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Factor H binding protein (fHBP) is a surface-exposed lipoprotein in Neisseria meningitidis, which is a
component of several investigational vaccines against serogroup B meningococcus (MenB) currently in devel-
opment. fHBP enables the bacterium to evade complement-mediated killing by binding factor H, a key
downregulator of the complement alternative pathway, and, in addition, fHBP is important for meningococcal
survival in the presence of the antimicrobial peptide LL-37. In this study, we investigate the molecular
mechanisms involved in transcription and regulation of the fHBP-encoding gene, fhbp. We show that the fHBP
protein is expressed from two independent transcripts: one bicistronic transcript that includes the upstream
gene and a second shorter monocistronic transcript from its own dedicated promoter, Pfhbp. Transcription from
the promoter Pfhbp responds to oxygen limitation in an FNR-dependent manner, and, accordingly, the FNR
protein binds to a Pfhbp probe in vitro. Furthermore, expression in meningococci of a constitutively active FNR
mutant results in the overexpression of the fHBP protein. Finally, the analysis of fHBP regulation was extended
to a panel of strains expressing different fHBP allelic variants at different levels, and we demonstrate that FNR
is involved in the regulation of this antigen in all but one of the strains tested. Our data suggest that oxygen
limitation may play an important role in inducing the expression of fHBP from a dedicated FNR-regulated
promoter. This implies a role for this protein in microenvironments lacking oxygen, for instance in the
submucosa or intracellularly, in addition to its demonstrated role in serum resistance in the blood.

Neisseria meningitidis is a Gram-negative bacterial pathogen
that is carried asymptomatically in the upper respiratory tracts
of approximately 5 to 10% of the human population. Occa-
sionally, the bacterium spreads from the nasopharynx into the
bloodstream, causing bacteremia with possible progression to
sepsis, meningitis, and death (41). The outcome of infection
depends on the capacity of the bacterium to avoid the host
immune defense and survive within the circulation (44). There-
fore, prevention through vaccination can bring about a major
advance in preventing meningococcal disease, which remains a
major worldwide cause of morbidity and mortality. However,
no vaccine is currently available to provide universal protection
against all serogroups of N. meningitidis. Capsular polysaccha-
ride-based vaccines have been developed to protect against the
main disease-associated serogroups A, C, Y, and W135; tailor-
made vaccines, based on outer membrane vesicles (OMV) of
serogroup B epidemic strains, have been used in Norway (17),
Cuba (47), and New Zealand (21) to control epidemics.

Serogroup B capsular polysaccharide is poorly immunogenic
due to its similarity with glycoproteins in human neural tissues
(15). Therefore, the strategy to develop a vaccine against se-
rogroup B of N. meningitidis (MenB) has instead focused on
meningococcal noncapsular surface antigens (38). One of the
proteins, which is currently being investigated as a meningo-
coccal vaccine candidate, is factor H binding protein (fHBP),

previously referred to as GNA1870 or LP2086 (16, 31). This
antigen was identified by genome analysis of the MC58 strain
of N. meningitidis and is currently included together with
other recombinant protein antigens in an investigational
MenB vaccine, which has entered phase III clinical trials.
Recombinant fHBP (rLP2086) is the principal antigen of
another MenB vaccine containing recombinant proteins
from two different variant subfamilies (16, 56). More recent
studies also support the strategy to prepare native OMV
vaccines from mutant strains engineered to express different
fHBP alleles that would confer broad protection against
meningococcal strains expressing fHBP from each of the
antigenic variant groups (22, 25).

In recent years, many studies have supported the importance
of this antigen as a MenB vaccine candidate and also as an
important virulence factor. fHBP is able to elicit antibodies
that have high bactericidal activity (31, 53) that have also been
shown to confer passive protection in the infant rat model (31).
It has been demonstrated that the antigen enables N. menin-
gitidis to evade complement-mediated killing by binding factor
H, a key downregulator of the complement alternative pathway
(AP), allowing meningococcal survival in human blood (29,
43). As reported for Neisseria gonorrhoeae (35), the specificity
of this binding is restricted to human binding factor H (19),
and this important feature could explain the reason why N.
meningitidis is exclusively a human pathogen. Furthermore,
anti-fHBP antibodies can block binding of fH, increasing the
susceptibility to killing by the complement AP (6, 29). It has
been demonstrated that the antigen also confers protection
against killing by the antimicrobial peptide LL-37 (46), a com-
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pound produced by human cells that may be involved in the
innate host immune response against meningococcal disease.

Through many studies using monoclonal antibodies (4, 5,
53), the protective epitopes (18) and the residues involved in
the binding to factor H have been identified, and the structure
of the full-length fHBP has been recently solved (10, 30, 45).
fHBP is a surface-exposed lipoprotein expressed in a global
panel of representative meningococcal strains, albeit at differ-
ent levels in different strains which can be classified as high,
intermediate, and low expressers (31). In a more recent study,
98% of a panel of 1,263 invasive clinical isolates showed sur-
face expression of fHBP at various levels, and accessibility of
the protein to bactericidal antibodies was independent of cap-
sule expression (33). Unlike the well-known role of the protein,
the mechanisms that regulate and influence its expression have
remained largely unexplored.

In the present study, we have focused our analysis on the
mechanism of regulation of the gene encoding the fHBP pro-
tein by mimicking some environmental conditions encountered
by the bacterium during infection. Transcription of the fhbp
gene was studied under oxygen-restricted conditions and in
response to the FNR regulatory protein. Furthermore, we
broaden our analysis to a representative panel of strains ex-
pressing different variant alleles of fHBP from different clonal
complexes and found that regulation of transcription is widely
conserved.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The meningococcal strains (clinical
isolates) used in this study were as follows: MC58, H44/76, M2197, NM008,
F6124, M6190, MO445, LNP17592, M01-240185, M01-240345, 67/00, NZ98/254,
M6094, NM117, ES14902, M04-240196, 2996, 961-5945, LNP17094, B3937, M01-
240013, M3153, M0579, M2671, M986, 5/99, M5258, BZ3279, M5149, M2552,
1000, OX99.30304, M1239, M01-0240988, M01-0240354, and M13399. N. men-
ingitidis strains were routinely cultured in GC-based agar medium (Difco) sup-
plemented with Kellogg’s supplement I (24) at 37°C in a 5% CO2-95% air
atmosphere (microaerobic conditions) at 95% humidity. Strains were stocked in
GC medium plus 15% glycerol and stored at �80°C. Each bacterial manipulation
was started from an overnight culture of frozen stock. For liquid cultures, N.
meningitidis strains were grown overnight on solid medium, resuspended in GC
broth to an optical density at 600 nm (OD600) of 0.5, and inoculated with a 1:10
dilution into GC broth supplemented with Kellogg’s supplement I. When re-
quired, erythromycin or chloramphenicol was added to a final concentration of
5 �g/ml. Escherichia coli strains DH5-� (20) and BL21(DE3) (50) were cultured
in Luria-Bertani (LB) medium or on LB agar plates at 37°C, and, when required,
ampicillin was added to a final concentration of 100 �g/ml.

