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Helicobacter pylori is a highly successful pathogen that colonizes the gastric mucosa of �50% of the world’s population. Within
this colonization niche, the bacteria encounter large fluctuations in nutrient availability. As such, it is critical that this organism
regulate expression of key metabolic enzymes so that they are present when environmental conditions are optimal for growth.
One such enzyme is the 2-oxoglutarate (�-ketoglutarate) oxidoreductase (OOR), which catalyzes the conversion of �-ketogluta-
rate to succinyl coenzyme A (succinyl-CoA) and CO2. Previous studies from our group suggested that the genes that encode the
OOR are activated by iron-bound Fur (Fe-Fur); microarray analysis showed that expression of oorD, oorA, and oorC was altered
in a fur mutant strain of H. pylori. The goal of the present work was to more thoroughly characterize expression of the oorDABC
genes in H. pylori as well as to define the role of Fe-Fur in this process. Here we show that these four genes are cotranscribed as
an operon and that expression of the operon is decreased in a fur mutant strain. Transcriptional start site mapping and promoter
analysis revealed the presence of a canonical extended �10 element but a poorly conserved �35 element upstream of the �1.
Additionally, we identified a conserved Fur binding sequence �130 bp upstream of the transcriptional start site. Transcriptional
analysis using promoter fusions revealed that this binding sequence was required for Fe-Fur-mediated activation. Finally, fluo-
rescence anisotropy assays indicate that Fe-Fur specifically bound this Fur box with a relatively high affinity (dissociation con-
stant [Kd] � 200 nM). These findings provide novel insight into the genetic regulation of a key metabolic enzyme and add to our
understanding of the diverse roles Fur plays in gene regulation in H. pylori.

The Gram-negative pathogen Helicobacter pylori colonizes the
gastric mucosa of more than one-half of the world’s popula-

tion (7, 22). While colonization usually results in asymptomatic
carriage, a subset of infected individuals may progress to develop a
range of disease states that include gastritis, gastric ulcers, and two
types of gastric cancer (7, 22). Because of its unique colonization
niche, H. pylori is continually faced with dramatic changes in en-
vironmental conditions such as pH and nutrient availability. As a
result, this organism has evolved very efficient adaptive responses
that enable it to persist within the gastric mucosa in spite of these
drastic fluctuations. One crucial aspect of the adaptive process
involves maintaining tightly controlled regulatory networks that
differentially modulate gene expression in response to environ-
mental stimuli.

In H. pylori, a key transcriptional regulator that maintains con-
trol of many of these adaptive regulatory networks is the ferric
uptake regulator (Fur) (12, 23, 26). This regulator is found in
many bacterial species and is traditionally associated with the reg-
ulation of iron uptake and storage systems. In H. pylori, Fur is
critical for pH adaptation (6, 26), colonization (8, 26, 30), and
mounting adaptive responses to oxidative (9, 11, 23, 26, 27) and
nitrosative (35) stress conditions. Given the importance of Fur to
these essential biological processes, perhaps it is not surprising
that H. pylori Fur regulates a wide variety of genes that encode
functionally diverse proteins that extend beyond just iron uptake
and storage (23, 26). A somewhat unique aspect of Fur regulation
in H. pylori is the ability to function beyond what is typically seen
in other bacteria. Like Fur in other bacterial species, H. pylori Fur
can function as an iron cofactored transcriptional repressor (Fe-
Fur), where iron-dependent binding to specific DNA sequences
(Fur boxes) prevents assembly of the transcriptional machinery at
the core promoter elements (14, 17, 34). In addition, H. pylori Fur

can also regulate gene expression in the iron-free or apo form of
the protein (5, 9, 15, 16, 24). Previous studies have shown that
apo-Fur can act both as a repressor (5, 9, 24) and as an activator
(16). Furthermore, there is also evidence that Fe-Fur can activate
transcription, although to date this regulatory function has been
conclusively demonstrated to occur only at a single H. pylori pro-
moter (1).

Previous transcriptional profiling experiments conducted by
our group (26) identified another set of potentially Fe-Fur-acti-
vated genes; expression levels of oorD, oorA, and oorC were de-
creased in a fur mutant strain of H. pylori. At the chromosomal
level, these genes appear to be part of an operon with oorB. The
oorDABC genes encode a 2-oxoglutarate (�-ketoglutarate) oxi-
doreductase (OOR) (28), and OOR activity (reversible oxidative
decarboxylation of 2-oxoglutarate to form succinyl coenzyme A
[succinyl-CoA] and CO2) has been demonstrated in H. pylori us-
ing whole-cell lysates (28). Additional biochemical studies char-
acterized the H. pylori OOR enzyme as an essential oxygen-labile
heterotetrameric protein consisting of 4 polypeptide subunits of
10 kDa (OorD), 43 kDa (OorA), 33 kDa (OorB), and 24 kDa
(OorC) (28). In addition to serving as a source of succinyl-CoA, it
has also been proposed that the H. pylori OOR enzyme acts to
provide NADPH with a respiratory donor electron (28). Thus, the
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OOR enzyme of H. pylori plays a multifaceted role in central me-
tabolism and energy conservation.

