 J of UV light (254-nm wavelength)/cm?®. Transferred
RNA was visualized by methylene blue staining, and RNA samples were nor-
malized based on 16S and 23S rRNA band intensities as described previously (38,
41).

Internal fragments of the ureA, amiE, amiF, hspA, fur, and nikR genes were
PCR amplified from genomic DNA of H. pylori 26695 with the primers listed in
Table 1. The resulting PCR fragments contained a T7 promoter sequence on the
noncoding strand and were used for the production of antisense RNA probes
labeled with digoxigenin (DIG) by in vitro transcription with T7 RNA polymer-
ase (Roche). Northern hybridization and stringency washes were performed at
68°C, and bound probe was visualized with the DIG detection kit (Roche) and
the chemiluminescent substrate CPD-Star (Amersham Pharmacia) (38). The
sizes of hybridizing mRNA species were determined by comparison with the
DIG-labeled RNA Molecular Weight Marker I (Roche).

Urease, amidase, and formamidase enzyme assays. The enzymatic activity of
urease, amidase, and formamidase were determined in fresh H. pylori lysates by
measuring ammonia production from hydrolysis of urea, acrylamide, or form-

amide, respectively, by using the Berthelot reaction as described previously (40).
The concentration of ammonia in the samples was inferred from a standard
NH,CI concentration curve. Enzyme activity was expressed as micromoles of
substrate hydrolyzed per minute per milligram of protein.

Recombinant DNA techniques. Restriction enzymes and DNA-modifying en-
zymes were purchased from Promega (Madison, Wis.), and standard protocols
were used for the manipulation of DNA and the transformation of H. pylori (7).
PCR was carried out with Taq polymerase (Promega). The H. pylori 26695 nikR
fur double mutant was constructed by natural transformation of the H. pylori
26695 fur mutant with plasmid pAV364 as described previously (39). Correct
replacement of the nikR gene by the interrupted version was confirmed by using
PCR (39).

RESULTS

Transcription and activity of H. pylori ammonia-producing
enzymes is induced at pH 5.5. The effect of growth in acidic
conditions on the activity of the three main ammonia-produc-
ing enzymes of the reference H. pylori strain 26695 was quan-
titated after overnight growth at pH 7.0 and pH 5.5. The latter
pH was chosen to represent the average conditions thought to
occur in the gastric mucus layer, and it also is the lower limit at
which most H. pylori strains still grow in vitro (6, 8). When
compared to enzyme activity at pH 7.0, growth at pH 5.5
resulted in a significant increase in urease, amidase, and for-
mamidase activity (Fig. 1A to C). The increases were approx-
imately fourfold for urease, ninefold for amidase, and fivefold
for formamidase and were similar in B-cyclodextrin- and se-
rum-supplemented media, thus excluding the effect of medium
additives (not shown). There was no increase in urease, ami-
dase, and formamidase activity when the medium was first
adjusted to pH 5.5 and then subsequently readjusted to pH 7.0,
excluding the possible artifact that the induction of enzyme
activity was mediated by precipitation of medium components
(not shown).

The increase in enzyme activity was mediated by increased
transcription of each of the genes, as tested by Northern hy-
bridization (Fig. 1D). The increase in the two ureAB transcripts
(1) was relatively minor and suggests that a major part of the
induction in urease activity is mediated through activation of
inactive urease apoenzyme (30, 31, 39). In contrast, the relative
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FIG. 1. Acid-responsive induction of urease (A), amidase (B), and formamidase (C) in H. pylori is mediated at the transcriptional level (D).
Graphs A, B and C represent enzyme activities, measured in wild-type H. pylori 26695, grown in pH 7.0 and pH 5.5 BBC medium. The activity of
urease, amidase, and formamidase was determined by measuring ammonia production from urea, acrylamide, and formamide, respectively. The
results shown are the averages of three independent growth experiments. Bars: m, pH 7.0, pH 5.5. Errors bars denote the standard deviations.
Asterisks indicate a significant difference in enzyme activity at pH 5.5 compared to pH 7.0 (P < 0.05, Mann-Whitney U test). (D) Northern
hybridization with probes specific for the ure4, amiE, and amiF genes by using RNA isolated from cultures grown at pH 7.0 and pH 5.5. Staining
of transferred RNA by methylene blue was included for comparison of the RNA amounts. A Northern hybridization with the pH-independently
transcribed /spA gene is included as a control. The probes used are indicated on the far left, whereas the position of the specific mRNAs is
indicated on the right; relevant RNA marker sizes (in kilobases) are indicated on the left.

increase in the amiE and amiF transcripts after growth in
acidic conditions was much more pronounced compared to
ureAB transcription (Fig. 1D) and is likely to be mostly medi-
ated via increased transcription of the amidase and formami-

dase genes. Transcription of the hspA (HP0O011) chaperone-
encoding gene was included as an example of a pH-
independently transcribed gene and excludes the possibility
that the observed acid-responsive changes in ure4, amiE, and
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amiF transcription are caused by global changes in transcrip-
tional activity.