Construction of plasmids and recombinant strains. DNA manipulations were
carried out routinely as described previously for standard laboratory methods
(42). The isogenic MC58�fHBP knockout mutant (previously called
MC58�gna1870), in which the nmb1870 gene was truncated and replaced with an
erythromycin antibiotic cassette, has been described previously (31). To knock
out the nmb1869 gene in the MC58 background, the plasmid pGemTUD1869Ery
was generated. Upstream and downstream flanking regions of the nmb1869 gene
were amplified by PCR with the primers 1869-1 and 1869-2 and 1869-3 and
1869-4 (Table 1), respectively. Then in a second round of PCR analysis, the
respective upstream and downstream fragments, which contain regions of over-
lap due to the design of the primers, were used in a self-priming PCR amplifi-
cation for five cycles, and the corresponding united fragment was amplified using
the external primers 1869-1 and 1869-4. This product was cloned into the
pGEM-T (Promega) vector, and an erythromycin cassette was inserted into
the SmaI site between the flanking regions, generating pGemTUD1869Ery. The
plasmid was then linearized and used for allelic exchange in the MC58 strain,
generating the nmb1869 knockout mutant, �nmb1869. The fnr null mutant was
produced by replacing the entire coding sequence with an erythromycin resis-
tance cassette, as has been previously described (3). For complementation of the
fnr null mutant, wild-type fnr or fnr(D148A) mutant genes under the control of

the Ptac promoter were reinserted into the chromosome of �fnr between the
converging open reading frames (ORFs) NMB1428 and NMB1429, through the
transformation of the �fnr strain with pCompInd-fnr or pCompInd-fnr(D148A),
respectively. pCompInd-fnr is a derivative plasmid of pCompInd (23), in which
the wild-type fnr gene was amplified from the MC58 genome with primer pair
FNR-for1/FNR-rev2 and cloned as a 732-bp NdeI/NsiI fragment downstream of
the Ptac promoter. The pCompInd-fnr(D148A) plasmid is a derivative of
pCompInd-fnr containing a site-directed mutant allele of the fnr gene, in which
the GAC aspartate-148 was substituted by the GCC alanine codon. The mutation
was introduced in pCompInd-fnr using the QuikChange kit (Stratagene) and the
D148A-F/D148A-R primer pair. The �fnr strain was transformed with the
pCompInd-fnr or pCompInd-fnr(D148A) plasmid, and the resultant comple-
mented mutants were called �fnrC and �fnrC(D148A), respectively. To generate
recombinant strains expressing an FNR(D148A) protein from an integrated copy
of the mutant gene, the pCompInd-fnr(D148A) plasmid was transformed into
meningococcal isolates H44/76, 4243, F6124, M6190, LNP17592, M01-240345,
NM117, LNP17094, B3937, M01-240013, M3153, 5/99, BZ232, 1000, and
OX99.30304, generating the FNR(D148A)-expressing derivative version of each
strain, respectively.

Transformation. For transformation of naturally competent N. meningitidis,
four or five single colonies of a freshly grown overnight culture were resuspended
in 20 �l phosphate-buffered saline (PBS), spotted onto GC agar plates to which
5 to 10 �g of linearized plasmid DNA was added, allowed to dry, and incubated
for 6 to 8 h at 37°C. Transformants were selected on plates containing the
appropriate antibiotic, and single colonies were restreaked on selective medium
for further analysis. Single colonies were resuspended in 50 �l PBS, placed in a
boiling water bath for 5 min, and centrifuged in a benchtop centrifuge for 5 min
at maximum speed. One microliter of the sample was used as a template for PCR
analysis for correct double crossover transformants.

RNA preparation. Total RNA was prepared from liquid cultures of meningo-
coccal strains grown to an OD600 of 0.5, as described above. For altered oxygen
conditions, meningococcal strains were grown in liquid broth in 16-ml tubes to
mid-log phase, diluted to an OD600 of 0.1, and split into 7-ml (aerobic growth)

TABLE 1. Oligonucleotides used in this study

Primer Sequencea Site

FNR-for1 attagcatatgGCTTCGCATAATACTACAC NdeI
FNR-rev2 attagatgcatCAAATGGCGTGCGAGC NsiI
D148A-F GTGAAATCGTGCGCGCCCAAGGTG

TTATGCTG
D148A-R CAGCATAACACCTTGGGCGCGCAC

GATTTCAC
1869-1 attaggaattcGTACATCAGTTCGAACAG

GGCGTGG
EcoRI

1869-2 TGACGATTTGcccgggCTTGGGCAATA
GGTAAATAAGGCGG

SmaI

1869-3 CTATTGCCCAAGcccgggCAAATCGTC
AAATAACAGGTTGC

SmaI

1869-4 attcagaagcttCTGAAAGGCGGTTAAGG
CGGAATGG

HindIII

741FOR CAAATCGAAGTGGACGGGCA
741REV TGTTCGATTTTGCCGTTTCCCTG
1869rtF CAACTGGGCTTCTCCTCTGT
1869rtR ATTTCGCCTTCAACGGATAC
741Pf CGTCAAATAACAGGTTG
741PE1 GAATCAGGGCAGTGGTCAGAG
1869FW CCAACTGCTTGATCATGCTGC
1869rev GTGTGGAAATTCTTCGACAGCC
741F2 TTGGCTGCGAAGGTCAGGCAG
741REV2 GTATGTTCGCCCGCTATGTCG
IG1871F CATCAGCGGTTCCGTCCTTTAC
IG1871R GCGGATTTCCGGCAGAATCAG
FNR-rev1 attagggatccTCAAATGGCGTGCGAGC BamHI
1869PE1 GCAGCATGATCAAGCAGTTG
1869 PF TCATGGAGGCTGCAGACCAAG
1869 PR-2 GCGAGCCGTCCATCATTACAG