While some of the basic biochemical characteristics of the H.
pylori OOR enzyme have been described, there is currently little
direct information about how expression of the genes that encode
the essential enzyme are regulated. Given the importance of the
OOR enzyme in the physiology of H. pylori and our previous
preliminary evidence that suggested Fe-Fur activates expression of
these genes (26), here we characterize transcriptional regulation of
the oorDABC genes. We show that these genes are cotranscribed as
a single operon from a single start site and that there is a conserved
Fur box distally located upstream of the core promoter elements.
Purified Fur bound specifically to this site, and this binding was
essential for the Fur-mediated activation of oorDABC. These data
add to the increasing number of genes regulated by H. pylori Fur
via nonclassical (iron-bound repression) mechanisms and pro-
vide potential insight into how sensing changes in environmental
cues such as iron availability can initialize changes in intracellular
physiology.

MATERIALS AND METHODS
Bacterial strains and growth conditions. All bacterial strains and plas-
mids used in this study are listed in Table 1, and oligonucleotides are listed
in Table 2. H. pylori strains were maintained in brain heart infusion broth
(Becton Dickinson) containing 10% fetal bovine serum (FBS) (Gibco)
and 20% glycerol at �80°C. H. pylori strains were routinely cultured at
37°C under microaerophilic conditions (5% O2, 10% CO2, 85% N2) on
horse blood agar (HBA) plates that contained 4% Columbia agar base
(Neogen Corp.), 5% defibrinated horse blood (HemoStat Laboratories,
Dixon, CA), 0.2% �-cyclodextrin (Sigma), 5 �g/ml amphotericin B
(Amersco), 2.5 U/ml polymyxin B (Sigma), 5 �g/ml trimethoprim
(Sigma), and 10 �g/ml vancomycin (Amersco). Liquid cultures of H.
pylori were grown in brucella broth that contained 10% FBS and 10 �g/ml
vancomycin. E. coli strains were maintained in LB with 40% glycerol at
�80°C and routinely cultured at 37°C on 1.5% LB agar plates (MoBio) or
in LB broth with shaking at 225 rpm. When applicable, bacterial growth
medium was supplemented with 25 �g/ml kanamycin (Kan) (Gibco), 100
�g/ml ampicillin (Amp) (USB Corp.), or 8 �g/ml chloramphenicol (Cm)
(EMD Chemicals, Inc.). The wild-type (WT) H. pylori strain G27 (4) or

genetically modified G27 derivatives were used for all experiments in this
study.

RNA extraction, cDNA synthesis, and RT-PCR. Exponential-phase
liquid cultures of H. pylori (optical density at 600 nm [OD600], �0.5) were
harvested onto a 0.45-�m filter by vacuum filtration and snap-frozen in
liquid nitrogen. RNA was isolated using the TRIzol reagent (Invitrogen)
as previously described (9). First-strand cDNA was synthesized using the
Quantitect reverse transcription kit (Qiagen) according to the manufac-
turer’s instructions. For each cDNA synthesis reaction, a corresponding
control reaction with no reverse transcription enzyme was included.
Quantitative real-time PCRs (qRT-PCRs) were performed using a Roto-
gene Q instrument (Qiagen) in a total volume of 20 �l; each reaction
mixture contained 1� Roto-Gene SYBR green RT-PCR master mix
(Qiagen), 3 pmol each of the forward and reverse primers as indicated,
and 1 �l of cDNA or NoRT control reaction as the template. Cycling
conditions included an initial activation step of 5 min at 95°C, followed by
35 cycles of denaturing at 95°C for 10 s, annealing at 50°C for 20 s, and
extension at 72°C for 30 s. SYBR green fluorescence was measured during
each extension step. Relative gene expression was calculated as 2���CT

using 16S as the internal reference gene. A postrun melt curve analysis was
performed to ensure specificity of amplification. Three biologically inde-
pendent replicates of each experiment were performed.

oorDABC gene junction PCR. To detect each of the oorDABC gene
junctions, a qualitative reverse transcription-PCR was performed using
GoTaq master mix (Promega), 3 pmol each of the forward and reverse
primers as indicated, and 1 �l of cDNA (or NoRT control reaction mix-
ture), which was synthesized using exponential-phase RNA from wild-
type G27. Each reaction mixture was incubated for 5 min at 95°C, fol-
lowed by 25 cycles of denaturation at 95°C for 30 s, annealing at 50°C for
30 s, and extension at 72°C for 1 min. PCR products were separated on 1%
agarose gels and visualized by staining with ethidium bromide. Each PCR
was performed at least twice using biologically independent cDNA tem-
plates.

