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In Helicobacter pylori, the transcriptional regulator HpNikR represses transcription of the fecA3 gene by
binding to two adjacent operators spanning a region of almost 80 nucleotides along the fec43 promoter in a
nickel-dependent manner. By employing hydroxyl radical footprinting, we mapped the protected nucleotides
within each operator. Three short sequences rich in A and T nucleotides were identified within each operator,
comprising just 24 bases for both operators, with 4 or 5 protected bases interspaced by 4 to 7 free nucleotides,
with no center of symmetry. Base substitutions at any site strongly reduced the affinity of HpNikR for the
operators and also affected the stability of the DNA-protein complex, when the promoter-regulator interaction
was analyzed in vitro. The effect of these substitutions was remarkably different when transcription of the
mutant promoters was analyzed in vivo. Base changes introduced at the farthest subsites impaired the
HpNikR-dependent repression, with the mutations closer to +1 completely abolishing the repression, the more
distal one still allowing almost 50% of transcription, and the mutations in the middle being ineffective. The data
presented here show that HpNikR may first select its targets by identifying sequences within the previously
defined consensus and subsequently establish base-specific contacts to firmly bind DNA. In particular, HpNikR

seems to interact in an asymmetric mode with the fec43 target to repress its transcription.

HpNikR is a master regulator in Helicobacter pylori, directly
up- and downregulating the expression of genes involved in
nickel uptake, storage, and usage (12, 14, 15, 22, 40, 43), as well
as iron homeostasis and acid response, and indirectly partaking
in a global regulatory cascade governing virulence and patho-
genicity (7, 10, 13, 21, 39). So far, direct binding to 8 target
genes has been experimentally proven (12, 15, 22, 40, 43),
leading to a general model of regulation where HpNikR bind-
ing upstream of the promoter region recruits the RNA poly-
merase to the promoter and therefore activates transcription,
whereas downstream binding to operators overlapping the —10
or —35 hexamer boxes represses transcription by a simple
steric hindrance mechanism. Comparison of characterized
HpNikR DNA operators shows little identity of sequence (15,
20). An imperfect A- and T-rich palindrome was proposed as
an HpNikR consensus box by Delany et al. (15), and recently
Stoof et al. (37) presented a revised similar consensus motif,
based on the bioinformatics analysis of selected high-affinity
target promoters. So far, the only study examining what spe-
cific base contacts HpNikR made on a nickel-activated pro-
moter (P,,.,) and a nickel-repressed promoter (P,;.,) revealed
the prevalence of T and A nucleotides directly bound by
HpNikR within short sequences surrounding the putative con-
sensus motif (5).

HpNikR belongs to the RHH (ribbon-helix-helix) family of
transcriptional regulators (8). This heterogeneous family is
characterized by an N-terminal ribbon-helix-helix (Baa) DNA
binding domain with a recognition antiparallel B sheet fitting
the major groove of a DNA operator and the second a helix
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making contacts with the DNA phosphate backbone (33). As
for Escherichia coli NikR (EcNikR), polar interactions of the
residues within the C-terminal metal binding domain, in addi-
tion to unspecific electrostatic contacts, contribute to stabiliz-
ing the binding to the operator (35). In contrast with other
components of this large family of regulators, NikR is a dimer
of dimers, folding as a stable tetramer both in the apo- and in
the holo-form (34), with the binding of the physiological effec-
tor Ni**, increasing the affinity for the target promoter and
stabilizing the interactions with the operator. The structural
analysis of the EcNikR protein revealed that the large C-
terminal metal binding domain calls for an operator segment
longer than the ones recognized by other regulators of the
RHH family (11, 26, 27, 35). In E. coli, NikR is a repressor of
the nikABCDE operon (9, 17), encoding the nickel-specific
ABC transporter. The structure of the EcNikR-nik complex
(35) highlighted the presence of tandem binding sites arranged
as inverted repeats separated by 16 nucleotides. These authors
also observed that a static conformation of the protein would
put the DNA binding domains too far apart to bind the half-
sites on a linear DNA operator; therefore, the allosteric
change induced by nickel binding to the regulator should pro-
mote mutual conformation adjustments, via the interdomain
flexible linker, between the protein and the target DNA to
allow a productive interaction.

In recent years, a great many studies have addressed the
metal requirement of HpNikR and the consequent activation
inducing DNA binding (1, 2, 18, 19, 45). Because of the stoi-
chiometric binding of nickel to HpNikR, the different affinities
to diverse promoters of HpNikR respond to distinct physiolog-
ical needs, establishing a rank of interactions with high- and
low-affinity HpNikR-regulated promoters (20). In addition, the
broad variation of pH encountered by H. pylori during the
invasion of the host tissues (31) puts HpNikR and the nickel
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enzymes (urease and hydrogenase) in competition for Ni**
ions (4), underlining the importance of balancing intracellular
activities, and also raises the possibility of activation of
HpNikR DNA binding activity upon acidic shifts (24). Finally,
the N-terminal arm nine residues, unique to HpNikR, exert an
inhibitory role preventing nonspecific DNA binding but also
directly interact with specific target promoters, in the presence
of additional cations (5).

In spite of all these functional details, how HpNikR binds to
DNA in vivo is not well understood. In this study, we charac-
terized the interactions that HpNikR makes along the fecA3
promoter in vitro and assayed transcription in vivo. By employ-
ing hydroxyl radical footprinting, we mapped the bases pro-
tected by HpNikR within Py, 5, as well as within the P, ;. and
P..,s HpNikR-regulated promoters. Notably, the sequences of
protected bases among the promoters were not conserved and
map in proximity to the previously defined consensus motif
(15, 37), suggesting that HpNikR may first identify its targets,
possibly recognizing the consensus sequence, and subsequently
directly interact with bases flanking or partially overlapping the
consensus.