a Capital letters indicate N. meningitidis-derived sequences, lowercase letters
indicate sequences added for cloning purposes, and underlined letters indicate
restriction enzyme recognition sites.
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or 15-ml (oxygen-limiting conditions) samples in 16-ml polystyrene Falcon tubes
and reincubated for 30 min at 37°C. The cultures were chilled on ice for 15 min,
added to an equal volume of frozen medium to keep the temperature at 4°C, and
then centrifuged at 3,000 rpm in a benchtop centrifuge at 4°C. RNA was ex-
tracted from the pelleted cells as previously described (11) or was extracted for
use in Northern blot analysis using the RNeasy mini kit (Qiagen).

RT-PCR analysis and primer extension. For reverse transcription-PCR (RT-
PCR) analysis, total RNA (2 �g) was reverse transcribed with random primers
and SuperScript II reverse transcriptase (Invitrogen). The resulting cDNAs were
amplified using primer pairs (Table 1) specific for nmb1869 (1869FW and
1869rev), for fhbp (741F2 and 741PE1), and for the intergenic regions (741FOR
and 741REV2; IG1871F and IG1871R). For each primer pair, RNA-containing
PCR analysis in which the reverse transcriptase step was omitted was used as a
negative control for DNA contamination. Genomic DNA was amplified as pos-
itive control with the same primer sets. Primer extension was performed as
previously reported (23). To ensure correct mapping of the promoter, the se-
quencing reaction was carried out with a T7 sequencing kit (USB Corporation)
using the same primer as in the primer extension reactions and the plasmid
consisting of the relevant cloned promoter. The promoter region of the fhbp gene
was amplified from the MC58 genome with primers 741Pf and 741PE1 and
cloned as a 215-bp fragment into pGEMT, generating pGEMTpfHBP, and the
nmb1869 promoter region was cloned as a 221-bp PCR product amplified with
primers 1869PF and 1869PR-2, generating pGEMTp1869.

Northern blot analysis. Northern blot analysis was carried out using the
NorthernMax kit (Ambion, Inc.) according to the manufacturer’s instructions.
Five micrograms of total RNA from N. meningitidis samples and 1 �g of molec-
ular weight high-range RNA ladder (Fermentas, Inc.) were fractionated on a
0.8% agarose-formaldehyde gel and transferred onto a nylon membrane (Hy-
bond Plus, Inc). Two PCR products consisting of 187 bp of the fhbp gene and 142
bp of the nmb1869 gene were amplified from the MC58 genome using primers
741FOR and 741REV and 1869rtF and 1869rtR (Table 1), respectively. Five
picomoles of each DNA fragment was radioactively end labeled using T4 polynu-
cleotide kinase (New England Biolabs, Inc.) and [�-32P]ATP (5,000 Ci/mmol;
Amersham) and used as fhbp and nmb1869 probes. All hybridization and wash
steps were performed at 42°C.

Expression and purification of the FNR and FNR(D148A) proteins. The fnr
wild-type or fnr(D148A) mutant genes were amplified from the MC58 genome
and from the plasmid preparation pCompInd-fnr(D148A), respectively, with the
FNR-for1 and FNR-rev1 primer pair (Table 1). The resulting PCR products
were cloned as 732-bp NdeI-BamHI fragments into the pET15b� expression
plasmid (Invitrogen), generating pET15fnr and pET15fnrD148A, which were
subsequently transformed into the E. coli strain BL21(DE3) for protein expres-
sion. From an overnight culture of the strain BL21(DE3)(pET15fnr) or
BL21(DE3)(pET15fnrD148A), 200 ml of LB medium was inoculated with each
culture and grown to an OD600 of 0.5, and expression of the recombinant FNR
and FNR(D148A) proteins containing an N-terminal histidine tag were induced
by the addition of 1 mM isopropyl-D-thiogalactopyranoside (IPTG) and further
incubated for 3 h. The proteins were purified from the harvested cells by Ni-
nitrilotriacetic acid (Qiagen)-affinity chromatography under nondenaturing con-
ditions according to the manufacturer’s instructions. The purified protein prep-
arations were then dialyzed overnight against 50 mM Tris-HCl (pH 8), 50 mM
KCl, 10 mM MgCl, 0.01% NP-40, 1 mM dithiothreitol (DTT) at 4°C. The
concentrations of the proteins were determined using the Bradford colorimetric
assay (Bio-Rad), and the proteins were stored at 4°C. To generate anti-FNR
antibodies, 6-week-old female CD1 mice (Charles River Laboratories) were
immunized with 20 �g of FNR protein given intraperitoneally, together with
complete Freund’s adjuvant in three doses (days 1, 21, and 35). Bleed-out
samples were taken on day 49 and used for Western blot analysis.

Western blot analysis. Colonies from freshly grown overnight plate cultures
were resuspended in PBS to an OD600 of 0.5. One milliliter was harvested by
centrifugation at 8,000 � g, resuspended in 100 �l of sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer (50 mM Tris-
HCl [pH 6.8], 2.5% SDS, 0.1% bromophenol blue, 10% glycerol, 5% �-mercap-
toethanol, 50 mM DTT). For Western blot analysis, 10 �g of each total protein
sample was separated by SDS-PAGE and transferred onto a nitrocellulose filter
by standard methods. Filters were blocked overnight at 4°C by agitation in
blocking solution (10% skim milk and 0.05% Tween 20 in PBS) and incubated
separately for 1 h at 37°C with a 1:1,000 dilution of anti-fHBP, anti-NMB1869,
or anti-FNR protein serum in 3% skim milk solution. After washing, the filters
were incubated with a 1:2,000 dilution of peroxidase-conjugated anti-mouse
immunoglobulin (Dako) in 3% skim milk solution for 1 h, and the resulting signal
was detected with the SuperSignal West Pico chemiluminescent substrate
(Pierce).