Nickel supplementation of growth media mimicks acidifica-
tion. To further define the link between nickel and acid, we
investigated the effect of nickel supplementation on urease,
amidase, and formamidase activity. When H. pylori strain
26695 was grown in media of pH 7.0 supplemented with NiCl,
to final concentrations ranging from 1 to 1,000 wM, urease
activity was already induced at low concentrations of NiCl, to
levels similar to activity at pH 5.5 (Fig. 2A), a finding consistent
with earlier reports (12, 38, 39). In contrast, amidase and
formamidase activity was not affected by low concentrations of
NiCl, (Fig. 2B,C). However, at NiCl, concentrations of 500
wM and higher, amidase activity increased significantly (Fig.
2B), while formamidase activity was not affected (Fig. 2C). The
level of amidase activity at NiCl, concentrations of =500 uM
was similar to that observed with unsupplemented growth me-
dia adjusted to pH 5.5 (Fig. 1B).

The nikR and fur gene products govern acid-responsive gene
regulation in H. pylori. The H. pylori genome contains two
genes encoding regulatory proteins known to be involved in
urease, amidase, and formamidase regulation: the HP1027
(fur) gene encoding the Fur regulator, which mediates iron-
responsive regulation of both amidases (40), and the HP1338
(nikR) gene encoding the NikR regulator, which mediates
nickel-responsive induction of urease (12, 39). Isogenic fur and
nikR mutants, as well as a nikR fur double mutant, were used
to investigate the role of the Fur and NikR proteins in acid-
responsive induction of the urease, amidase, and formamidase
enzymes (Fig. 3). Amidase and formamidase activity was con-
stitutively high in the fur and nikR fur double mutants and was
not further induced at acidic pH (Fig. 3B and C). In contrast,
the fur mutation did not affect urease activity at either pH (Fig.
3A). Conversely, mutation of the nikR gene did not affect the
activity of any of the three enzymes at pH 7.0 but had a
significant effect on the acid-responsive induction of amidase
and formamidase (Fig. 3B and C). The nikR mutant also dis-
played lowered acid-responsive induction of urease activity,
albeit not statistically significant (Fig. 3A). This is similar to the
effect of the nikR mutation on nickel-responsive induction of
urease expression reported previously (39). The induction still
present is probably due to increased activation of urease
apoenzyme, as suggested previously (30, 31, 39). The effect of
the nikR mutation on acid-responsive induction of amidase
and formamidase activity was similar, since the nikR mutant
was unable to induce enzyme activity at pH 5.5 to the levels
found in the wild-type strain (Fig. 3B and C). The nikR fur
double mutant displayed a phenotype similar to the nikR mu-
tant with regard to urease activity and induction (Fig. 3A) but
was virtually identical to the fur mutant with regard to amidase
and formamidase activity and induction (Fig. 3B and C).

Acid-responsive transcriptional regulation is mediated by a
repressor cascade. The inverse effects of the nikR and fur
mutations on expression of ammonia-producing enzymes indi-
cated interaction or overlap between the two regulatory sys-
tems. Therefore, we investigated the effect of medium acidifi-
cation on the transcription of fur and nikR genes themselves
(Fig. 4). The fur gene displayed acid-responsive repression of
transcription (Fig. 4B), as described previously (8). In contrast,
transcription of the nikR gene was induced by medium acidi-
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FIG. 2. Nickel supplementation of H. pylori growth medium mimics
acidification. Wild-type H. pylori 26695 was grown in unsupplemented
BBC medium or in medium supplemented with NiCl, to final concen-
trations of 1 to 1,000 M (as indicated on the x axis). The activities of
urease (A), amidase (B), and formamidase (C) were determined after
~20 h of growth. The results shown are the averages of three inde-
pendent growth experiments; errors bars denote the standard devia-
tions. Asterisks indicate a significant change in enzyme activity of the
respective enzymes upon NiCl, supplementation compared to un-
supplemented medium (P < 0.05; Mann-Whitney U test).
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FIG. 3. The H. pylori NikR and Fur regulators mediate acid-re-
sponsive induction of urease and both amidase enzymes. H. pylori
26695 wild-type and mutant derivatives were grown for 24 h in pH 7.0
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fication (Fig. 4B). The nikR transcript was relatively unstable,
resulting in partial degradation of the nikR mRNA on North-
ern hybridization (Fig. 4B). Mutation of the nikR gene had a
profound effect on the transcription of the fur gene, which was
significantly increased in the nikR mutant, indicating that NikR
represses fur transcription (Fig. 4C) (12). There was, however,
no discernible effect of the fur mutation on nikR transcription
(not shown), indicating that the NikR regulator is hierarchi-
cally higher ranked than the Fur regulator in the response to
environmental acidification.