MATERIALS AND METHODS

Bacterial strains and growth conditions. H. pylori G27 was the parental strain
used in this study (Table 1). Wild-type (44) and AnikR::Km (29) strains contain-
ing an extralocus transcriptional fusion of the wild-type and mutant promoters
were constructed as described below. The strains were streaked from —80°C
glycerol stocks on brucella agar plates with 5% fetal calf serum (Oxoid) and
Dent’s or Skirrow’s antibiotic supplement and grown at 37°C under microaero-
philic conditions (9% CO,, 91% air atmosphere, 95% humidity) in a water-
jacketed thermal incubator. Liquid cultures were grown in a modified brucella
broth supplemented with 5% fetal calf serum (Oxoid) and Dent’s or Skirrow’s
antibiotic supplement at 37°C under constant agitation (125 rpm). To measure
the nickel-dependent transcriptional repression, master cultures (25 ml) of the
strain under examination were grown to mid-log phase (optical density at 600 nm
[ODggol, 0.5 to 0.6), divided into two equal-volume (10-ml) subcultures, and
treated for 15 min with freshly made 1 mM NiSO, before RNA extraction.
Escherichia coli strains DH5a and BL21(DE3) were grown in Luria-Bertani
broth. Ampicillin (100 pg/ml), kanamycin (25 pg/ml), and chloramphenicol (30
ng/ml) were added when required.

DNA manipulation and mutag of the pr ter region of fecA3. Stan-
dard molecular biology techniques were utilized for DNA manipulations (32).
All restriction and modification enzymes (New England BioLabs) and PCR
cleanup and gel extraction DNA purification kits (Qiagen) were used accord-
ing to the manufacturers’ instructions. A Smal site was introduced within the
fecA3 operators to change the nucleotides contacted by HpNikR and, there-
fore, create mutant fecA3 promoters. Six different full-length constructs were
generated by PCR, using the primers listed in Table 2 and by following a
recently described strategy (12). In detail, the primer pair A3Fnew-A3.12 and
A3Rnew-A3.11 was used to generate pA3.1; the primer pair A3Fnew-A3.14
and A3Rnew-A3.13 was used to generate pA3.15; the primer pair A3Fnew-
A3.16 and A3Rnew-A3.15 was used to generate pA3.16; the primer pair
A3Fnew-A3.18 and A3Rnew-A3.17 was used to generate pA3.17; the primer
pair A3Fnew-A3.20 and A3Rnew-A3.19 was used to generate pA3.19; the
primer pair A3Fnew-A3.22 and A3Rnew-A3.21 was used to generate pA3.21;
pGemT-Py,.45 (12) was used as the template. The regions of interest were
PCR amplified, subcloned in pBluescript SK (Stratagene), and subsequently
ligated via the Smal site to generate the desired plasmid. All mutations were
confirmed by sequence analysis.

Construction of lacZ transcriptional fusions and integration in the vac4 locus
of H. pylori. The wild-type and mutant fecA3 promoters were cloned via the
restriction sites BamHI and EcoRI into pBluescript SK so as to have transcrip-
tional fusions in frame with the lacZ 3’ region occurring on the vector. These
constructs were recovered by Pvull-BamHI double digest, blunted, and cloned
into the pVac::Km vector by exploiting a HinclI site, as previously described (12).
When needed, a chloramphenicol resistance cassette was recovered by an Xhol-
Xbal double digest from plasmid pBS-CAT (41). The resulting fragment was
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blunted and ligated into a filled-in Xbal site present on the pVac::Km vector.
The resulting extralocus copy of the promoter was inserted in the vacA locus on
the chromosome of H. pylori by homologous recombination; the transcriptional
fusions were transformed in H. pylori wild-type and AnikR::Km strains. Positive
colonies were selected on agar plates by antibiotic resistance. The integrations
were confirmed by PCR amplification with primers A3Z1 and A3F.new.

RNA isolation and primer extension analyses. Total RNA was extracted by a
hot-phenol procedure as described previously (12). Primer extension analyses
were performed on 15 pg of total RNA with 5 pmol of 5'-end-labeled A3Z1
primer and avian myeloblastosis virus (AMV) reverse transcriptase (Promega).
The transcription start site of the corresponding cloned promoter region was
mapped in a sequencing reaction using 7ag polymerase. Following image acqui-
sition by a Storm PhosphorImager (Molecular Dynamics), the extension prod-
ucts were quantified by ImageQuant software.

Overexpression and purification of recombinant Hiss-HpNikR. Recombinant
His,-HpNikR (15) was overexpressed and purified under native conditions. The
N-terminal histidine tag was removed by thrombin (Amersham GE Healthcare)
cutting; untagged HpNikR protein was stored in aliquots in phosphate-buffered
saline (PBS) at —80°C (12). Prior to the DNA binding experiments, HpNikR was
dialyzed overnight against the assay reaction buffer.

Probe preparation and hydroxyl radical footprinting. The vectors containing
the wild-type and mutant forms of the fecA3 promoter and the promoters of the
divergently transcribed nikR and exbB genes were linearized with EcoRI (or
BamHI), dephosphorylated with calf intestinal phosphatase, and labeled at the 5
end with [y->?P]ATP (5,000 Ci/mmol; Perkin-Elmer) using T4 polynucleotide
kinase. The labeled DNA probe was further digested with BamHI (or EcoRI),
and the end-labeled probes were recovered as previously described (12). The
binding reactions between approximately 20 fmol of labeled probe and increasing
concentrations of HpNikR (expressed per NikR tetramer) were carried out in
OH footprinting buffer (50 mM Tris-Cl, pH 7.85, 50 mM KCI, 10 mM MgCl,,
0.01% Igepal) in the presence of an excess of NiSO, (100 wM) at room temper-
ature for 15 min using 1 pg of salmon sperm DNA (Invitrogen) as nonspecific
competitor. Two microliters of 0.1 M dithiothreitol (DTT), 2 pl of freshly made
125 mM [(NH,),Fe(SO,), - 6H,0]/250 mM EDTA mix, and 2 ul of 1% H,0,
were simultaneously added to a final volume of 30 pl, incubated for 2 min,
immediately quenched with 25 ul of stop buffer (4% glycerol, 0.6 M sodium
acetate [NaOAc], pH 5.2, 0.1 pg of salmon sperm DNA), and treated as de-
scribed in reference 46. Heat-denatured samples were separated on 8 M urea-
8.4% polyacrylamide sequencing gels and autoradiographed. A modified G+A
sequencing ladder protocol (25) was utilized to map the protected nucleotides.