DNase I footprinting. The aniA promoter region was cloned into pGemT,
generating pGemT-Nor as previously described (13). The pGemT-Nor plasmid
and the pGEMTpfHBP plasmid, containing the promoter region of the fhbp
gene, were digested with NcoI, dephosphorylated with calf intestine phosphatase
(NEB), and then 5	-end labeled with [�-32P]ATP (6,000 Ci/mmol; NEN). The
aniA and fhbp promoter DNA was separated from the vectors by 6% polyacryl-
amide gel electrophoresis (Invitrogen) after digestion with BamHI and SpeI,
respectively, producing probes labeled at one end only. The probes, extracted
from the polyacrylamide gel, were eluted overnight in 3 ml elution buffer (10 mM
Tris-HCl [pH 8], 1 mM EDTA, 300 mM Na acetate [pH 5.2], 0.2% SDS) at 37°C
with shaking, phenol-chloroform extracted, ethanol precipitated, and resus-
pended in 100 �l of water. DNase I footprinting was carried out as previously
described (12) with the following variations: binding reactions were performed in
50 �l binding buffer (50 mM Tris-HCl [pH 8], 50 mM KCl, 10 mM MgCl, 0.01%
NP-40, 1 mM DTT, 10% glycerol) containing 100 ng of sonicated salmon sperm
DNA as nonspecific competitor DNA; DNase I digestion was carried out by
addition of 2 �l DNase I (0.04 U/�l) in binding buffer containing 5 mM CaCl2 for
precisely 1 min 10 s at room temperature. As a molecular weight marker, a G�A
sequence reaction (32) was performed for each DNA probe and run in parallel
to the corresponding footprinting reactions.

RESULTS

Analysis of the fhbp gene locus in the MC58 strain of Neis-
seria meningitidis. A schematic representation of the fhbp locus
is shown in Fig. 1A. The fhbp gene was originally annotated as
NMB1870 in the genome sequence of strain MC58 published
by TIGR (51) that assigned the start of the gene to an ATG
codon located 138 bp upstream from the GTG start codon
proposed in a subsequent study by Masignani and colleagues
(31), which predicted a coding region of 825 bp. Downstream
and in the same orientation as the fhbp gene is the ORF
NMB1871, encoding a conserved hypothetical protein sepa-
rated by an intergenic region of 146 bp. Transcriptional termi-
nator analysis revealed a typical stem-loop of a rho-indepen-
dent terminator (�G 
 �14.37 kcal/mol) 11 nucleotides (nt)
downstream of the fhbp gene. Upstream and in the same ori-
entation as the fhbp gene there is an ORF with amino acid
homology to a fructose-bisphosphate aldolase, NMB1869
(1,064 bp), and an intergenic region of 157 bp is present be-
tween nmb1869 and the GTG starting codon of the fhbp gene.
In this intergenic region, 20 nt downstream of the nmb1869
gene there is another putative rho-independent transcriptional
terminator (�G0 
 �10.45 kcal/mol).

To start defining the transcriptional map of the fhbp gene,
we performed RT-PCR analysis on total RNA from the MC58
strain across the upstream and downstream intergenic regions.
This analysis resulted in an amplification product across the
upstream intergenic region but not the downstream intergenic
region (data not shown), suggesting that fhbp may be cotrans-
cribed with the upstream nmb1869 gene.

Analysis of the RNA transcripts. To analyze the mRNAs
transcribed from the locus, we performed Northern blot anal-
ysis on total RNA from the MC58 wild-type strain, the
NMB1869 null mutant strain (�nmb1869), and the fHBP null
mutant strain (�fhbp). Both mutants were generated by sub-
stituting the respective genes with an erythromycin cassette as
indicated in Fig. 1A; the radioactively labeled probes used for
each Northern assay are also represented. A long transcript,
�2,000 nt, was detected by both the fhbp and nmb1869 probes
in the wild-type strain and was absent in both mutant strains
(Fig. 1B and C). The estimated size of this transcript correlates
well with the predicted size of a bicistronic message and con-
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firms the cotranscription of nmb1869 and fhbp. Interestingly, a
shorter fhbp-specific RNA messenger of just less than 1,000 nt
was detected in the wild-type strain and in the �nmb1869
mutant strain (Fig. 1B), suggesting the presence of an fhbp
monocistronic transcript. The presence of this shorter tran-
script in the �nmb1869 mutant, where transcription of the
bicistronic message has been eliminated, indicates that the
fhbp gene is transcribed from its own dedicated promoter. In
addition, the nmb1869 probe detected a smaller nmb1869-
specific transcript of ca. 1,100 nt in the wild-type strain and in
the fHBP null mutant (Fig. 1C), indicating that a monocis-
tronic transcript of the nmb1869 upstream gene was also pro-
duced.

Taken together, these results suggest that two different pro-
moters drive the synthesis of three separate mRNA transcripts
of the nmb1869 and fhbp locus. The nmb1869 and fhbp genes

are transcribed on monocistronic transcripts from their dedi-
cated promoters and also are cotranscribed on a bicistronic
transcript driven by a promoter upstream of nmb1869. The
longer bicistronic transcript probably results from inefficient
termination that leads to read-through of the transcriptional
terminator downstream of nmb1869.

