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We identified lbpB, encoding the lipoprotein component of the meningococcal lactoferrin receptor. An LbpB
mutant was unable to acquire Fe from lactoferrin and exhibits decreased surface binding to lactoferrin. Primer
extension and reverse transcription-PCR analysis indicate that lbpB and lbpA are cotranscribed on a polycis-
tronic Fe-repressible mRNA.

Neisseria meningitidis, one of the most prevalent causative
agents of bacterial meningitis in the United States (17), pos-
sesses distinct systems for acquiring Fe from host transferrin
(TF), lactoferrin (LF), and hemoglobin/hemoglobin-haptoglo-
bin (Hb/Hb-Hp) (1, 8, 10, 12, 14–16). The acquisition of Fe
from host Fe-binding compounds is a well-defined determinant
of microbial pathogenesis (11, 30, 31). The neisserial receptors
required for acquisition of Fe from TF (TbpB/TbpA) and
Hb/Hb-Hp (HpuA/HpuB) are two-component TonB-depen-
dent transport systems. Each receptor is composed of a specific
outer-membrane receptor that belongs to the well-character-
ized family of TonB-dependent high-affinity transport proteins
(TbpA or HpuB) and a lipoprotein (TbpB or HpuA). The
TonB-dependent outer-membrane proteins are believed to
function as energy-dependent gated pores through which Fe
(derived from TF or Hb) crosses the outer membrane (23).
The function of the lipoprotein component is less clear. The
lipoprotein component of these neisserial receptors is novel
and differentiates the neisserial TonB-dependent transporters
from their Escherichia coli counterparts, which do not have a
lipoprotein component. The TbpB lipoprotein is surface ex-
posed and is believed to interact with TbpA to form a func-
tional TF receptor with increased specificity for ferrated TF
(9).

Although the meningococcal LF receptor was initially de-
scribed as a single-component receptor consisting of the TonB-
dependent LbpA (21, 22, 25, 27), we hypothesized that this
receptor was analogous to the TF and Hb/Hb-Hp receptors
and consisted of a TonB-dependent protein, LbpA, and a li-
poprotein (16). Pettersson et al. (20) noted that the 550 bp 59
to lbpA shared similarity with tbpB and suggested that this
small fragment may be part of a gene, which they designated
lbpB. By modifying their original affinity purification protocol,
Bonnah et al. (5) have recently demonstrated the presence of
a second LF binding protein, which they designated LbpB. To
date, there is no evidence that the LbpB identified by Bonnah
et al. is encoded by the putative lbpB fragment identified by
Pettersson et al. Here we report the complete cloning and
sequencing of lbpB, located 59 to lbpA, and demonstrate that
this gene encodes a lipoprotein that is a functional LF receptor

involved in the acquisition of Fe from and in binding to LF.
Furthermore, lbpB and lbpA are cotranscribed on a polycis-
tronic Fe-repressible mRNA.

Cloning and sequence analysis of lbpA and lbpB. We previ-
ously cloned the 59 end of lbpA from N. meningitidis DNM2
(15) and demonstrated by insertional activation that this gene
encoded the lactoferrin receptor (25). The remainder of lbpA
was cloned (pDLGTF7 contains a 2.7-kb fragment of lbpA that
was amplified by PCR with primers lbp1 and lbp2 [Fig. 1 and
2 and Table 1], and pDLG11 contains the 59 end of lbpA
isolated by cloning the Campbell insertion from the lbpA mu-
tant strain DNM21 [25] [Fig. 2]) and sequenced on an Applied
Biosystems model 373A-01 automated DNA sequencer (7).
The predicted LbpA protein of DNM2 appears to be highly
conserved, having 99 and 95% identity with the previously
published meningococcal LF receptors IroA (22) and LbpA
(21) and 95% identity with the gonococcal LbpA (3).