DNA electrophoretic mobility shift assay. A DNA gel retardation assay was
performed on the wild-type and mutant full-length fec4A3 promoters, previously
purified from the gel as described for the footprinting experiments. The binding
reaction was carried out for 15 min in 20 mM HEPES-OH (pH 7.85), 50 mM
KCl, 10% glycerol, 0.02% Igepal CA-630, 0.1 mM DTT (12, 45), with 200 ng of
salmon sperm DNA as nonspecific competitor. Twenty femtomoles of radiola-
beled target DNA and increasing concentrations of HpNikR were used in a final
volume of 15 pl in the presence of 100 uM NiSO,. Reaction mixtures were
resolved onto a native gel (4% polyacrylamide [19:1], 20 mM MOPS [morpho-
linepropanesulfonic acid], 5 mM NaOAc, pH 7.0), prerun at 50 V for 30 min
prior to loading, and then run at 170 V for 2 h at room temperature. A Storm
PhosphorImager (Molecular Dynamics) was utilized to acquire the gels; the band
shifts were quantified by ImageQuant software.

RESULTS

Identification of nucleotides directly contacted by HpNikR.
In a previous study (12), we showed that HpNikR protected an
extended region within the fec43 promoter comprising two
operators, OP-I at high affinity and OP-II at low affinity, both
of approximately 40 bp and spanning nucleotides —46 to +31
with respect to the transcription start site (Fig. 1A). To identify
the nucleotide sequence contacted by HpNikR, we carried out
hydroxyl radical footprinting on both DNA strands of the
fecA3 promoter in the presence of increasing concentrations of
HpNikR (Fig. 1B and C). Three discrete and distinct regions of
protection were observed within both operators, with the sub-
sites of OP-I detected at 49 nM (Fig. 1B, lane 3) and the ones
of the OP-II detected at 112.7 nM (Fig. 1C, lane 4), as ex-
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid Genotype Reference
or source
Bacterial strains
E. coli
DH5« supE44 AlacU169 (680 lacZAMI15) hsdR17 recAl endAl gyrA96 thi-1 relA1B 23
BL21(DE3) hsdS gal (\c1ts857 ind1 Sam7 nin5 lacUVS-T7 gene 1) 38
H. pylori
G27 Clinical isolate; wild type 44
AnikR::Km strain G27 derivative with nikR partially deleted; Km" 29
G27vac::PA3 lacZ strain G27 derivative containing the wild-type Py, ,; promoter-lacZ fusion in the vacA locus; Km"  This study
G27vac::PA3.1 lacZ strain G27 derivative containing the OP-I mutant P, 5 ;-lacZ fusion in the vac4 locus; Km" This study
G27vac::PA3.15 lacZ strain G27 derivative containing the OP-I mutant P,,5 ;5-lacZ fusion in the vacA locus; Km" This study
G27vac::PA3.16 lacZ strain G27 derivative containing the OP-I mutant P, ; ;4-lacZ fusion in the vacA locus; Km" This study
G27vac::PA3.17 lacZ strain G27 derivative containing the OP-II mutant Py, 5 ;-lacZ fusion in the vacA locus; Km" This study
G27vac::PA3.19 lacZ strain G27 derivative containing the OP-II mutant Py, 5 ;o-lacZ fusion in the vacA locus; Km" This study
G27vac::PA3.21 lacZ strain G27 derivative containing the OP-II mutant Py, 5 »,-lacZ fusion in the vacA locus; Km" This study
AnikR::Km vac::PA3.1 lacZ strain ~ AnikR strain derivative containing the OP-I mutant P, 5 ;-lacZ fusion in the vacA4 locus; This study
Km" Cp*
AnikR::Km vac::PA3.15 lacZ strain  AnikR strain derivative containing the OP-1 mutant P, 5 ;5-lacZ fusion in the vacA locus;  This study
Km" Cp*
AnikR::Km vac::PA3.16 lacZ strain  AnikR strain derivative containing the OP-1 mutant Py, ,; ;5-lacZ fusion in the vac4 locus;  This study
Km" Cp* '
Plasmids
pBluescript SK (pBS) General cloning vector; Amp" Stratagene
pA3 pBluescript derivative containing the wild-type fragment of the fecA3 promoter region, 12
amplified by PCR with primers A3Fnew and A3Rnew
pA3.1 pA3 derivative containing 265 bp of fecA3 promoter region with a Smal site in OP-I This study
generated by PCR amplification of the wild-type construct with primers A3Fnew-A3.12
and A3Rnew-A3.11 and subsequent ligation at the Smal site
pA3.15 pA3 derivative containing 265 bp of fecA3 promoter region with a Smal site in OP-I This study
generated by PCR amplification of the wild-type construct with primers A3Fnew-A3.14
and A3Rnew-A3.13 and subsequent ligation at the Smal site
pA3.16 pA3 derivative containing 265 bp of fecA3 promoter region with a Smal site in OP-I This study
generated by PCR amplification of the wild-type construct with primers A3Fnew-A3.16
and A3Rnew-A3.15 and subsequent ligation at the Smal site
pA3.17 pA3 derivative containing 265 bp of fecA3 promoter region with a Smal site in OP-1I This study
generated by PCR amplification of the wild-type construct with primers A3Fnew-A3.18
and A3Rnew-A3.17 and subsequent ligation at the Smal site
pA3.19 pA3 derivative containing 265 bp of fecA3 promoter region with a Smal site in OP-1I This study
generated by PCR amplification of the wild-type construct with primers A3Fnew-A3.20
and A3Rnew-A3.19 and subsequent ligation at the Smal site
pA3.21 pA3 derivative containing 265 bp of fecA3 promoter region with a Smal site in the OP-II This study
generated by PCR amplification of the wild-type construct with primers A3Fnew-A3.22
and A3Rnew-A3.21 and subsequent ligation at the Smal site
pBS-CAT pBluescript derivative containing the chloramphenicol resistance cassette from 41
Campylobacter coli; Amp" Cp*
pVac:Km pGemZ derivative containing a kanamycin cassette 16
pVac::PA3lacZ pVac:Km derivative containing the transcriptional fusion Py, s::lacZ; Km" This study
pVac::PA3.1lacZ pVac:Km derivative containing the transcriptional fusion Py, 45 ;::lacZ; Km" Cp" This study
pVac::PA3.15lacZ pVac:Km derivative containing the transcriptional fusion Py, 5 ;5::lacZ; Km" Cp’ This study
pVac::PA3.16lacZ pVac:Km derivative containing the transcriptional fusion Py, 5 ;5::lacZ; Km" Cp” This study
pVac::PA3.17lacZ pVac:Km derivative containing the transcriptional fusion P, 43 ;5::lacZ; Km" This study
pVac::PA3.19lacZ pVac::Km derivative containing the transcriptional fusion P, 43 ;o::lacZ; Km" This study
pVac::PA3.21lacZ pVac:Km derivative containing the transcriptional fusion Py, 5 »;::lacZ; Km" This study
pNKTB pGemT derivative containing the nikR-exbB intergenic region; Amp" 15
pET15b IPTG"-inducible, N-terminal Hisq-tagged recombinant protein overexpression vector; Amp’ Novagen
pET15b-nikR pET15b derivative, containing the nikR coding sequence cloned in frame within the Ndel/ 15