Primer extension and TSS mapping. Primer extension reactions were
performed using 10 pmol of �-32P-labeled oorD-RT primer, 5 �g of RNA

TABLE 1 Strains and plasmids used in this study

Strain or
plasmid Description Reference

E. coli strains
DSM431 BL21(DE3) Rosetta/pLys �fur (pDSM430)

Ampr Kanr Cmr

9

H. pylori strains
DSM1 G27 WT
DSM300 G27 �fur::cat Cmr 26
DSM925 G27 �fur (markerless) 34
DSM1079 G27 WT (pDSM845) Kanr This study
DSM1080 G27 �fur(pDSM845) Kanr This study
DSM1081 G27 WT (pDSM833) Kanr This study
DSM1082 G27 �fur(pDSM833) Kanr This study

Plasmids
pDSM430 pET21A::fur 9
pDSM815 pDSM199::cat 34
pDSM833 pDSM815::PoorDABC (�FB)::cat This study
pDSM845 pDSM815::PoorDABC ::cat This study

TABLE 2 Oligonucleotides used in this study

Oligonucleotide Sequence (5=–3=)
oorDA-up GACAGGAAGGATTTCAAATTCGC
oorDA-dn CGAGTGGGCATTCCGGTTGATGGG
oorAB-up GAAAGCAAGCAAAAAGTCGGC
oorAB-dn GCCCTACCATGCGTGGTGTGAACG
oorBC-up GCGTCTCAAATGCTAAAATGG
oorBC-dn GCTGATTTGAGCGACTGAAAGC
oorD-PE GCGCGACAGCTTTAAAATCCCC
oorD_TSS-up CGATTAGAGCCGTGGTTTTCC
oorD_TSS-dn GAAATCCTTCCTGTCAGCCAC
oorD_Fb_up-F ACCGATAACACCCCCTATAACACC
oorD_Fb_up-R GAAAAAACGCCTCATTAACCTTAATTTGAAAG

ATTAATGTTTTTTAAATGCTCC
oorD_Fb_dn-F GAGCATTTAAAAAACATTAATCTTTCAAATTAA

GGTTAATGAGGCGTTTTTTC
oorD_Fb_dn-R GTCTTCATTCACCCAAACGGC
oorD_EMSA-F TTCAGCGCGACTTATAAGGAG
oorD_EMSA-R AGCCCTAGCAATCAAAATTTGCC
oorD-FA 5FluorT/TTCTAATAATCATTTTTAAAAT
oorD-FA_SCRAM 5FluorT/TTCGTGTGTGTGTGTGTGAAAT
oorD_qRT-F CCGTTTGGGTGAATGAAG
oorD_qRT-R CACGCAACCGATACAACTC
G27_16S-F ATGGATGCTAGTTGTTGGAGGGCT
G27_16S-R TTAAACCACATGCTCCACCGCTTG
Cat_qRT-F ATACCACGACGATTTCCGGCAGTT
Cat_qRT-R ACTGGTGAAACTCACCAGGGATT
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harvested from exponential-phase wild-type or �fur strain liquid cul-
tures, and the AMV reverse transcription kit (Promega) according to the
manufacturer’s instructions. Dideoxy sequencing reactions were initiated
using the �-32P-labeled oorD-RT primer and the Sequenase PCR ampli-
con sequencing kit (USB) according to the manufacturer’s instructions.
Primer extension and sequencing reaction products were resolved by
polyacrylamide gel electrophoresis. After electrophoresis, gels were ex-
posed to phosphor screens and subsequently scanned using an FLA-mul-
tifunctional scanner (Fuji-film). Image analyses were performed using the
Multi-gauge software package (Fuji-film). Transcriptional start site (TSS)
mapping experiments were performed at least twice with comparable re-
sults.

Construction of PoorDABC::cat reporter plasmids and strains. To
evaluate the importance of the putative Fur box in the expression of the
oorDABC promoter, we created plasmid-based transcriptional fusions to
the chloramphenicol acetyltransferase reporter gene (cat). A 151-bp re-
gion of the oorDABC promoter containing the putative Fur box (TAATA
ATCATTTTTA) was PCR amplified using the primers PoorD-F and
catEC-3=, digested with BamHI and PstI, and directionally cloned up-
stream of the promoterless cat reporter in pDSM815 (34) to create
pDSM845 (pDSM815::PoorDABC::cat). This reporter plasmid is derived
from pTM117 (10), which was developed and has been successfully used
as a transcriptional reporter by our group (34). Similarly, to create the
oorDABC promoter fusion without the Fur box, the oorD_5=(�) and
oorD_3=(�) primers were used to amplify the portion of the oorDABC im-
mediately downstream of the Fur box. This amplified fragment was then
digested using BamHI and PstI and subsequently cloned into pDSM815 to
create pDSM833 [pDSM815::PoorDABC(�FB)::cat]. Each promoter fusion
plasmid was then transformed into the wild-type G27 strain DSM1 and
the markerless G27 fur deletion strain DSM925 (34) to create strains
DSM1079 (WT 	 pDSM845), DSM1080 (�fur 	 pDSM845), DSM1081
(WT 	 pDSM833), and DSM1082 (�fur 	 pDSM833). Transformants
were selected on HBA plates that contained 25 �g/ml kanamycin, and
plasmid integrity was verified by restriction digestion, PCR, and se-
quencing.