The lbpB open reading frame (ORF), located 59 to lbpA, was
amplified from meningococcal DNA by two inverse PCR ex-
periments. Clone pDLG39 contains a 1.7-kb DNA fragment
(in pT7Blue; Novagen) that was amplified from DNM2 by
inverse PCR with HincII-digested, ligated chromosomal DNA
and primers LG1U and LG1L (Fig. 1 and 2 and Table 1). DNA
sequence analysis (performed at The University of Oklahoma
Health Science Center Department of Microbiology and Im-
munology DNA Sequencing Facility on an ALF-express auto-
mated DNA sequencer) indicated that pDLG39 did not con-
tain the entire lbpB ORF. A second inverse PCR with DraI-
digested, ligated chromosomal DNA and primers LG3 and
LG4 (Table 1 and Fig. 1) resulted in amplification of a 1.5-kb
DNA fragment (Fig. 2). This fragment could not be cloned into
E. coli. Three independent transformations (26) resulted in the
isolation of clones containing inserts ranging in size from 700
to 900 bp. The DNA sequence of one deletion clone, pDB3,
overlapped the sequence of pDLG39, indicating that this clone
resulted from a deletion event and was not the result of cloning
an “extraneous” DNA from the PCR. The 59 end of the lbpB
ORF, which was not contained in pDB3, was cloned by using
the DraI inverse PCR product as the template in a PCR with
the primers LG3 and LBP19 (Fig. 1 and 2 and Table 1).
pDK319-6 contains the 782-bp product amplified in pT7Blue
(Fig. 2). The cloned lbpB DNA was highly unstable in E. coli,
and plasmids frequently suffered deletions. Two large direct
repeats were identified 59 to lbpB (Fig. 2, DR1 [48 nucleotides
{nt}] and DR2 [122 nt]). DR2 has identity with sequences of
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the IS1106 element and may be responsible for the unstable
nature of lbpB clones in E. coli. Although a single clone is
described for each experiment mentioned above, the DNA
sequence of multiple independent PCR clones (and subclones)
was determined to obtain the complete lbpB DNA sequence.
Southern blot analysis of DNM2 chromosomal DNA con-
firmed the organization of the cloned DNA (data not shown).

The lbpB ORF extends for 2,175 bp and is predicted to
encode a protein of 725 amino acids (GenBank accession no.
AF049349). The predicted N terminus of lbpB contains a pro-
karyotic lipoprotein lipid attachment motif, suggesting that
LbpB, like TbpB and HpuA, is a lipoprotein (Fig. 2). The
mature LbpB peptide would contain 707 amino acids, with a
predicted molecular weight of 77 kDa. LbpB migrates in so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis with
an apparent molecular weight of 95 kDa (the apparent molec-
ular weight was calculated from multiple gels, and a represen-
tative gel is shown in Fig. 4A), which could be a consequence
of the lipoprotein modification. Fluorographic analysis of
DNM2 and DNM221, an LbpB mutant (see below), labeled
with [3H]palmitic acid as previously described (16), demon-

strated that the 95-kDa Fe-regulated LbpB is a lipoprotein
(Fig. 4A).

Similarity of LbpB to TbpB. A BlastP search with the pre-
dicted amino acid sequence of the LbpB protein revealed sig-
nificant similarities to several TbpB lipoproteins (58 and 55%
similarity with TbpB proteins from N. meningitidis [GenBank
accession no. X78940] and Neisseria gonorrhoeae [GenBank
accession no. U65222], respectively). Two unusual domains
were identified in LbpB. The first domain spans amino acids
453 to 508 and is particularly hydrophilic, containing 65%
acidic amino acids (D and E) (Fig. 2B). The second unusual
domain is located near the C terminus of LbpB and contains a
repeat of alternating nonpolar (V or A) and acidic (D or E)
amino acids (Fig. 2B). Neither of these domains is found in
TbpB lipoproteins.

Transcriptional start sites of lbpA and lbpB. In E. coli, Fe-
regulated gene expression occurs by transcriptional repression
mediated by the Fur (ferric uptake regulator) protein (6).
When the concentration of Fe is sufficient, Fur, with Fe21 as a
corepressor, binds to a 19-bp consensus sequence upstream of
Fe-repressible genes, blocking transcription (6). A Fur ho-

FIG. 1. Schematic representation of the primers used in the present study.