BamHI restriction sites

¢ IPTG, isopropyl-B-D-thiogalactopyranoside.

pected. The pattern of protection was evident on both DNA
strands (Fig. 1B and C), although it appears better resolved on
the noncoding strand. Analysis of nucleotide sequence of the
protected regions revealed that short stretches of nucleotides
(4 or 5 nucleotides) were directly contacted by HpNikR, with 4
to 7 nucleotides separating each stretch (Fig. 1D). An offset of
base protection of 2 or 3 nucleotides along the coding strand

was observed, indicating that the binding of HpNikR occurred
on the same face of the DNA, in agreement with the charac-
teristic protein-operator interaction of this family of regulators
(33). As is evident from the nucleotide sequence shown in Fig.
1D, the regions containing the protected bases do not present
any obvious extended palindromes; rather, a prevalence of A
and T was observed. Intriguingly, the nucleotides protected
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TABLE 2. Primers used for PCR amplification of the promoter
regions and for primer extension reactions

Oligonucleotide

name Sequence (5'—=3")*

A3Fnew............. ATTTGGATCCAGCGTCAAAGAATGTCTTGT
A3Rnew ..........TAATGAATTCTTTCAAGTAGAATCACG
A3.11.. ... TCCCCCGGGTATTACTTAATA

A3.12.. ..TCCCCCGGGAAAAAAACTTAA

A3.13.. ..TCCCCCGGGTTTTATTTTTAT

A3.14.. ..TCCCCCGGGTAATAATTCGCA

A3.15.. ..TCCCCCGGGAGGCGTTCGTTA

A3.16.. ..TCCCCCGGGTAATAAAAATAA

A3.17.. .. TCCCCCGGGTCTGCGAATTAT

A3.18.. ..TCCCCCGGGTCATAAAAATTC

A3.19.. .. TCCCCCGGGATGATAAAATTC

A3.20.. ..TCCCCCGGGTCTTAAAATTTT

A3.21.. .. TCCCCCGGGAAGAATTTTTAT

A322 . TCCCCCGGGTTATTAATCCCA

A3Z1 . GTATCGATAAGCTTGATATC

“ Bases in italics correspond to exogenous restriction sites.

within the two operators partially overlap the HpNikR con-
sensus sequence previously proposed by Delany et al. (15)
(TATWATT-N,;-AATWATA) and recently revised by Stoof
et al. (37) (TRWYA-N,5-TRWYA). A similar A-T base bias
was reported for the hydroxyl radical pattern of protection of
the ureA and nixA promoters (5), although the sequences and
intersite spacing are different from the ones reported in this
study.

Titration of HpNikR binding to wild-type and mutant P, ;
sequences. We assayed the binding to the fecA3 promoter
probe by electrophoretic mobility shift assay to determine the
binding constant and to investigate how base substitutions
within each operator would affect HpNikR binding. The gel
shift and binding curve relative to the wild-type promoter
probe are shown in Fig. 2. The binding constant (Ks,) was
expressed as the relative amount of protein causing a 50%
reduction of free probe, because the substitutions introduced
within both operators compromised both the affinity of the
protein for the DNA and the stability of the complex (see
below). The derived K, for the wild-type promoter is 3.5 nM,
a value 10 times lower than the one previously reported for
OP-IfecA3 (20). This apparent discrepancy could be due to the
different probes used. The DNA region utilized here contains
both operators for HpNikR, and this could account for the
increased affinity. From the bases identified by hydroxyl radical
footprinting, we designed six mutant promoter probes, where
the short sequences contacted by HpNikR were replaced one
at a time with an Smal site (Fig. 3A and B; see Materials and
Methods and Table 2). Figure 3C to H shows the binding to the
mutant promoters and the derived K5, values. We observed a
strong reduction in binding caused by mutation of OP-I; in
particular, the probe P ,; ;5 (Fig. 3D) presented the highest
reduction in affinity (almost 60 times lower), whereas P, 5,
(Fig. 3C, 30 times lower) and Py, 5 ;5 (Fig. 3E, 16 times lower)
exhibited unstable binding as indicated by the diffused smear-
ing across the lanes, in addition to a lower affinity. Similarly,
the base substitutions within OP-II caused a reduction in af-
finity (between 13 and 22 times) and stability (Fig. 3F to H),
although less intense. These observations suggest that both
operators contribute to stable binding and affect the mobility

J. BACTERIOL.

shift, although the high-affinity sites (OP-I) are predominant.
The different effects of the Smal substitutions on the Ky, cor-
relate well with the positions of the base changes within the
operators, suggesting an asymmetric structure of the protected
bases within the operator, with a half-site (the one closer to
+1, i.e., A3.15) being prevalent.