rFur purification. Recombinant native H. pylori Fur (rFur) was puri-
fied as described previously (9). Briefly, an E. coli fur deletion strain (9)
containing the H. pylori rFur expression plasmid pDSM430 (9) was grown
to mid-exponential phase in LB broth, and fur expression was induced
with 100 mM IPTG (isopropyl-D-thiogalactopyranoside) (Sigma) over-
night at 30°C. Cells containing rFur were harvested by centrifugation and
mechanically disrupted using a French pressure cell (Amicon). rFur was
purified from pressed cell lysates by fast-protein liquid chromatography.
Cell lysates were first passed through a HiTrap SP column for cation
exchange-based purification using a salt gradient of 25 mM to 500 mM
NaCl. Fractions containing rFur were collected and then passed through a
Sephacryl-200 column for size exclusion purification. Peak fractions were
collected and stored in 50 mM sodium phosphate, 500 mM NaCl, pH 8.0,
at 4°C.

rFur FA. Fluorescence anisotropy (FA) was used to measure the DNA
recognition and binding properties of rFur and the putative oorDABC Fur
box. Fluorescently labeled DNA that contained either the wild-type oorD-
ABC Fur box (oorD-FA) or the scrambled Fur box sequence (oorD-FA_
SCRAM) (Table 2) was incubated with increasing concentrations of Fur.
Measurements were taken on an SS PC-1 spectrofluorimeter configured
in the L format with an excitation wavelength of 495 nm and an emission
wavelength of 519 nm. The band pass was 2 nm for the excitation and 1
nm for emission. In a typical experiment, a 15 nM solution of fluores-
cently labeled DNA in 30 mM Tris, 120 mM KCl, 16 mM dithiothreitol
(DTT), 1 mM MnCl2, 20% glycerol, and 5 mM bovine serum albumin
(BSA) at pH 8.0 was added to a 0.5-cm PL Spectrosil far-UV quartz win-
dow fluorescence cuvette (Starna Cells) (20). The anisotropy of the free
DNA oligonucleotide was measured. rFur protein was then titrated into
the cuvette from a stock solution containing 30 mM Tris, 120 mM KCl, 16
mM DTT, 1 mM MnCl2, and 20% glycerol at pH 8.0 in a stepwise fashion,

and the resultant change in anisotropy was recorded. The protein was
added until the anisotropy values reached a plateau, which indicated sat-
uration. The data were analyzed by converting the anisotropy, r, to the
bound fraction, Fbound (the fraction of Fur bound to DNA at a given DNA
concentration), using the following equation (29):

Fbound �
r � rfree

�rbound � r�Q � �r � rfree�
where rfree is the anisotropy of the fluorescein-labeled oligonucleotide,
rbound is the anisotropy of the DNA-protein complex at saturation, and Q
is the quantum yield ratio of the bound form to free form and is calculated
from the fluorescence intensity changes that occur (Q 
 Ibound/Ifree).
Fbound was plotted against the protein concentration, treating Fur as a
dimer, and fit using a one-site binding model:

P � Dª �PD�

Kd �
�P��D�
�PD�

Fbound �
Ptotal � Dtotal � Kd � ��Ptotal � Dtotal � Kd� � 4PtotalDtotal

2Dtotal

where [P]is the protein (Fur) concentration and [D]is the DNA concen-
tration. Each data point from the fluorescence anisotropy assay represents
the average of 31 readings taken over a time course of 100 s. Each titration
was carried out in triplicate.

Statistical analyses. To assess the statistical significance of the differ-
ences in relative gene expression from the native oorDABC promoter
identified by qRT-PCR, Student’s t test was performed on log10-trans-
formed fold change data. Differences in relative gene expression from the
plasmid-based cat promoter fusions were determined using a paired Stu-
dent’s t test on normalized cat transcript levels.

RESULTS
The oorDABC genes are cotranscribed as an operon. Previous
transcriptional profiling studies using wild-type and fur mutant
strains of H. pylori suggested that expression levels of oorD, oorA,
and oorC were decreased in a fur mutant strain of H. pylori (26). At
the chromosomal level, these genes appear to be part of an operon
with oorB (Fig. 1A). Furthermore, the proteins produced from the
oorDABC genes are thought to function together in a single mul-
tisubunit enzyme (28); genes encoding components that work
together in this fashion are often expressed as a single transcrip-
tional unit (40). Therefore, we hypothesized that the oorDABC
genes are cotranscribed as an operon from a single promoter. To
test this hypothesis, we designed PCR primers that would allow us
to amplify the region that spans each of the gene junctions from
genomic DNA (Fig. 1B) as well as a cDNA template; amplification
from the cDNA template would occur only if the adjacent genes
are cotranscribed. As shown in Fig. 1B, we were able to amplify the
295-bp oorDA, the 240-bp oorAB, and the 191-bp oorBC gene
junctions. However, we were unable to amplify any of these junc-
tions if no reverse transcriptase was added to the cDNA synthesis
reaction. These data indicate that the oorDABC genes are in fact
cotranscribed and constitute an operon.