DISCUSSION

The ability to survive and adapt to the hostile environmental
conditions within the mammalian host is a hallmark of success-
ful pathogens. Adaptation to such conditions is mostly medi-
ated at the transcriptional level via regulation of transcription,
but alternative approaches such as differential mRNA process-
ing, phase variation, posttranslational protein modification,
and genetic reshuffling are all known to play important roles as
adaptive response mechanisms in pathogenic microorganisms.
The human gastric pathogen H. pylori is unique among patho-
gens, since it is known to utilize all of these methods (13). H.
pylori is the sole colonizer of an ecological niche which is
hostile with respect to environmental pH, inflammatory re-
sponse, and availability of nutrients and is extraordinarily
adapted to the conditions occurring in the human stomach.
Here part of the regulatory mechanisms allowing H. pylori to
respond to mildly acidic growth conditions by increasing the
expression of three of its ammonia-producing enzymes are
described.

Acidic pH is probably the most important environmental
stress for H. pylori, which it encounters both during the initial
and the chronic phase of colonization (35). Initial colonization
requires protection against short-term acid exposure in the
lumen of the stomach, where the pH is usually <2. Once
established, H. pylori is present in the gastric mucus layer,
where the average pH is =5.5 (27, 29). Despite its small ge-
nome size of 1.7 Mbp (3, 37), H. pylori is able to survive both
these short-term low pH shocks and long-term exposure to
mildly acidic conditions without being a truely acidophilic or-
ganism.

The urease enzyme mediates resistance of H. pylori to acid
shocks via hydrolysis of urea to form ammonia, with subse-
quent buffering of either the periplasm or cytoplasm of H.
pylori (28, 35). This short-term response to acid also requires
acid-activated urea import via Urel and acid activation of
urease apoenzyme via increased nickel availability (31, 42). In
contrast, the long-term H. pylori response to acidic conditions
is multifactorial, leading to modifications in membrane com-

or pH 5.5 BBC medium, and the urease (A), amidase (B), and form-
amidase (C) enzyme activities were determined. The results shown are
the averages of three independent growth experiments. Bars: m, pH
7.0; O, pH 5.5. Errors bars denote the standard deviations. Asterisks
indicates a significant difference in enzyme activity at pH 5.5 compared
to pH 7.0 (P < 0.05, Mann-Whitney U test), whereas the statistical
evaluation of the differences between the wild-type and nikR mutant
strains at pH 5.5 is given above the respective graphs. NS, not signif-
icant.
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FIG. 4. Acid-responsive regulation in H. pylori is mediated by a
regulatory NikR-Fur cascade. (A) Putative transcriptional organiza-
tion and predicted length of the nikR and fur mRNA species. (B) Tran-
scription of the nikR gene is acid-induced, whereas fur transcription is
acid repressed. Northern hybridization of H. pylori 26695 RNA iso-
lated from cultures grown in BBC medium of pH 7.0 and pH 5.5, with
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position and H. pylori metabolism (4-6, 15, 19, 23-26, 34, 36,
43). Here it is demonstrated that growth at acidic conditions
results in increased transcription and activity of the ammonia-
producing enzymes urease, amidase, and formamidase and
that part of this response is mediated via a regulatory cascade
consisting of the NikR and Fur metal-regulatory proteins of H.
pylori. In two recent studies on acid-responsive transcriptome
analyses, it was also reported that several genes encoding for
ammonia-producing enzymes were induced by medium acidi-
fication, and these included the ureAB, amiE, and amiF genes
(25, 43). However, these findings were not further confirmed
on the enzyme activity level, nor were the regulatory systems
mediating the response identified. Many of the genes identified
as acid regulated in these recent studies may well be regulated
via either the NikR or Fur regulators but, again, this requires
experimental validation.

The connection between pH and metal bioavailability in
bacterial pathogens has been well established for iron, since a
low pH stabilizes the readily oxidated ferrous form of iron.
However, whereas iron plays an important role in H. pylori
gene regulation, its role in acid resistance has been less clear.
The iron-responsive regulator Fur is required for acid resis-
tance, but this phenotype was reported to be independent of its
role in iron regulation (8). Together with the previously re-
ported role of Fur in regulation of the H. pylori amidases (40),
this suggests that mutation of the fur gene disturbs the re-
sponse to acidification either by constitutive overexpression of
amidase or via another regulatory function not yet identified.