TABLE 1. Primers used in this studya

Name Sequence (59339) Gene location Annealing temperature (°C)

LG3 CCGCTGACCATTTACAACATC lbpB 60 (with LG4), 55 (with LBP19)
LG4 TTTTGCTTCTCACTGGGTTTG lbpB 60
LBP1 TTGGGCAAAATCGCTAAA lbpA 57
LBP2 AATGACGGCGGAAATCTT lbpA 57
B1U892 CCGTGCGGATACCTTTCAG lbpB 45
B1U294 TATCAGCAACGACAACAGC lbpB 45
LG1U AGGTGGAAAAATGAATAAGAA lbpB 55
LG1L CAACATCAGCATCAGCATCAA lbpB 55
LBP9 GTGTGGCGGTTTCGGTTGAC lbpA 60
LBP8 TGGGCGGACAGGTTTTCGTG lbpA 60
LBP26 GACGGGAAGGCGGCGGCAACAG lbpA NAb

LBP25 CCAAAAGTAAGGGCAACAAGACAATG lbpB NA
LBP19 TTTGGCAGGGGGCGGAGTGG lbpB 55
LBP28 GGGGTTTAACTTCAGGTTTTAACT lbpB NA
LBP14 GCGACTTTTTGACCTATGTGA lbpB 55
LBP14gus GCCGTCTGAAGCGACTTTTTGACCTATGTGA lbpB 55
LBP15 GGCCGTAAAATCCTCCTTCTA lbpB 55
APHA1 CCCCCGCGGTGACTAACTAGGAGGAATAAATGGCTAAAATGAGA aphA-3 45
APHA2 CCCCCGCGGTCATTATTCCCTCCAGGTACTAAAACAATTCATC aphA-3 45

a All PCRs were performed with the Boehringer Mannheim PCR kit and standard cycling conditions.
b NA, not applicable (primer not used for PCR).
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molog has been identified in the meningococcus, suggesting
that Fe regulation occurs by a similar mechanism (13, 29).

RNA dot blot hybridization (26) with RNA prepared from
meningococci (as previously described [16]) demonstrated that
expression of LbpA is transcriptionally regulated by Fe (data
not shown). Although a 210 consensus sequence and a Fur
binding site (74% similarity to the E. coli consensus GAT
WATGATWATYATTWTC [W 5 A or T, Y 5 C or T] [24])

were identified 163 nt 59 to the lbpA translational start (Fig. 2),
a 235 consensus sequence was not observed. Primer extension
studies (by using the AMV primer extension system from Pro-
mega, according to the manufacturer’s instructions) with
primer LBP26 or primer LBP28 (Table 1 and Fig. 1) did not
detect a transcriptional start site 59 to lbpA, suggesting that the
promoter-like region 59 to lbpA (within lbpB) may not direct
lbpA transcription.

FIG. 2. (A) A schematic diagram of the lbpBA operon showing restriction sites relevant to generation of the plasmid constructs described. (B) The nucleotide
sequence of lbpB and the lbpB promoter region with the transcriptional start site (11), 210 and 235 regions, putative Fur box, Shine-Dalgarno (SD) sequence, and
direct repeat regions (DR1 and DR2; the first repeat is underlined, and the second repeat is overlined) indicated. The nucleotide sequence 59 of the lbpA coding
sequence is also shown. A Fur box consensus, 210 consensus, Shine-Dalgarno, and the hexamer repeats (labeled 1 to 8) are marked. Conceptual translations of LbpB
and the N terminus of LbpA (in bold-faced type) are also shown.
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A Fur box with 89% similarity (17 of 19 nt) to the consensus
E. coli Fur box was identified 59 to the putative ATG start
codon of lbpB, suggesting that lbpB may also be transcription-
ally regulated by Fe (Fig. 2) (19, 24). Primer extension exper-
iments identified a transcription start site 59 to lbpB with
primer LBP25 (Table 1 and Fig. 1), which is complementary to
nt 24 to 50 of the lbpB coding sequence. An 82-nt cDNA was
observed (data not shown), placing the transcriptional start at
the A nucleotide located 33 nt upstream of lbpB (Fig. 2). This

position is in good agreement with the locations of the putative
Fur box and the 210 and 235 consensus promoter regions
found 59 to lbpB (Fig. 3). The 82-nt product was not detected
in control reaction mixtures in which RNA from meningococci
grown in the presence of Fe was used or in reaction mixtures
from which RNA was excluded (data not shown).