Expression of the oorDABC genes is activated by Fur under
iron-replete conditions. Given that our previous transcriptional
profiling studies suggested that expression of the oorDABC genes
was activated by Fur under iron-replete conditions (26), and be-
cause this type of regulation is different from the classical iron-
dependent repression commonly associated with Fur regulation,
we sought to further characterize regulation of the oorDABC pro-
moter. Initially, we first sought to confirm our previous findings
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using qRT-PCR, since it is more sensitive than the methods used
previously. Rather than measuring expression from each oor gene,
we opted to use oorD expression as a readout for expression from
the oorDABC promoter, since it is the first gene in the operon.
Using qRT-PCR, we determined that under iron-replete condi-
tions, expression of oorD was �3.5-fold less in the fur mutant
strain than in the wild-type strain. This difference in expression
was significant (P 
 0.006, Student’s t test). Thus, in agreement
with our previous data (26), maximal transcription from the
oorDABC promoter requires Fur.

Transcriptional start site mapping and identification of
oorDABC promoter elements. Given that the oorDABC genes are

cotranscribed as an operon and that expression from this pro-
moter is regulated by Fur, we next sought to define the promoter
elements of these genes. To this end, we utilized primer extension
to map the 5= end of the oorDABC transcript and identify the
transcriptional start site. As shown in Fig. 2A, the primer exten-
sion reaction produced a single cDNA product from samples ob-
tained from both the wild-type and fur mutant strains. In agree-
ment with our qRT-PCR data, the cDNA product was more
abundant in the wild-type strain than in the fur mutant, suggest-
ing that Fur activates expression from this promoter (Fig. 2A). In
both the wild-type and fur mutant strains, the 	1 was located at a
guanine nucleotide located 54 bases upstream of the ATG start

FIG 1 Genetic organization and transcription of the oorDABC operon. (A) The genes that encode the individual OOR subunits are organized in an operon. To
determine whether these genes were cotranscribed, primers were designed for the oorDA, oorAB, and oorBC gene junctions. The approximate amplified regions
are indicated by the small black bars (not drawn to scale). (B) PCR amplification of the oorDA, oorAB, and oorBC gene junctions using wild-type H. pylori genomic
DNA produced amplicons of 295 bp, 240 bp, and 191 bp, respectively. (C) Qualitative reverse transcription-PCR (RT) of the oorDA, oorAB, and oorBC gene
junctions produced amplicons of 295 bp, 240 bp, and 191 bp, indicating that these genes are cotranscribed as an operon. Control reactions for each reverse
transcription-PCR (NoRT) did not produce amplification products, indicating that amplification was specific to the cDNA template. Reverse transcription-PCR
and NoRT control reactions were performed in duplicate using biologically independent cDNA samples with similar results.

FIG 2 Mapping of the oorD TSS and promoter structure.(A) The oorD transcriptional start site (TSS) was mapped using RNA from wild-type and �fur strains
of H. pylori. First-strand cDNA was reverse transcribed from within the oorD coding region using the oorD-RT primer; only a single band was detected for both
strains, indicating a single TSS. (B) The core promoter region contains a canonical �10 region (bold, underlined) as well as an extended �10 element but does
not have a highly conserved �35 element. However, the region where a typical �35 sequence would lie is indicated for reference (bold, underlined). The putative
Fur box (underlined, italics) is located �130 bp upstream of the TSS (	1), which is located 54 bp upstream of the ATG start codon (bold).
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codon. Upstream of the transcription start site, we identified a
well-conserved �10 element (TACAAT) that also contained a
TGN motif immediately upstream, which is commonly seen in
extended �10 regions (Fig. 2B). Extended �10 sequences are
found in many H. pylori promoters (31, 36) and in this case may be
important for efficient oorDABC expression, as this promoter
does not contain a well-conserved �35 sequence. Instead, this
region is replaced with a periodic AT-rich sequence that appears
to typify many H. pylori promoters (31, 36). Further upstream of
the core promoter elements, we identified a conserved putative
Fur binding site (Fig. 2B). This AT-rich, nearly palindromic se-
quence (TAATAATCATTTTTTA) is centered �140 bases up-
stream of the transcription start site and differs from the core
binding site for Fe-Fur by 1 nucleotide (34). Examination of this
region in several sequenced H. pylori strains showed that this Fur
box was highly conserved (data not shown). Of note, the stop
codon of the upstream pabC gene lies within the 5= end of the
putative Fur box; since pabC has not been shown to be Fur regu-
lated in previous studies (23, 26), the significance of the location of
this Fur box remains unclear. While the binding site for Fur often
overlaps the �10 and/or �35 regions for promoters that are re-
pressed by Fur, this is not the case for promoters that are activated
by this regulator; Fur typically binds upstream of the core pro-
moter elements for these types of genes (1, 15). Thus, the position-
ing of the putative Fur binding site in the oorDABC promoter is
consistent with the notion that Fe-Fur acts as an activator at this
promoter.