In H. pylori, the main link between metals and acid resis-
tance is nickel. Nickel is cofactor of the urease enzyme, which
is absolutely essential for acid survival of H. pylori. Urease
expression and activity is regulated via nickel availability by the
NikR regulatory protein (12, 31, 38, 39). The H. pylori NikR
protein is a homolog of the Escherichia coli NikR protein,
which regulates nickel acquisition via the Nik ABC transporter
(11, 14). In H. pylori, the acquisition of nickel is required in the
induction of urease activity (but not transcription) upon acid
shock (31) and is likely to play a role in the transcriptional
induction of urease upon growth in acidic conditions described
here. Interestingly, mutation of the nikR gene resulted only in
a small decrease in urease activity, which was not statistically
significant (Fig. 3A). This is probably due to the NikR-inde-
pendent activation of inactive urease apoenzyme previously
described (31, 39), which masks the effect of the nikR mutation
as shown previously for the effect of low concentrations of
NiCl, (39).

NikR also plays a role in regulation of nickel uptake in H.
pylori (12) and, as such, the NikR protein can mediate regula-
tion of several necessary processes for ammonia production in
H. pylori: (i) induction of urease expression in acidic conditions

probes specific for the nikR and fur genes. (C) Transcription of the fur
gene is derepressed in a H. pylori 26695 nikR mutant. Northern hy-
bridization of RNA isolated from H. pylori 26695 (WT) and its isogenic
nikR mutant (39) grown in BBC medium of pH 7.0 was carried out with
a probe specific for the fur gene. Staining of transferred RNA by
methylene blue is included for comparison of the RNA amounts. The
probes used are indicated on the far left, whereas the position of the
specific mRNAs is indicated on the right; relevant RNA marker sizes
(in kilobases) are indicated on the left.
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FIG. 5. Model of the H. pylori regulatory cascade mediating the
acid-responsive transcriptional induction of ammonia-producing en-
zymes as described in the present study. Acidification of the environ-
ment results in increased transcription of the nikR gene; the corre-
sponding increase in NikR protein directly affects the urease system
and indirectly affects expression of the amidase system via repression
of transcription of the fur gene. The decrease in Fur repressor subse-
quently leads to increased activity of the amidase enzyme. Since the
Fur protein does not directly regulate formamidase expression (40),
one or more additional regulatory systems are putatively involved, and
this is represented by the circled question mark.

(the present study) (30, 31) or nickel-rich (12, 38, 39) condi-
tions and (ii) indirect regulation of amidase via regulation of
the fur gene (the present study). Identification of additional
targets for the NikR regulatory system via transcriptional pro-
filing should allow for the identification of alternative or addi-
tional roles of NikR in acid resistance or ammonia production
by H. pylori, as has been done recently for the identification of
acid-responsive genes in H. pylori (2, 4, 15, 25, 43).

The NikR and Fur proteins generally function as transcrip-
tional repressor proteins through binding of operators in their
target promoters, blocking access of RNA polymerase, and
subsequent transcription (11, 17). The repressor cascade of
NikR and Fur described in the present study adds another level
of complexity to this model. We hypothesize that the NikR
protein ranks higher in the hierarchy, since NikR regulates fur
transcription (Fig. 5) (12), whereas the reverse regulation does
not occur (not shown). This view is also supported by the
phenotypes of a H. pylori nikR fur double mutant (Fig. 3),
which resembled the nikR mutant with regard to urease activity
but resembled the fur mutant with regard to amidase and
formamidase activity. A putative role for NikR as master reg-
ulator for acid-responsive regulation is also supported by the
role of nickel in acid resistance of H. pylori (12, 31, 38, 39). The
regulatory cascade proposed here utilizes two repressors each
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only allowing on/off regulation but, by varying the levels of Fur
protein in cells, NikR not only regulates expression of its own
regulon but also mediates changes in all members of the Fur
regulon indirectly via regulation of fur transcription (Fig. 5).
Since the effect of Fur on formamidase is indirect (40), it is
likely that there is a third, as-yet-unknown regulator involved
that ranks hierarchically below Fur (Fig. 5). These added levels
of complexity should allow for the fine-tuning of the response
to acid and possibly other relevant stresses. Other regulatory
systems may also communicate or interact with the NikR or
Fur regulons (12, 18, 20, 21, 25), since such intensive regulatory
cross talk may allow H. pylori to mount protective responses to
a multitude of different stresses despite a paucity of regulatory
systems. In conclusion, H. pylori displays acid-responsive in-
duction of its ammonia-producing enzymes at the transcrip-
tional level via a regulatory cascade which contains the NikR
and Fur repressor proteins (Fig. 5). The characterization of the
Fur and NikR regulons may provide further insight in the
mechanisms allowing H. pylori to persistently colonize the gas-
tric environment.
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