In vivo analysis of transcriptional lacZ fusions. To evaluate
how base substitutions at each subsite protected from hydroxyl
radicals by HpNikR in vitro would affect Py, ,; transcription in
vivo, we measured the amount of transcripts produced by chro-
mosomal wild-type and mutant Py, ;::lacZ fusions. Therefore,
fusions of mutant promoters to be introduced as an extra copy
in the vacA locus of the H. pylori chromosome were generated
(Table 1). The derived strains were grown to mid-log phase;
then all cultures were split into two subcultures, one of which
was treated with 1 mM NiSO, for 15 min. Afterwards, the
growth was stopped, and the samples were collected and stored
for RNA extraction to be used for primer extension analysis.
The products of the retrotranscription reactions were sepa-
rated on a denaturing gel. A representative set of reactions is
shown in Fig. 4. The intensities of the bands corresponding to
the +1 start site (see below) of three independent samples
were quantified by ImageQuant, and for each construct the
effect of nickel addition was expressed as the percentage of
product relative to its untreated control, which was arbitrarily
set to 100%. Different levels of RNA were observed depending
upon the position of the Smal site within the promoter. As
expected, the wild-type promoter construct (Fig. 4, lanes 1 and
2) introduced in the vacA locus is regulated in response to
nickel identically as in the native locus (12), and the nickel-
dependent repression of Pg,.,; occurred only for mutations
mapping within OP-I (12). In particular, we were surprised by
the transcript levels detected for the construct Py, 45 ;::lacZ,
where the CCCGGG substitution maps in the middle of OP-I,
as it showed a neat band, with intensity comparable to that of
the wild-type construct (Fig. 4A, lane 3 versus lane 1). More-
over, addition of nickel caused a decrease in the amount of
transcript with a residual level of 17% of the untreated sample
(Fig. 4A, lanes 3 and 4). On the other hand, the construct
Prcas silacZ (the CCCGGG sequence is placed immediately
downstream of +1) showed the most dramatic phenotype. A
shift in the major 5’ end of RNA was observed (Fig. 4A, lanes
5 and 6), suggesting a possible faulty initiation of transcription
and consequent repositioning of the start site, as bands ap-
peared at positions —4 and +4 with respect to the original +1
(Fig. 4A, lanes 5 and 6). Upon nickel addition, the amount of
RNA was nearly unchanged in comparison to that of the un-
treated sample (Fig. 4A, lanes 5 and 6), suggesting that the
HpNikR protein would no longer effectively bind to its oper-
ator in vivo. The construct Py, s ;4::lacZ, with the CCCGGG
sequence the farthest downstream from +1, also showed a shift
of the start site with the likely +1 now mapping at —6 from the
original site. The addition of nickel caused a 50% reduction of
the level of RNA, indicative of a partially ineffective binding of
HpNikR (Fig. 4A, lanes 7 and 8). This construct also produced
intense fast-migrating bands mapping at positions +22/23 with
respect to the original +1 (see below). The construct
Prcas.17:1acZ, with the CCCGGG substitution in part overlap-
ping the —10 region, was not active, as expected (Fig. 4A, lanes
9 and 10). The constructs Py 45 jo:lacZ and Py, .45 ;::lacZ,
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FIG. 1. Hydroxyl radical footprinting of Ni-HpNikR on the P, 5
region. (A) The fecA3 gene of H. pylori G27 (HPG27_1459, nucleo-
tides 1586410 to 1583885, minus strand) is separated by 352 nucleo-
tides from the upstream gene rocF (HPG27_1460, nucleotides 1587730
to 1586762, minus strand). Two operator sites for HpNikR were
mapped by DNase I footprinting within this promoter: operator I
(OP-1, dark gray), spanning nucleotides —7 to +31, and operator II
(OP-11, light gray), spanning nucleotides —46 to —8. (B and C) DNA
probes comprising the fecA3 promoter were challenged with increasing
concentrations of HpNikR in a hydroxyl radical footprinting assay and
separated on a denaturing sequencing gel. Approximately 20 fmol of
5'-end-labeled probes was incubated with increasing concentrations of
protein (HpNikR tetramer): 0 nM (lanes 1), 24.7 nM (lanes 2), 49 nM
(lanes 3), 112.7 nM (lanes 4), 245 nM (lanes 5), 490 nM (lanes 6), 980
nM (lane 7), and 1,960 nM (lane 8). A G+A sequence reaction ladder
of the each probe was run in parallel to map the bound bases with
respect to the transcriptional start (+1) indicated by a bent arrow on
the left side of each panel. The relative positions of OP-I and -II are
represented by dark and light gray bars, respectively, and the short
nucleotide segments protected by HpNikR from hydroxyl radical cuts
are shown by arrowheads on the right side. The separation gels were
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FIG. 2. Determination of Ni-HpNikR K5, on P45 wild type.
(A) Electrophoretic mobility shifts of the wild-type promoter in the
presence of increasing amounts of holo-HpNikR and 200 ng of non-
specific competitor DNA. Lane 1, no protein added; lane 2, 0.34 nM;
lane 3, 3.4 nM; lane 4, 9.8 nM, lane 5, 34 nM; lane 6, 68.6 nM; lane 7,
137.2 nM. Mobility shifts were quantified by ImageQuant analysis
(Molecular Dynamics). (B) The Ky, was extrapolated graphically by
the binding curves. A K5, equal to 3.5 nM was derived from the binding
curves obtained by plotting the percentage of free probe against in-
creasing HpNikR (inset). The error bars represent the standard devi-
ations between the calculated Kss of at least two independent exper-
iments.

with the Smal site farther upstream, maintained the nickel-
dependent regulation, as the level of transcript dropped to
approximately 10% and 20% of that of the untreated control in
the presence of nickel, respectively (Fig. 4A, lanes 11 and 12
and lanes 13 and 14). The lack of effect of the base changes
within OP-II is consistent with our previous study, where it was
shown that OP-I is necessary and sufficient for the nickel-
dependent repression (12). To confirm the physiological role
of the base contacts established by HpNikR within OP-1, we
analyzed the levels of RNA ftranscripts of P45 ;:lacZ,
Prcas silacZ, and Pp, 45 5::lacZ in the nikR deletion strain
(Fig. 4B, lanes 1 to 6). As expected, the nickel-dependent