Mapping of the promoters. To define the start point of the
identified mRNAs, we carried out primer extension of total
RNA extracted from N. meningitidis cultures grown to mid-log
phase. An nmb1869-specific primer was hybridized to total
RNA from N. meningitidis strain MC58 and elongated with
reverse transcriptase. The major elongated product maps the
5	 end of the nmb1869 transcripts to a position 29 nt upstream
of the ATG start codon of the nmb1869 gene, as shown in Fig.
2A. Primer extension with an fhbp-specific primer was per-
formed with total RNA from strain MC58 (Fig. 2B) and also

FIG. 1. (A) Schematic representation of the fhbp locus within the genome of wild-type N. meningitidis strain MC58 and mutant strains
�nmb1869 and �fhbp. In the null mutants, an erythromycin cassette used to replace the respective genes by allelic exchange is orientated in the
same direction (�fhbp) or in the opposite direction (�nmb1869). Hairpin structures indicate the position of predicted rho-independent terminators.
The stem-loop downstream of the fhbp gene is comprised of a 12-nt perfect palindromic sequence including the GCCGTCTGAA DNA uptake
sequence (DUS) separated by 13 nt of loop and followed by a stretch of four Ts. DUS are often found in the base-paired stem of transcription
terminators (48). The putative rho-independent terminator in the nmb1869-fhbp intergenic region is comprised of a similar 12-nt imperfect
palindromic sequence in which the second DUS sequence has two mismatches, separated by 4 nt and followed by a stretch of three Ts. The relative
positions of the radioactively labeled probes used in the Northern blot analysis are indicated under each gene. The figure provides a diagrammatic
representation of the long bicistronic transcriptional unit linking the nmb1869 and fhbp genes and of the two monocistronic transcripts indepen-
dently transcribed from their own dedicated promoters. (B and C) Northern blot analysis. Total RNA prepared from MC58, �fhbp, and �nmb1869
cultures grown to mid-log phase was run on an 0.8% denaturing agarose gel, transferred to a nylon membrane, and probed with radioactively
labeled PCR products equivalent to 187 bp of the fhbp gene (B) and 142 bp of the nmb1869 gene (C). The relative positions of the molecular weight
RNA ladder are shown.
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from the �nmb1869 mutant (data not shown) and mapped the
start of the fhbp monocistronic transcript to a position 45 nt
upstream of the start codon of fhbp (Fig. 2B). Analysis of the
nucleotide sequences in each case upstream of the elongated

primers showed the presence of elements similar to the �10
and �35 consensus hexamers of sigma 70-dependent promot-
ers from Escherichia coli. These sequences are likely to define
the N. meningitidis Pnmb1869 and Pfhbp promoters. It is worth
noting that Pnmb1869 shows a well-conserved �10 element (T
ATAAT) and a poorly conserved �35 region (TGGTTT),
while Pfhbp shows mutation in both elements, �10 (TACCAT)
and �35 (TTGATG).

Regulation of transcription and protein levels. A previous
study reporting microarray data of an FNR knockout in N.
meningitidis (3) identified the fhbp gene as a possible member
of the FNR regulon. The FNR transcription factor globally
regulates gene expression in response to oxygen deprivation in
many bacteria. Considering that the FNR protein is present in
an active form during oxygen limitation, we analyzed transcrip-
tion of the fhbp gene by FNR under different oxygen condi-
tions. Total RNA was extracted from the wild-type strain, and
the fnr null mutant was grown to mid-log phase and then
exposed to aerobic conditions or oxygen limitation conditions
for 30 min, respectively. Northern blot analysis was carried out
to analyze the levels of the two fhbp transcripts, and the results
are shown in Fig. 3A. The monocistronic transcript appeared
to be upregulated during oxygen limitation in the wild type
(Fig. 3A, lane 2 versus lane 1) but not in the fnr null mutant
(Fig. 3A, lanes 3 and 4), indicating that FNR mediates the
induction under oxygen limitation. In order to confirm the
FNR-dependent regulation, we generated a complemented
mutant strain expressing a single copy of the fnr gene in a
heterologous location on the chromosome of strain �fnr and
assessed fhbp regulation. In the strain �fnrC (Fig. 3A, lanes 5
and 6), the upregulation of the fhbp monocistronic mRNA was
restored under oxygen limitation conditions. In addition, our
results showed that the longer bicistronic transcript was ex-
pressed at a lower level during oxygen-limiting conditions, but
it did not seem to be a result of FNR-dependent regulation.

We also generated an fnr-complemented mutant strain,
�fnrC(D148A), expressing a mutant form of the FNR protein.
This strain contains a site-directed mutant allele of the fnr

FIG. 2. Mapping of the 5	 end of the nmb1869-specific transcript
(A) and the fhbp-specific transcript (B) by primer extension. Total
RNA (20 �g) prepared from cultures of the wild-type strain (MC58)
grown to mid-logarithmic phase was hybridized with gene-specific
primers (741PE1 and 1869PE1) (Table 1) and elongated with reverse
transcriptase. Sequence reactions (G, A, T, and C) were performed
with the same primers on the respective cloned promoter regions and
run in parallel. The elongated primer bands mapping the major 5	 end
of the corresponding gene transcripts are indicated. The corresponding
�1 nt of transcriptional initiation and the upstream �10 and �35
promoter elements are underlined and in bold face in the nucleotide
sequences of the respective intergenic regions shown underneath. An
FNR box located at �40.5 bp is highlighted in gray. The pentanucle-
otide ATATT (in the box) is the target of insertion for a 181-bp
AT-rich nucleotide sequence (ATR) in the genome of MenA strain
Z2491 (37).

FIG. 3. Regulation of fHBP by FNR. (A) Northern blot analysis showing the regulation of mRNA transcripts. The generation of the null
mutants and �fnr complemented strain �fnrC (in the MC58 and H44/76 background) and their growth under aerobic (�) and oxygen-limiting (�)
conditions are described in Materials and Methods. Aliquots (5 �g) of total RNA were subjected to electrophoresis, transferred onto nylon filters,
and hybridized with the fhbp-specific probe. In each lane, the amount of RNA loaded was normalized to the amount of rRNA. (B) Western blot
analysis showing the FNR-regulated protein expression. Equal amounts of total protein from overnight plates cultured under microaerobic
conditions were fractionated by SDS-PAGE, blotted onto nitrocellulose filters, and stained with mouse polyclonal antiserum raised against the
NMB1869 protein, the fHBP protein, or the FNR protein. Where IPTG was necessary to induce the expression of FNR, it was added to plates
at a final concentration of 1 mM.
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gene, in which the GAC codon encoding aspartic acid at po-
sition 148 is substituted by the GCC alanine codon. In E. coli,
the same single-amino-acid substitution at corresponding po-
sition 154 in the putative dimerization domain of FNR results
in a constitutively active protein that functions as a transcrip-
tional activator also in the presence of oxygen (26). Northern
blot analysis using total RNA from this complementing strain
grown during aerobic and oxygen-limiting conditions showed
that the mutant FNR protein was able to promote transcrip-
tion of the fhbp monocistronic mRNA also in the presence of
oxygen (Fig. 3A, lanes 7 and 8), suggesting that the mutant
FNR protein is constitutively active also in N. meningitidis.
Furthermore, we found that knocking out the nmb1869 up-
stream gene, abolishing the synthesis of the bicistronic RNA
messenger, reduced the level of the fhbp transcript and did not
affect the FNR oxygen-dependent regulation of the monocis-
tronic transcript (Fig. 3A, lanes 9 and 10). The reason for the
low level of fhbp transcript observed in this mutant was not
investigated. However, it clearly depends on the upstream
transcript, which in turn could contribute to the downstream
level of transcript via a putative processing event of the longer
transcript. Taken together, these data indicate that transcrip-
tion of fhbp is induced under oxygen limitation, likely by the
dedicated FNR-regulated promoter Pfhbp.