Fur specifically binds to the putative Fur box in the oorDABC
promoter region. Previous work from our lab demonstrated that
Fe-Fur binds specifically to a 377-bp region upstream of the oorD
coding region (26); however, that work did not determine where
Fur binding occurred within this fragment. Given our identifica-
tion of a putative Fur box located in the oorDABC promoter re-
gion that would have been contained in the larger fragment stud-
ied previously, we next sought to determine whether this sequence
was in fact the target for Fur interaction. Given that fluorescence

anisotropy (FA) has been successfully used to measure the DNA
binding properties of metalloregulatory proteins, including Fur
(20, 21, 41), we chose to use FA for these studies. To this end, we
utilized a fluorescently labeled 23-bp fragment of the oorDABC
promoter region that contained the putative Fur binding site
(oorD-FA) as well as a derivation of the same fragment where the
conserved Fur binding sequence was scrambled to a GT repeat
sequence (oorD-FA_SCRAM). For each of these fluorescently la-
beled templates, we performed binding assays using a range of
Fe-Fur concentrations; at concentrations of Fe-Fur where the pro-
tein bound the DNA template, the DNA:Fur complex displayed an
increased anisotropy. As shown in Fig. 3, Fe-Fur bound to the
template that contained the conserved Fur binding sequence,
whereas Fur did not bind to the scrambled sequence to any signif-
icant extent. The solution-based anisotropy data obtained using
Fe-Fur and the WT DNA template were used to fit an appropriate
binding model and calculate a dissociation constant (Kd). The
binding affinity of Fe-Fur with the labeled WT DNA template was
200 nM, which is consistent with Kd values for other Fe-Fur target
promoters in H. pylori (our unpublished results).

The Fur box upstream of the oorDABC core promoter is es-
sential for transcriptional activation. While the binding of Fe-
Fur to the Fur box in the oorDABC promoter region is consistent
with Fur-dependent activation, we next wanted to ensure that Fur
binding to this Fur box was in fact required for transcriptional
activation at this promoter. To this end, we utilized plasmid-based
promoter fusions to determine what, if any, effect loss of the Fur
box had on transcription from the oorDABC promoter. The first
of these fusion reporters contained the full-length wild-type pro-
moter fused to a chloramphenicol acetyltransferase reporter gene
(cat), while the other plasmid contained a slightly truncated pro-
moter region that did not contain the putative Fur box. Each of
these reporters was moved into both wild-type and fur mutant
strains, and the contribution of the putative Fur box to activation
of oorDABC was quantitated by measuring expression of cat by
qRT-PCR in three biologically independent experiments (Table
3). First, we compared the levels of cat expression from the wild-
type oorDABC promoter (PoorDABC) and Fur box deletion reporter
[PoorDABC(�FB)] fusions in the wild-type and fur mutant strain
backgrounds. Similar to the qRT-PCR results described above,
and as expected if Fur was required for activation of expression,
the level of cat expression from the wild-type oorDABC promoter
(PoorDABC) was higher in the wild-type strain than in the fur mu-
tant (mean fold activation of 3.7; P 
 0.05, Student’s t test) (Table
3). As expected, this difference in cat expression was not seen when
the reporter plasmids did not contain the Fur box. In contrast, the

FIG 3 rFur binds specifically to the oorDABC Fur box. Fluorescently labeled
PoorDABC DNA templates with the WT Fur box sequence (closed circles) or
with a scrambled Fur box sequence (open triangles) were incubated with in-
creasing concentrations of rFur. Fur binds specifically to the Fur box in the
wild-type PoorDABC template but not to the scrambled sequence. After fitting to
an appropriate binding model, the dissociation constant (Kd) was determined
to be 200 nM. The y axis represents the fraction of labeled oligonucleotide
duplex bound by Fur, and the x axis indicates the concentration of Fur dimer,
[Fur]2.

TABLE 3 Activation of oorDABC in different strains of H. pyloria

Strain

Fold activation

Bio1 Bio2 Bio3 Mean

WT PoorDWT/�fur PoorDWT strain 4.8 1.8 4.5 3.7*
WT PoorD(�FB)/�fur PoorD(�FB) strain 0.15 2 0.45 0.87
WT PoorDWT/WT PoorD(�FB) strain 6.7 50 25 27.2
�fur PoorDWT/�fur PoorD(�FB) strain 0.21 0.08 0.07 0.12*
a Activation was measured as cat reporter gene expression in WT or �fur strains
carrying oorD reporter plasmids with wild-type or mutated promoter sequences.
*, statistically significant by Student’s t test (P � 0.05); Bio1, Bio2, Bio3, biologically
independent experiments; WT, wild-type strain; PoorDWT, wild-type promoter;
PoorD(�FB), �fur box promoter; �fur, fur deletion strain.
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PoorDABC(�FB) fusion was expressed at a slightly higher level in the
fur mutant strain. When the expression of the fusions was com-
pared only within the same strain background, the levels of cat
expression were dramatically higher in the wild-type strain when
the Fur box was present in the fusion (mean fold change of 27.2-
fold higher). Since there was a high degree of variability in the
degree of increase in reporter expression, this result was not sta-
tistically significant but showed a strong trend toward significance
(P 
 0.07). This increased level of expression required Fur, since a
similar increase was not seen when these fusions were carried in
the fur mutant strain; instead, the level of cat expression from the
PoorDABC(�FB) fusion was dramatically higher in this strain back-
ground (Table 3). Collectively, the results from these experiments
confirm our previous finding that oorDABC activation is Fur de-
pendent and provide new evidence that activation requires the Fur
box located in the �130 region of this promoter.