run at 54 W for a variable time (75 min to 3 h 15 min) to resolve the
protected bases on each strand, and representative gels are shown for
the noncoding (B) and coding (C) strands. Since the original cloning
strategy placed the HpNikR operators at about 50 bp in one case and
at over 150 bp in the other with respect to the 5'-labeled ends, the base
separation is better resolved along the noncoding strand than on the
coding one. (D) Nucleotide sequences of the fecA3 operators. The
bases directly contacted by HpNikR are shown in bold and shaded in
gray. Three short stretches are protected along both OP-I and OP-II;
the bent arrow shows the transcriptional start site. The sequences
comprising OP-II and OP-I are underlined in gray and black, respec-
tively. The sequence containing the consensus motif originally pro-
posed by Delany et al. and the revised consensus proposed by Stoof et
al. (15, 37) are boxed.
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FIG. 3. DNA binding assays of mutant promoters. The introduction of a Smal site in place of the bases protected by hydroxyl radical cuts on
both operators strongly affected the affinity of HpNikR for the whole promoter. A schematic representation of base substitutions within OP-1
(A) and OP-II (B) is shown, with the white diamonds indicating the position of Smal with respect to the wild-type sites (black boxes). Six mutant
operator probes were generated (Prcass [Cl, Prcasss [Pl Preazis [EL Preasiz [Fl Preasso [Gl, and Preyz5, [H]) and analyzed by DNA
retardation assay. HpNikR was added at the following concentrations: 0 nM (no protein) (lanes 1), 0.34 nM (lanes 2), 3.4 nM (lanes 3), 9.8 nM
(lanes 4), 34 nM (lanes 5), 68.6 nM (lanes 6), 137.2 nM (lanes 7), 274.4 nM (lanes 8), 343 nM (lanes 9), and 686 nM (lanes 10). The Ky, was
calculated as described for the wild-type construct (see legend to Fig. 2); in all cases, the standard deviation was less than 10% of the K5, value
reported on the right site of each panel (C to H).

repression was lost for all constructs. Intriguingly, the shift of data suggest that both features are HpNikR independent and
the major 5" ends (constructs P,z ;s::lacZ and Py, 45 5::lacZ, that the nucleotides substituted in these constructs might also
Fig. 4B, lanes 3 and 4 and lanes 5 and 6) and the intense bands be important for the accurate initiation of RNA transcription.
at positions +22/23 (construct Py, 5 ;::lacZ, Fig. 4B, lanes 5 Apparently, mutations at these nucleotide positions would pro-
and 6) were also maintained in the nikR deletion strain. These duce a likely repositioning of the RNA polymerase synthesiz-

A wild-type B AnikR..km

Pfec::lacz A3 A3.1 A3.15 A3.16 A3.17 A3.19 A3.21 Pfec::lacZ A3.1 A3.15 A3.16
Ni - + - + - + - + - + + + Ni - + - + - 4+

-6 - B

-4 42"

14 +1-

*

12 34 5 6 7 8 9 10 11 12 13 14 1 2 3 4 5 6

FIG. 4. In vivo transcription of the reporter constructs containing mutant promoters upon addition of nickel. Total RNA was extracted from
cultures containing transcriptional fusions integrated in the vacA locus of H. pylori G27 wild-type (A) and nikR mutant (B) strains grown to
exponential phase and treated for 15 min with 1 mM NiSO, (Ni). Positional marks are indicated. The P45 ;s::lacZ and P, .5 s5::lacZ constructs
have a shifted start site, whose position is numbered with respect to the original +1 site. The intensities of the bands were quantified by
ImageQuant and expressed as the means of three independent experiments. The residual level of transcription upon addition of nickel is expressed
as a percentage of the amount of transcript produced by each construct in the absence of nickel, with the values indicated: Py, 5::lacZ, 10 = 2;
Procas iilacZ, 17 = 2.5, P s 5tlacZ, 90 = 105 Pry5 167:lacZ, 52 + 135 Pro 5 47::0acZ, not detected; Pry5 07:lacZ, 10.5 = 55 Pp, 45 5,1:0acZ, 19.5 =
9.5. The asterisks on the right side of the gels represent the reference band.
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ing RNA from new start sites. To test this hypothesis, we
performed an in vitro transcription assay (not shown) using the
plasmid constructs harboring wild-type and mutant promoters
as templates with purified E. coli RNA polymerase, which was
shown in the past to transcribe H. pylori genes accurately (3,
36). A similar pattern was observed, with shifted 5" ends of
RNA also produced by in vitro transcription experiments. Since
the bands mapping in vivo at positions +4 (P43 ;5) and
+22/23 (Pf,.45.16) Were not produced in in vitro reactions and
the complete analysis of the sequence did not suggest the
presence of an alternative promoter, we interpreted these
bands as possible in vivo degradation products.

In summary, our in vivo data showed that just one set of
substitutions, P45 ;5::lacZ, completely abolished nickel-de-
pendent repression. In accordance with the DNA mobility shift
experiments, the nucleotide substitutions introduced in this
half-site of OP-I were also critical for physiological regulation.
With respect to the level of expression, we observed an amount
of transcript produced by Py s ::lacZ comparable to that
produced by the wild-type promoter. However, a smaller
amount was detected for the promoters Py, .43 ;5:lacZ and
Procas.16-lacZ. Consistent with a likely steric hindrance modal-
ity of repression occurring on this promoter, base substitutions
along OP-I also affected the intrinsic strength of the promoter
and consequently the amount of transcripts produced.