In order to understand whether the FNR-dependent regu-
lation of fHBP was restricted to the MC58 strain of N. men-
ingitidis, we analyzed the transcription and the regulation of
the gene in another meningococcal strain, H44/76. We found
that two fhbp transcripts are synthesized also in the H44/76
strain and that the transcription of the fhbp monocistronic
mRNA was upregulated in response to oxygen limitation in the
wild type and also by the expression of the constitutively active
FNR mutant protein (Fig. 3A, lanes 11 to 14), likely through
activation of a dedicated FNR-regulated promoter. To corre-
late the transcriptional regulation by FNR to overall protein lev-
els in all the strains generated, we performed Western blot anal-
ysis. Total protein extracts were prepared from overnight plate
cultures grown under microaerobic conditions and immuno-
blotted with specific antibodies raised against the NMB1869,
fHBP, and FNR proteins. As shown in Fig. 3B, fHBP expression
was significantly increased in the �fnrC(D148A) and H44/
76_CD148A strains expressing the constitutively active form of
the FNR protein (Fig. 3B, lanes 4 and 7), in correlation with
the Northern blotting results under aerobic conditions. Fur-
thermore, in recombinant strains there is an overexpression of
the respective FNR protein alleles expressed from the heter-
ologous Ptac promoter compared to the FNR expression in the
wild-type strain. However, only the FNR(D148A) form can
induce overexpression of fHBP. This evidence strongly sup-
ports the importance of FNR activity, rather than its high level
of expression, in promoting fHBP expression. NMB1869 ex-
pression remains unaltered in all strains. Moreover, the
nmb1869 null mutant strain exhibited a lower level of fHBP
expression, and we speculate that the abolished transcription
of the bicistronic RNA messenger in this mutant was also
responsible for the decrease in protein synthesis.

FNR is directly involved in promoting fHBP expression. In
order to test in vitro FNR binding to Pfhbp, we expressed and
purified both wild-type and D148A mutant recombinant FNR
proteins under aerobic conditions. To this aim, the fnr and

fnr(D148A) genes were cloned into the pET15b expression
vector in E. coli, and the proteins were expressed and purified
by Ni2�-affinity chromatography by virtue of an N-terminally
located histidine tag. We first tested the in vitro binding activity
of both FNR and FNR(D148A) recombinant proteins to the
aniA promoter, which has been well characterized through
DNA microarray and DNA binding studies in N. meningitidis
and N. gonorrhoeae to be under the direct control of FNR
during oxygen limitation (3, 27, 36). A specific radioactively
labeled probe containing the aniA promoter of strain MC58
was incubated with increasing concentrations of the recombi-
nant proteins and submitted to DNase I digestion. We found
that the addition of 13 nM FNR(D148A) protein resulted in
complete protection of the DNA region spanning �30 to �50,
with respect to the transcriptional start site, and containing the
aniA-predicted FNR box consensus (Fig. 4A). Under these
conditions, the wild-type protein did not result in protection of
PaniA. These results support the fact that FNR purification
under aerobic conditions results in an inactive form of the
protein. In contrast, the aerobic purification of FNR(D148A)
does not result in an oxygen-sensitive binding activity of the
protein. We conclude that the FNR mutant is constitutively
active for DNA binding under aerobic conditions and binds to
the predicted FNR box in vitro; therefore, this mutant protein
can be used to map specific meningococcal FNR binding sites
in vitro.

Subsequently, we performed a footprinting experiment with
increasing concentrations of the FNR(D148A) protein on a
specific radioactively labeled fhbp promoter probe. The results,
shown in Fig. 4B, indicate that the addition of 200 nM and 1
�M FNR(D148A) resulted in protection of nucleotides span-
ning from positions �28 to �50 with respect to the transcrip-
tional start site of Pfhbp, therefore overlapping the �35 pro-
moter element. Analysis of the promoter sequence revealed
the presence of a putative FNR box consensus, TTGAC-N4-
CTCAT, just overlapping the �35 hexamer, that differs by
three nucleotides from the E. coli FNR box (TTGAT-N4-
ATCAA) (49). These data suggest that FNR binds the fhbp
promoter region to promote transcription and expression of
fHBP protein.

FNR-dependent regulation of fHBP is common among me-
ningococcal strains. In order to investigate whether the FNR-
dependent regulation of fHBP protein expression was also
exhibited by other strains of meningococci, we extended our
studies to a larger panel of meningococcal strains. A prelimi-
nary Western blot analysis was performed for strains express-
ing different fHBP variant forms (Fig. 5A). Our data showed
that the fHBP antigen was expressed by all N. meningitidis
strains tested, but the level of expression varied between
strains (high, intermediate, and low expressers) as previously
described (31), whereas the expression of the NMB1869 pro-
tein was less variable among this panel of strains.