DISCUSSION

The ability to survive in the gastric mucosa requires that H. pylori
be able to efficiently respond to changes in environmental condi-
tions such as pH and fluctuation in nutrients. As with other bac-
terial pathogens, the major way that H. pylori adapts to changes
within the host is by altering gene expression in response to exter-
nal stimuli. However, unlike many other well-studied pathogens,
H. pylori lacks the repertoire of regulatory proteins that usually
facilitate these changes. Rather, H. pylori alters gene expression
using only a few dedicated transcriptional regulators (4, 37). As a
result, the regulatory proteins that are encoded by the H. pylori
genome have evolved to function outside their canonical regula-
tory roles. One of these regulatory proteins that display extended
function is Fur. Arguably the “master regulator” in H. pylori, Fur
has been shown to repress and activate transcription in both the
iron-cofactored and apo forms of the protein (1, 5, 9, 12, 14, 16, 17,
24). Of these types of regulation, Fe-dependent activation has
been understudied; only nifS has previously been shown to be
Fe-Fur activated in H. pylori (1). Therefore, to extend our knowl-
edge of this type of regulation, here we characterize the role of Fur
in the activation of oorDABC expression, which was previously
suggested to be activated under iron-replete conditions (1).

The oorDABC genes constitute a single transcriptional unit
that encodes a 2-oxoglutarate oxidoreductase (OOR) enzyme.
This enzyme catalyzes the formation of succinyl-CoA, which is a
major intermediate in carbon metabolism. In addition to gener-
ating succinyl-CoA, the oxidative decarboxylation of �-ketoglu-
tarate (2-oxoglutarate) results in the transfer of electrons through
the respiratory electron chain via NADPH (28). Thus, OOR func-
tion also plays a key role in both amino acid degradation/recycling
and in maintaining the energy reserves within the bacterial cell.
Since this catalytic step feeds into multiple physiologically impor-
tant cellular processes, ensuring that this reaction occurs only
when conditions are most favorable is critical for maintaining
metabolic homeostasis within the cell. One way of controlling this
reaction is to utilize environmental conditions as a signal to tran-
scriptionally regulate the genes that encode the OOR enzyme
complex. Given that it functions as a sensor of iron availability,
Fur could be considered a surrogate for detection of nutritional
availability in the environment: when iron levels are high, it is
likely that other nutrients are available as well. Thus, by activating
expression of the oorDABC genes when iron is abundant, H. pylori
is able to prime a key component of its central metabolism and

maximize efficiency while nutrients are readily available. In con-
trast, when nutrients are not readily available and iron is depleted,
it is less advantageous to continue transcribing the oorDABC genes
at high levels; thus, expression of these genes is reduced to a basal
level. While Fur activation at this particular step in carbon metab-
olism has to yet be described in other organisms, Fur has been
shown to activate expression of other metabolic genes in Neisseria
meningitidis (15). Thus, the utilization of iron availability as a
sensor of environmental growth conditions has apparently
evolved in other bacterial pathogens.

The mechanism by which Fe-Fur represses transcription has
been well characterized and has been shown to typically involve
binding of Fur in the �10 and/or �35 region of the regulated
promoter. This binding physically prevents the RNA polymerase
(RNAP) from interacting with the promoter and initiating tran-
scription (2, 14, 16, 18, 27). In contrast, the process of Fe-Fur
activation occurs significantly upstream of the RNAP binding site.
In this regard, Fe-Fur activation mimics activation by another H.
pylori metalloregulator, NikR, which can also bind upstream of
the core promoter elements to activate gene expression (25). For
the oorDABC promoter, Fur binds a single distal Fur box (TAAT
AATCTTTTTA) centered �140 bp upstream of the 	1; this bind-
ing sequence is highly conserved, nearly palindromic, and quite
similar to the canonical Fe-Fur binding site defined in H. pylori
and other organisms (3, 34). In addition, the highly conserved
nature of this binding sequence among other sequenced H. pylori
strains suggests that Fur-mediated regulation of oorDABC also
occurs in these strains. To date, only one other H. pylori gene has
been shown to be directly activated by Fe-Fur. This gene, nifS,
encodes a protein involved in iron-sulfur cluster formation and is
upregulated under oxidative stress conditions (1). The nifS pro-
moter has been suggested to contain two predicted Fur binding
sites; Alamuri et al. used DNase footprinting to show that Fur
binds to these two regions that lie �175 bp and �225 bp upstream
of the 	1 (1). Interestingly, these reported Fur binding regions do
not contain any similarity to the canonical Fe-Fur binding site
recently identified for H. pylori (34). Fur activation at studied N.
meningitidis promoters also occurs by binding to distal Fur boxes
(binding sites were typically centered between the �80 and �100
regions) (15). Thus, promoters of Fe-Fur-activated genes tend to
contain Fur boxes that lie distal to the core promoter elements,
perhaps suggesting a similar activation mechanism at the molec-
ular level.