Cotranscription of lbpB and lbpA. The genetic arrangement
of the lbpB and lbpA ORFs and the inability to detect a tran-
scription start site 59 to lbpA suggested that these genes are

FIG. 3. (A) RT-PCR analysis of the lbpBA operon. (B) RNA isolated from N. meningitidis DNM2 grown in the presence (lanes 2, 4, 8, and 10) or absence (lanes
3, 5, 9, and 11) of Fe was used as the template for cDNA generation and PCRs with lbpB-specific primers (lane 1 to 5) and lbpA-specific primers (lanes 7 to 11).
Chromosomal DNA isolated from DNM2 was used as a positive control (lanes 1 and 7). Reverse transcriptase was omitted from control reaction mixtures (lanes 4,
5, 10, and 11). The ethidium-bromide-stained agarose gel (B) and Southern blot probed with lbpB-specific (lanes 1 to 5) and lbpA-specific (lanes 7 to 11) probes (C)
are shown.
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transcribed as a polycistronic message, beginning at the Fe-
regulated promoter identified 59 to lbpB. Reverse transcrip-
tion-PCR (RT-PCR) was used to determine if lbpB and lbpA
are cotranscribed as a polycistronic Fe-repressible mRNA.
Primer LBP8 (Table 1 and Fig. 1), which is complementary to
lbpA mRNA, was annealed to total RNA isolated from Fe-
starved meningococci, and RT (Superscript II; Gibco BRL)
was used to generate cDNA as previously described (16). The
cDNA was used as the template for a PCR with primers
B1U892 and B1U294, which both anneal within lbpB, 59 to the
putative lbpA promoter (Fig. 1 and 2 and Table 1). If the lbpA
message was monocistronic, the cDNA would not contain lbpB
sequences and the PCR would not amplify a product. How-
ever, if the message was polycistronic, then the cDNA would
contain lbpB sequences and a 610-bp PCR product would be
amplified. Using this assay, we amplified a product of the
correct size and confirmed by Southern hybridization with an
lbpB-specific probe that this fragment was lbpB (Fig. 3). The
lbpB-specific probe did not react with lbpA sequences (data not
shown). Control primers LBP8 and LBP9 (Table 1 and Fig. 1),
chosen to amplify a 657-bp internal fragment of lbpA, ampli-
fied a product of the correct size (Fig. 3). Amplification from
RNA prepared from meningococci grown in the presence of
Fe was not observed in either case, confirming that transcrip-
tion of both lbpB and lbpA is repressed by Fe. As a negative
control, RNA annealed to LBP8 and incubated without re-
verse transcriptase was used as the template for the PCRs
described above (Fig. 3). Amplification from this template was
not detected, confirming that amplification did not result from
trace amounts of DNA contaminating the RNA preparation
(Fig. 3). In addition, positive and negative control reaction
mixtures contained DNM2 chromosomal DNA (Fig. 3) or dou-
ble-distilled water (data not shown) as the template; these
controls confirmed that the RT-PCR results described above
were due to the lbpB and lbpA ORFs contained in a single
mRNA.

Mutation of LbpB. To construct a nonpolar LbpB mutant,
an aphA-3 kanamycin resistance cassette without a promoter
or transcriptional terminator (18) was ligated into the EcoRV
site (Fig. 2) of the cloned lbpB. The mutated lbpB was ampli-
fied by PCR with primers LBP14gus and LBP15 (Table 1 and
Fig. 1), and the 1.5-kb Qiaex-purified PCR product was used to
transform N. meningitidis DNM2 as previously described (2).
Transformants were selected on CDM0 agar containing kana-
mycin (100 mg/ml), and a single transformant, designated
DNM221, was isolated. In this construct, aphA-3 transcription
is driven from the Fe-regulated lbpB promoter, and transcrip-
tion of lbpA should not be affected. Translation of lbpB is
inhibited by the introduction of a stop codon in each reading
frame prior to the translational start site of aphA-3. PCR
amplification from DNM221 confirmed both the presence of
the aphA-3 cassette in lbpB and the proper orientation of the
aphA-3 cassette with respect to the lbpB promoter. Primers
LBP14 and LBP15, which flank the aphA-3 insertion, amplified
a product of 1.5 kb from DNM221, consistent with the pres-
ence of the aphA-3 marker in the lbpB gene. Furthermore,
when primers LBP14 and APHA2 (39 aphA-3 primer) or prim-
ers LBP15 and APHA1 (59 aphA-3 primer; Table 1 and Fig. 1)
were used, the amplified products were consistent with the
aphA-3 marker oriented such that the lbpB promoter would
drive transcription of aphA-3.