To understand if the fhbp genes in these N. meningitidis strains
were all under FNR regulatory control, we generated isogenic
strains expressing the constitutively active FNR(D148A) form by
inserting the site-directed mutant allele of the fnr(D148A) gene
into their genomes. The same construct used to create the
MC58�fnrC(D148A) strain was used to transform a represen-
tative subgroup of strains. Western blot analysis was carried
out for the transformed strains and their respective wild-type
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strains, and the results are shown in Fig. 5B. We found that the
transformed strains, grown under aerobic conditions, ex-
pressed the FNR(D148A) protein at a higher level than the
respective wild types, confirming the success of transformation.
Importantly, the recombinant strains also exhibited an overex-
pression of fHBP protein. This indicates that fhbp is commonly
under the control of the FNR activator protein in a large panel
of strains isolated from geographically diverse origins that rep-
resent the main clonal complexes associated with disease,
many of which carry fHBP variants expressed at different levels
and from different variant subgroups. The only exception was
represented by the NM117 strain that overexpressed the FNR
protein but did not significantly overexpress the fHBP protein.
We amplified and sequenced the Pfhbp promoter region from
the genomes of all these strains. Analysis of the fhbp promoter
sequence revealed that the FNR box sequence was perfectly
conserved in all strains; however, the �10 promoter element in
strain NM117 had two mutations with respect to the MC58
sequence exhibiting a TACCGC sequence, which is unlikely to
act as an efficient �10 element. We speculate that the nonca-
nonical Pfhbp promoter sequence in this strain results in lower

or negligible levels of transcription in this strain even when
FNR is active and conclude that the different level of fHBP
expression observed among strains is not due to mutations in
the FNR box.

However, taken together, these results suggest that the
FNR-dependent regulation is not restricted to the fhbp gene of
MC58 strain and demonstrate that the regulation of this im-
portant vaccine antigen is well conserved among diverse me-
ningococcal isolates.

DISCUSSION

In the present study, we have analyzed the structural orga-
nization and regulation of transcription of the fhbp gene locus
in N. meningitidis. We have shown that the fhbp gene and its
upstream gene nmb1869 are independently transcribed from
the Pfhbp and Pnmb1869 promoters and that a bicistronic mRNA
can originate in vivo from the Pnmb1869 promoter. The tran-
scriptional linking of these genes may suggest that their prod-
ucts could be involved in similar processes that require coregu-
lation and coexpression. In contrast, we have shown that the

FIG. 4. Footprinting analysis of purified FNR(D148A) on the aniA (A) and fhbp (B) intergenic probes. The probes were labeled at one end
and prepared as described in Materials and Methods. Lane 1 is a G�A sequence reaction obtained with each probe and used as a molecular weight
marker. Footprinting reactions containing purified FNR(D148A) protein at final concentrations of 0 nM, 13 nM, and 40 nM in panel A (lanes 2
to 4, respectively) and at 0 nM, 8 nM, 40 nM, 200 nM, and 1 �M in panel B (lanes 2 to 6, respectively). The vertical bar on the right side of each
panel indicates the area of DNase I protection in the promoter region; small arrows refer to DNase I hypersensitive sites. The numbers indicate
the positions of the relevant nucleotides with respect to the �1 transcriptional start site. The nucleotides corresponding to the FNR binding site
are indicated, with mismatches to the FNR box of E. coli displayed on the right.
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FNR global regulator directly binds the Pfhbp promoter, acti-
vating fhbp transcription under oxygen limitation. The binding
occurs over a putative FNR box (TTGAC-N4-CTCAT), over-
lapping the �35 hexamer of this promoter (Fig. 4). This is in
accordance with the location of the FNR binding sequence,
required to trigger promoter activation by FNR in E. coli (7,
55). In addition, we show that as with the E. coli FNR global
regulator (26), a site-directed mutation in the dimerization
domain of the meningococcal protein gives rise to an oxygen-
insensitive FNR(D148A) mutant protein. In the background of
a meningococcal strain expressing this constitutively active
form, the fhbp gene was also induced in the presence of oxy-
gen, resulting in overexpression of the fHBP protein (Fig. 3).

In N. meningitidis, FNR is essential for transcriptional acti-
vation of the aniA promoter (40) which is induced under oxy-
gen limitation. Performing binding studies, we found that FNR

binds directly to the aniA promoter, with ca. 50-fold-lower
FNR concentrations than the concentration resulting in pro-
tection of the fhbp promoter. This suggests a significantly
higher affinity of the FNR protein for the aniA promoter,
which is agreement with it being one of the most highly FNR-
regulated Neisseria genes (3, 54) and with it exhibiting a highly
conserved FNR box differing by only one mismatch to the E.
coli FNR consensus sequence (49). The regulation of fhbp by
FNR appears to be at a more subtle level and may have more
to do with a coordinated integrated response to other physio-
logical changes required for adaptation to anaerobic growth
rather than the immediate metabolic need of adapting to an-
aerobic conditions that is dependent on upregulation of AniA.
Accordingly, Western blot analysis of the fHBP protein in
MC58 total cell extracts, prepared from equivalent conditions
to those used for Northern blot RNA analysis (i.e., aerobic or

FIG. 5. (A) Western blot analysis of NMB1869 and fHBP protein expression in a broad panel of 40 N. meningitidis strains. Whole bacterial
lysates were prepared from overnight plate cultures and subjected to immunoblot analysis with mouse polyclonal antibody against each protein.
The asterisk marks a nonspecific cross-reactive band that is shown as a loading control. The fHBP protein is expressed at different levels in different
strains. In this representative Western blot, it is not possible to visualize fHBP expression in some of the isolates (M2671, 5/99, OX99.30304,
M1239) due to their low level of expression that was evident only with long exposure of the film (data not shown). (B) Western blot analysis of
protein expression on a subset of wild-type strains and their respective FNR mutant derivative expressing the FNR(D148A) protein (�). The
site-directed mutant allele of the fnr gene, fnr(D148A), was inserted under the control of the Ptac-inducible promoter in the genomes of these
strains, and FNR expression is induced by growth on 1 mM IPTG. Immunoblot analysis was performed using antisera against NMB1869, fHBP,
and the FNR protein. N, Norway; UK, United Kingdom; USA, United States; TCH, Chad; F, Finland; D, Denmark; NL, the Netherlands; RUS,
Russia.
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oxygen limitation conditions for 30 min), showed no significant
differences in fHBP levels between the two oxygen conditions
(data not shown) despite induction of the Pfhbp promoter. The
bicistronic transcript driven from the Pnmb1869 promoter ap-
pears to be downregulated under these conditions, although in
an FNR-independent manner (Fig. 3). Therefore, the cumu-
lative effect of expression of fHBP from both differentially
regulated transcripts may not give rise to a prompt differential
protein expression, while the Pfhbp promoter ensures that high
levels of fHBP expression are maintained.