The obvious question then becomes, “how does activation oc-
cur mechanistically?” While the answer to this question is not
immediately obvious, several possibilities exist. First, Fur could
have a direct physical role in recruiting the RNAP complex to the
core promoter elements. However, this type of activation seems
unlikely, given that Fur binds to the distal promoter regions,
which would place the protein at such a distance that it would be
unlikely to physically interact with RNAP. Second, Fur binding to
the distal Fur box may induce a conformational change in the
promoter DNA architecture that subsequently enhances either as-
sembly of the RNAP complex or the process of transcription ini-
tiation. Finally, perhaps Fur binding upstream of the oorDABC
promoter region modulates the function of another regulatory
protein. Given that these genes are Fe-Fur activated in this sce-
nario, binding of Fur would most likely block binding of a repres-
sor protein. While we cannot currently rule out the first two mech-
anisms, previous studies suggest that Fur-dependent activation at
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the oorDABC promoter may in fact be the result of competition
between two regulatory proteins.

Previous pH-dependent transcriptional profiling of H. pylori
showed that expression of the OOR genes is activated at low pH
(26, 38, 39). This pH-mediated activation is dependent upon the
acid-responsive regulatory two-component system ArsRS (38). In
this system, ArsS serves as the sensor kinase that senses low pH and
initiates the phosphorelay that leads to phosphorylation of the
response regulator ArsR. ArsR has been shown to regulate expres-
sion of numerous genes and appears to have the ability to interact
with the promoters of some genes in the nonphosphorylated form
while interacting with others only when phosphorylated (32, 33,
38). Previous electrophoretic mobility shift assays (EMSAs)
showed that ArsR directly binds to the oorDABC promoter region
and that this reaction did not require ArsR phosphorylation (38).
Thus, in a normally growing cell at neutral pH, ArsR should exist
primarily in the nonphosphorylated state and be able to bind the
oorDABC promoter. Previous DNase I footprinting experiments
using ArsR and ArsR target promoters highlighted an AT-rich
region that is necessary for binding (19). Within this ArsR binding
region, the authors identified two conserved DNA sequences
(ATCATT and ATTAAA) that are important for binding (19).
Mutation of the ATCATT sequence abrogated ArsR binding,
whereas mutation of the ATTAAA sequence reduced binding af-
finity. As shown in Fig. 4B, the Fur binding sequence we identified
in the oorDABC promoter region also contains the requisite ArsR
core binding sequence (ATCATT), and this sequence directly
overlaps the Fur box. Additionally, the secondary binding se-
quence (ATTAAA), with one nucleotide difference, is found
slightly downstream from the Fur box. Thus, taken together these
data support a proposed model wherein Fur and ArsR compete for
binding at the oorDABC promoter; binding of Fur to the promoter
would block binding of the ArsR protein, which likely acts as a
repressor at this promoter. Thus, the Fur-mediated activation of
oorDABC expression likely occurs via an antirepression mecha-
nism (Fig. 4). This model could also explain the higher level of
expression we observed when the PoorDABC(�FB) fusion was carried
in the fur mutant strain; deletion of the Fur box also removes the
sequence required for ArsR-mediated repression. Thus, the levels
of oorDABC expressed are higher (Table 3). Since the Fur and
ArsRS regulons share many genes in common and the proteins
have similar binding sequences, it is possible that this type of reg-
ulatory interplay is a common phenomenon in H. pylori. Indeed,
previous studies identified promoters that are subject to regula-

tory competition. For example, the exbB promoter region con-
tains conserved binding sites for both Fur and the nickel-respon-
sive regulator, NikR, and these two proteins bind to overlapping
regions within this promoter (13). Thus, competition for binding
sites among H. pylori regulators does occur, although the extent of
competition between these proteins is for the most part underap-
preciated.

In summary, we have shown Fur-mediated activation of the
oorDABC genes, which encode the OOR enzyme in H. pylori (Fig.
1). We found that expression from this promoter occurs from a
single start site (Fig. 2) and that Fur binds specifically to a con-
served Fur box located �130 bp upstream of the core promoter
region (Fig. 2). Furthermore, binding to this Fur box is required
for activation of oorDABC gene expression (Table 3). These find-
ings add to the growing complexity of Fur regulation in H. pylori.
Although the precise mechanism of Fe-Fur activation is not yet
clear, it likely occurs through an antirepression mechanism
wherein Fur binding blocks binding of ArsR; we are currently
investigating the possibility of direct competition between Fur
and ArsR as a common regulatory phenomenon in this pathogen.
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