Polyclonal antisera was generated to both LbpA and LbpB
by immunizing rabbits with keyhole limpet hemocyanin-cou-
pled peptides (LbpA peptide, CEKQYYGTDEAKKFRDKSG;
LbpB peptide, CEIHKRDSDVEIRTSELEN). Peptide synthe-
sis and immunization were performed by Alpha Diagnostic

International Incorporated, San Antonio, Tex., with a standard
63-day protocol. LbpB was readily detected as a 95-kDa Fe-
repressible protein with the anti-LbpB peptide antisera to
probe a Western blot of total membrane proteins prepared
from DNM2 (Fig. 4A, middle). LbpB was not detected in
total-membrane proteins prepared from Fe-starved DNM221
(Fig. 4A, middle), confirming that LbpB was insertionally in-
activated in this strain.

The anti-LbpA peptide antisera readily detected LbpA in
total membrane proteins prepared from Fe-starved DNM2
(Fig. 4A, top) but did not detect LbpA in total membrane
proteins isolated from DNM21 (25), an LbpA mutant (data
not shown). Fe-regulated expression of LbpA was also de-
tected in total membrane proteins prepared from DNM221
(Fig. 4A, top), confirming that insertion of the kanamycin
marker in lbpB did not abolish Fe-regulated expression of
lbpA. However, expression of LbpA in DNM221 was decreased
compared to that in strain DNM2. Several methods were used
to establish that equivalent amounts of protein were loaded in
each lane and that DNM2 and DNM221 were equivalently Fe
starved. Each lane shown in Fig. 4A (top and middle) contains
40 mg of total protein (determined as previously described).
Furthermore, anti-FrpB and anti-HpuA antisera detected
equal quantities of the Fe-repressed proteins, FrpB and HpuA,
in membrane proteins prepared from DNM2 and DNM221,
confirming equal levels of Fe starvation (data not shown).
Thus, the decreased expression of LbpA in DNM221 cannot be
attributed to differences in the amounts of protein present or
in the levels of Fe starvation.

The ability of strain DNM221 to acquire Fe from LF, TF,
Hm, Hb, and ferric nitrate was assessed as previously described
(15). Growth of DNM221 was equivalent to that of the parent
strain, DNM2, for all Fe sources tested, with the exception of
LF (data not shown). Growth with LF was dramatically re-
duced in DNM221 (Fig. 4B). It is not likely that the decreased
expression of LbpA in DNM221 can solely explain the inability
to acquire Fe from LF. DNM221 clearly retains the ability to
surface bind LF, indicating proper functioning of LbpA (see
below). This phenotype is similar to that observed for a me-
ningococcal TbpB mutant which is not able to acquire Fe from
TF (12).

Using a solid-phase dot blot assay (4, 15), we determined
that intact DNM221 retained the ability to bind LF, although
this ability was reduced compared to that of DNM2 (Fig. 4C).
This decreased binding is likely due to reduced expression of
LbpA. DNM21 (25), an LbpA mutant that expresses wild-type
levels of LbpB (data not shown), does not bind LF in this assay
(Fig. 4C), suggesting that expression of LbpB alone does not
mediate LF binding. Binding of TF to DNM221 or DNM21
was not altered from that of the wild type (Fig. 4C). This
phenotype is similar to single knockout mutations in the gono-
coccal tbpB and tbpA genes, in which binding was abolished by
inactivation of the TonB-dependent TbpA and reduced but not
eliminated in mutants lacking the lipoprotein component of
the receptor (9). The gonococcal LF receptor is probably sim-
ilarly dependent on an accessory lipoprotein. Blast searches
(blastn and tblastn) of the N. gonorrhoeae FA1090 genome
database revealed that an lbpB locus was not present (11a). An
lbpA locus was identified; however, this locus contains a dele-
tion of ca. 504 nt from the 59 end and is located 39 to an ORF
with homology to GTP binding proteins but not to lbpB. This
observation may explain the inability of strain FA1090 to grow
with LF as the sole source of Fe. Thus, the meningococcal LF
receptor requires an accessory lipoprotein for full functional
activity, as do the TbpBA and HpuAB receptors. These recep-
tors are distinct from HmbR, a second TonB-dependent me-
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ningococcal receptor for Hb (28), which lacks a lipoprotein
component.
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