To persist and cause disease in the human host, N. menin-
gitidis must encounter and survive numerous complex extracel-
lular and intracellular environments. N. meningitidis is able to
live in anaerobic niches as part of its normal transmission-
colonization and infectious cycles within the host. It has been
shown that although N. meningitidis fails to grow under strictly
anaerobic conditions, under oxygen limitation the bacterium
expresses a denitrification pathway that supplements growth
(1, 39). The nasopharynx can generally be thought of as an
environment of fluctuating oxygen concentrations, as both
strict aerobes and strict anaerobes are routinely isolated from
this niche (9). N. meningitidis would be exposed to highly di-
vergent partial pressures of oxygen as the bacteria move from
the surfaces of the upper respiratory tract (21 kPa) to mucus
membranes (0.4 kPa buccal fold pressure), blood (4 kPa cen-
tral venous pressure), and cerebrospinal fluid (5 kPa) (2).
Pathogenic Neisseria species, in a similar manner to that of E.
coli, use the FNR global transcription factor to control these
responses, in particular to induce the denitrification and sugar
fermentation pathways (3) as an alternative to aerobic respi-
ration. To date, only a limited number of genes have been
identified as being responsive to the FNR regulator, a total of
9 transcriptional units in meningococci (3) and 14 genes in the
closely related pathogenic gonococci (54). However, the find-
ing that the FNR mutant is attenuated in the mouse and infant
rat animal models indicates the importance of these responses
to the virulence and pathogenesis of the organism (3).

This study (Fig. 5) and other studies (31, 33) have shown that
the level of expression of the fHBP protein is very variable in
diverse strains and cannot be correlated with the allele ex-
pressed or the genetic (clonal complex) or geographic associ-
ation of the strain. Therefore, the question still remains as to
what influences the ability of a strain to express fHBP. We
hypothesize that this could be multifactorial. Obviously, fHBP
variants with different amino acid sequences may have differ-
ential posttranslational effects, such as protein stability and the
efficiency of secretion and lipidation on the bacterial outer
membrane. From this study, we underpin the molecular factors
which influence fHBP expression at the level of transcription in
MC58 and can expand this to different strains. Our data show
that the expression of the nmb1869-encoded protein (which is
highly conserved at the amino acid level) is largely unchanged
between strains, while fHBP exhibits diverse expression levels.
Mutations in the nmb1869-fhbp intergenic region are likely to
account for at least some of these differences. For instance,
mutations in the sequences regulating initiation, regulation, or
indeed termination of transcription from this locus will affect
fHBP expression levels. From our analyses of strains MC58
and H44/76, the imperfect palindromic stem-loop of this ter-
minator carries two mismatches and allows read-through of a

bicistronic transcript. In the available sequences from diverse
strains, we have identified terminators with only one mismatch
(FAM18) (8) or up to three mismatches (NM117) in the stem-
loops of this nucleotide feature. A similar element, with a
perfect stem-loop downstream of the fhbp gene, functions very
efficiently as a terminator in vivo, as no read-through can be
detected downstream of this element by either RT-PCR or
Northern blot analysis. We can predict that mutations in the
rho-independent terminator downstream of the nmb1869 gene
will influence the amount of the bicistronic fhbp transcript due
to the Pnmb1869 upstream promoter. Furthermore, mutations in
the regulatory sequences of the Pfhbp promoter, such as the
mutation we observed in the �10 element of the Pfhbp pro-
moter in strain NM117, may influence the strength of this
promoter and hence the levels of expression of the monocis-
tronic fhbp transcription. Alternatively, in the Z2491 genome
there is an insertion of a 181-bp AT-rich nucleotide sequence
(ATR) (37) that has similarities to an insertion element frag-
ment at position �16 with respect to the Pfhbp promoter. This
sequence may affect fHBP expression in this strain either tran-
scriptionally (by containing promoter or terminator regulatory
sequences) or posttranscriptionally, as it will be transcribed in
both fhbp transcripts and may affect mRNA stability. Interest-
ingly, in the sequences available to date, the FNR box element
is conserved 100% between different strains, and our data
indicate that fHBP is regulated by FNR in a representative
panel of strains (Fig. 5). This implicates a role for the fHBP
protein under conditions in which FNR would be active, i.e.,
under anaerobiosis or oxygen limitation.

The role of fHBP in binding the factor H fluid phase regu-
lator of the complement AP, enabling the meningococcus to
avoid complement-mediated killing in blood, has been well
documented (29, 43, 46, 52). However, the action of comple-
ment must not be thought of as being limited to the blood-
stream. Complement is important during the early stages of
infection, and complement components are present on muco-
sal surfaces (34). Therefore, the expression of fHBP by the
meningococcus in order to adsorb factor H to its surface,
thereby circumventing complement, may be important also in
the initial stages of colonization and invasion before infiltrating
the tissues. Furthermore, the fHBP protein has an additional
role in conferring resistance to the antimicrobial peptide LL-37
(46) that is constitutively expressed by leukocytes and inducibly
expressed by epithelial cells (14), including the epithelial cells
of the nasopharynx (28). In particular, the colonization of the
human nasopharynx and the passage through the mucosa ep-
ithelium, which are the initial steps in the pathogenesis of
disease due to N. meningitidis, could already expose the micro-
organism to different host innate immune defenses. Crossing
the mucosal barrier, the pathogen may be presumed to reach
an oxygen-deficient environment compared to the well-aerated
upper mucosa, sense a change in oxygen concentration, and
adapt rapidly to the new conditions, expressing alternative
mechanisms of defense for survival. Our data suggest that in a
wide panel of strains, regulatory factors are at work to ensure
the expression of fHBP under these conditions where it may
play an important role in resistance to disparate innate im-
mune mechanisms. Therefore, vaccines targeting this antigen
and its important virulence factor are doubly attractive, as they
may also be effective in reducing carriage.
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