Hydroxyl radical footprinting of the mutant promoters. Not-
withstanding the nucleotide substitutions, some of the mutant
promoters still allowed the nickel-dependent repression of mu-
tant Pg.,; in vivo (Fig. 4A), suggesting that somehow the
HpNikR protein would still effectively bind to the promoter in
vivo. We therefore decided to determine the pattern of nucle-
otide protection from hydroxyl radicals along the mutant pro-
moters upon HpNikR binding. The binding reactions were
conducted only for the noncoding strand of all constructs. The
patterns of protection relative to the mutant constructs are
shown in Fig. SA to F; the sequence alignment of the nucleo-
tides contacted by HpNikR on all mutant operators is shown in
Fig. 5G. In all cases, HpNikR continued to bind to the pro-
moters. However, considerable differences were observed in
terms of base protection and binding affinity (compare Fig. SA
to F with Fig. 1B). First of all, the CCCGGG sequence seems
to alter the contacts of HpNikR within OP-II, which resulted in
closer and partially overlapping OP-I. In detail, the construct
Pj..45 > which allowed wild-type nickel repression (Fig. 4A),
presented the same pattern of nucleotide protection within
OP-I and a slightly modified profile within OP-II (compare Fig.
5A with Fig. 1B). In particular, HpNikR still protects the set of
bases in the middle of OP-I, where the CCCGGG site had
been introduced, indicating that at these positions HpNikR
does not recognize the sequence. Accordingly, this pattern of
binding correlates with the HpNikR-dependent repression
maintained in vivo (Fig. 4A). The construct P45 ;5, which in
vivo abolished nickel repression (Fig. 4A), shows four pro-
tected DNA segments on the whole promoter arranged in
between the two original operators, and the overall affinity of
the protein for this promoter is almost 4.5 times lower than
that for the wild type (compare Fig. 1B with Fig. 5B). In
particular, within the original OP-I, the nucleotide positions
now occupied by the CCCGGG sequence were the only subsite
protected from the hydroxyl radicals, but in vivo this interac-
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tion must not be effective, as the regulation is lost. The con-
struct P43 ;5 also showed a different pattern of binding, re-
sulting in four stretches of nucleotides protected across the two
original operators (Fig. 5C). However, the binding of HpNikR
in vivo may not be very tight, since a 50% “leaky” level of
transcript was observed in the presence of nickel (Fig. 4). The
constructs Pr..5 ;7 Preas oo and Pr.y5,, maintained mostly
the original pattern of protection within OP-I (Fig. 5D to F),
which is consistent with the in vivo transcription data (Fig. 4),
leaving P, 5 ;> aside because of the inactivated —10 box. On
the other hand, the profile of protected bases within OP-II is
modified (Fig. 5G). Interestingly, the construct P 450
showed a strong reduction in affinity and just two segments of
protection within OP-I (Fig. 5SE). However, these interactions
seem to be sufficient to allow a productive binding and nickel-
dependent repression in vivo (Fig. 4, lanes 11 and 12).

In summary, all mutations on both operators modify the
wild-type pattern of protected bases along the OP-II sequence,
indirectly confirming the cooperative binding of HpNikR on
the two operators and also suggesting a reorganization of the
interactions between the protein and its target DNA. The
modified pattern of protection from hydroxyl radical cuts sug-
gests that HpNikR may recognize bases within the consensus
sequences and subsequently make contacts with neighboring
nucleotides, likely depending upon structural DNA motifs.

Hydroxyl radical footprinting of the P, ;... region. To
verify whether the sequence features identified along the fec43
promoter are shared by other HpNikR-regulated genes, we
carried out hydroxyl radical footprinting on the nikR-exbB in-
tergenic region, containing the respective nikR and exbB pro-
moters, where low-affinity HpNikR operators (approximately
40 bp in both cases) were previously mapped by DNase I
footprinting (15). As shown in Fig. 6, four subsites protected
from hydroxyl radical cuts were identified on P, , whereas
three subsites were present on P, .. Again, the bases pro-
tected presented a prevalence of A and T, and the sites of
protection were 2 or 3 bases offset between the two strands,
confirming that the binding of HpNikR occurred on the same
face of the DNA. However, no obvious conservation of se-
quence and position of protected sites within the operators was
observed when the three promoters, P43, Pur, and Poyp,
were compared, suggesting that HpNikR must have a high
degree of tolerance in terms of bases protected. Moreover, the
affinity of HpNikR for a specific promoter appeared not to lay
down the number of sites of interactions since both P, , and
P..,5 have two low-affinity operators (15, 20) but showed four
and three protection sites, respectively.

DISCUSSION

HpNikR-regulated promoters do not share well-conserved
operators (20). Here, we present evidence on the nucleotides
protected on the fecA3, exbB, and nikR promoters and the
effect that introducing sequence-specific mutations has on the
in vivo interaction of HpNikR with P, ;5. Our results indicate
that HpNikR protects a different number of subsites within its
operators and that there is no correlation between how many
subsites are protected from hydroxyl radical cleavages and the
affinity that HpNikR has for that particular operator. As shown
in Fig. 6, the low-affinity operators of P, and P, ., which
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FIG. 6. Hydroxyl radical footprinting of Ni-HpNikR on the P,z .. divergent promoter locus. (A and B) Profile of base protection of the
coding (A) and noncoding (B) strands of the nikR-exbB promoter region with increasing amounts of holo-HpNikR. Lanes 1, G+A ladder; lanes
2, no protein; lanes 3, 0.122 wM; lanes 4, 0.245 pM; lanes 5, 0.490 wM; lanes 6, 1.47 M. Bars and arrowheads to the right of the panels represent
the HpNikR operators and protection sites, respectively. (C) Sequences of the promoters. Promoter features (+1, —10, and —35) are underlined,
and the protected bases are in bold. The operators for HpNikR on P, and P,z span nucleotides —27 to +10 and —37 to +1, respectively, with

respect to each promoter transcriptional start site.

HpNikR binds to rather weakly, have three and four subsites,
respectively. Conversely, HpNikR protects three subsites
within both the high-and low-affinity operators of P, 45. It also
is quite evident that the sequence and length of each subsite
vary depending on the promoter being studied (Fig. 1D
and 6C).

All the subsites on Py, 5 identified here severely reduced
HpNikR binding in vitro when mutated (Fig. 2 and 3). How-
ever, only two operator mutants affected fec43 expression in

vivo (Fig. 4), that is, the promoter transcriptional fusions with
mutations at the farther ends of OP-I, completely or in part,
failed to repress fecA3 in the presence of nickel. The available
data about the binding of native and recombinant HpNikR to
the promoter regions of ureA, exbB, and nikR show no differ-
ences in the patterns of interaction (1, 15, 20, 45). This suggests
that the three additional residues, remaining on the recombi-
nant NikR used in this study, may not interfere with its binding
activity and argue against the discrepancy between our in vivo

FIG. 5. Bases contacted by Ni-HpNikR within P, ,; mutant promoters. (A to F) Pattern of protection from hydroxyl radicals for the probes
Procas s (A)s Prcaszs B)s Prcasio (C)s Prcas 7 (D); Prcas 1o (E), and P, 455, (F) by increasing concentrations of protein, expressed per HpNikR
tetramer, corresponding to 0 nM (lanes 2), 24.7 nM (lanes 3), 49 nM (lanes 4), 112.7 nM (lanes 5), 245 nM (lanes 6), and 490 nM (lanes 7). A
G+A sequence reaction ladder (lanes 1) of the promoter probes was run in parallel to map the bound bases with respect to the transcriptional
start (+1) indicated by a bent arrow on the left side of each representative gel. The dark and light gray bars on the right side of each gel show
the original positions of the operators, whereas the white diamonds represent the position of the Smal site and the black arrowheads indicate the
bases protected at increasing protein concentrations. (G) Alignment of the noncoding strands of all six mutant operators: the bases protected are
in bold and shaded in gray, and the Smal sequence is in bold italics and underlined. Some of the nucleotide contacts are conserved in spite of the
base substitutions.
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and in vitro data. The comparative analysis of our in vivo and in
vitro data therefore allows us to conclude that all nucleotide
interactions occurring in vitro strongly decrease binding but
may have a negligible effect in vivo, suggesting that the native
DNA conformation may play a role in the promoter recogni-
tion and binding, as is common in many bacterial regulatory
interactions (6, 28). It is worth noting that the conformation of
the promoter may be distorted and bent upon correct HpNikR
binding to one half of the operator, so as to favor cooperative
binding to the second half-site, and that the base substitution
utilized in this study (CCCGGG) may alter the overall DNA
conformation, as it is known that GC-rich DNA tracts widen
the double-helix minor groove (30) and therefore deform the
natural/native DNA conformation. In this respect, the patterns
of protection shown by mutant promoters (Fig. 5G) indicate
that HpNikR in vitro may maintain its contacts at some of the
original positions of interaction, regardless of the nucleotide
sequence, but that the remaining subsites may be either miss-
ing or rearranged along the promoter. Cases in point are the
nucleotide interactions displayed on the constructs P, 5 ;5
and Py 5,6 (Fig. 5). HpNikR still binds the nucleotide posi-
tions mutated on P, ;5, but this is not sufficient to attach the
regulator to the operator properly (loss of nickel repression,
Fig. 4A, lanes 5 and 6), suggesting that the CCCGGG se-
quence may have altered the double-helix conformation. On
the other hand, HpNikR binds to Py,..; ;s (Fig. 5C and G) in
a partially permissive way that allows maintenance of about
50% nickel-dependent HpNikR repression (Fig. 4A, lanes 7
and 8). In this second instance, however, the nucleotide posi-
tions, now occupied by CCCGGG, no longer are sites of pro-
tection and the two original subsites within OP-I are sufficient
for the regulative function.

An HpNikR asymmetric mode of interaction with DNA was
first noted by Delany et al. (15). These authors reported how
base mutations along the operator of the HpNikR-activated
promoter ure4 impaired binding in a DNase I footprinting
assay, with mutations in one half-site being more effective.
Recently, Dosanjh et al. (20) showed that an engineered per-
fectly symmetric ure4 operator had a lower affinity than did the
wild-type one and that base substitutions in the two half-sites
differently contribute to tight binding. Our in vivo data strongly
support these previous reports, based on in vitro observations,
and suggest that one half-site may serve to anchor HpNikR
specifically to the operator and allow the rest of the tetramer to
adapt to the promoter. It is also possible that the physical form
of DNA in vivo may play a role (30) in the binding of the
regulator. In this respect, it has been shown how the residues
on the HpNikR N-terminal arm make specific contact on some
promoters (5).

The E. coli NikR homolog is a repressor, which accom-
plishes its role by recognizing with high affinity a symmetric
dyad, 5'-GTAGTA-N,,-TCATAC-3’, embedded in its unique
target operator (9). The structure of the complex EcNikR-nik
operator was resolved (35), providing details about the intrin-
sic structural changes triggered by DNA binding, which are
possibly shared by all NikR homologs. First, the holo-NikR
tetramer displays high interdomain flexibility, orienting all the
RHH domains toward the DNA major groove of the target
operator. Second, polar interactions take place between pro-
tein and operator nucleotides and the DNA phosphate back-
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bone. Third, unspecific electrostatic interactions occur be-
tween the NikR metal binding domain and the phosphate
backbone of the operator minor groove, in addition to polar
interactions at the center of the operator. It would be inter-
esting to have structural data for the holo-HpNikR/DNA com-
plex to understand the molecular mechanisms guiding the in-
teractions between HpNikR surface residues and exposed
nucleotides. Given the intrinsic complexity of HpNikR and its
abilities to discriminate between high- and low-affinity opera-
tors; to display a pH-dependent, nickel-insensitive DNA bind-
ing activity; and to establish a multiplicity of sequence contacts
along its regulatory targets, it is reasonable to anticipate that
HpNikR may have a large repertoire of possible interactions
with DNA and that, therefore, more than one solved regulator/
operator complex may be necessary to provide a detailed pic-
ture of binding. The first crystal structure of holo-HpNikR has
very recently become available (42). It revealed that HpNikR
displays two discrete geometries of nickel coordination within
the native tetramer, suggesting that the intrinsic asymmetric
arrangement of the physiological effector may be reflected by
the DNA binding activity of the transcriptional regulator.

In conclusion, the data presented here support an asymmet-
ric mode of recognition in vivo of a high-affinity target operator
(Pf..q3 OP-I) by the native HpNikR. This model is consistent
with the lack of extended and conserved symmetry elements
between half-sites in all the operators so far experimentally
characterized and suggests that HpNikR might have evolved
different mechanisms for binding. In a broader context, the
experiments presented point to an operator-specific pattern of
interactions. Although the proposed consensus motif for
HpNikR would be a valuable predictive tool, likely containing
the elements allowing the initial recognition of a target oper-
ator, the comparison among base contacts identified in this
study and in the work of Benanti and Chivers (5) shows that
there are no obvious sequence hallmarks for HpNikR contacts
and that the specificities of HpNikR-protected nucleotides are
not conserved among the operators analyzed. The high degree
of sequence degeneracy may be essential to HpNikR to fulfill
its multifunction regulatory role.
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