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Abstract

The iron-limitation-inducible protein FrpB of Neisseria meningitidis is an outer-membrane-localized siderophore receptor. Because of
its abundance and its capacity to elicit bactericidal antibodies, it is considered a vaccine candidate. Bactericidal antibodies against FrpB are,
however, type-specific. Hence, an FrpB-based vaccine should comprise several FrpB variants to be capable of providing broad protection. To
facilitate the development of a meningococcal subunit vaccine, we have established a procedure to obtain large quantities of the protein in
a native-like conformation. The protein was expressed without its signal sequence in Escherichia coli, where it accumulated in inclusion bodies.
After in vitro folding, the protein was biochemically, biophysically and biologically characterised. Our results show that in vitro folded FrpB
assembles into oligomers, presumably dimers, and that it induces high levels of bactericidal antibodies in laboratory animals.
� 2006 Elsevier SAS. All rights reserved.
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1. Introduction

Neisseria meningitidis (meningococcus) is a Gram-negative
bacterium that is capable of causing life-threatening
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septicaemia and meningitis. Effective vaccines based on the
capsular polysaccharides of the majority of pathogenic se-
rogroups have been developed [1]. However, a vaccine against
serogroup B meningococci, which is responsible for most
disease cases in North America and Europe, is not available.
Development of a polysaccharide-based vaccine against
serogroup B meningococci is a cumbersome task, since the
type B capsule resembles human self-antigens [2]. Outer
membrane vesicle (OMV) vaccines have been successfully
used to combat serogroup B epidemics, but these vaccines
offer little cross-protection although recent data suggest that
adjustment of the procedure used to produce OMVs may solve
this problem [3].

An attractive alternative for OMV vaccines would be a sub-
unit vaccine consisting of outer membrane proteins (OMPs).
Due to its abundance and its capacity to induce bactericidal
antibodies, the general diffusion porin PorA is the most
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extensively studied OMP with regard to its vaccine potential.
PorA induces high levels of bactericidal antibodies, which is
believed to be the best correlate for protection against se-
rogroup-B meningococci [4]. Unfortunately, however, the
PorA protein shows extensive antigenic variation among
strains, which complicates the development of a broad-spec-
trum vaccine. In the search for antigenically more conserved
OMPs, proteins involved in iron acquisition are under investi-
gation. The meningococcus is remarkably efficient in scaveng-
ing iron from its host by using a wide variety of OMP
receptors, the expression of which is regulated by the avail-
ability of iron. Together, these receptors enable the meningo-
coccus to use various human iron-loaded proteins, such as
lactoferrin, transferrin and haemoglobin [5]. Furthermore, al-
though the meningococcus does not appear to produce its
own siderophores, it has the ability to use siderophores se-
creted by other bacteria [6]. The major iron-limitation-induced
OMP of N. meningitidis is a w70-kDa protein designated
FrpB (Ferric-repressed protein B) [7]. The FrpB protein of
Neisseria gonorrhoeae was shown to be involved in the trans-
port of enterobactin, a siderophore produced by Escherichia
coli, and it was, therefore, renamed FetA (Ferric enterobactin
transport protein A). Enterobactin transport by FrpB is specific
and dependent on the energy-coupling protein TonB [8]. How-
ever, as the affinity of FrpB for enterobactin is relatively low,
the possibility exists that another, enterobactin-related sidero-
phore is the actual ligand of this protein in vivo.

FrpB is considered a promising vaccine candidate to protect
against meningococcal disease. Although FrpB, like PorA,
shows significant antigenic variation among strains [9], its
ability to induce relatively high levels of bactericidal anti-
bodies justifies a further analysis of this protein [10,11].
Here, we describe the production of large quantities of FrpB,
which were used for structural and immunological analysis.
It was suggested recently that a vaccine comprising five
FrpB (FetA) variants and six variants of PorA should afford
protection against a large panel of hyperinvasive meningococ-
cal isolates [12]. Together with our previously developed
method to obtain large amounts of correctly folded PorA
[13,14], the current work enables the development of such
a multivalent meningococcal subunit vaccine.

2. Materials and methods

2.1. Expression and isolation of FrpB

The FrpB protein used throughout this study was derived
from N. meningitidis strain H44/76. The variable region of
this particular FrpB was designated F3-3 [9]. The part of
frpB encoding the mature protein (i.e., FrpB without its
signal sequence) was PCR amplified from genomic DNA
with the primer pair 50-gctacatatggcagaaaataatcggaaggtc-30

and 50-gctaggatccttagaacttgtagttcacgcc-30 containing NdeI
and BamHI restriction sites, respectively (underlined). The
resulting product was cloned into pCRII-TOPO according to
the instructions of the manufacturer (Invitrogen). From there,
the frpB fragment was obtained by digestion with NdeI and
BamHI and cloned downstream of the inducible T7 promoter
of plasmid pET11a (Novagen), which was digested with the
same restriction enzymes. This resulted in the plasmid
pET11a-frpB. E. coli strain BL21(DE3) [15], which contains
the gene for T7 RNA polymerase under an isopropyl-b-D-thi-
ogalactopyranoside (IPTG)-inducible promoter, was trans-
formed with the plasmid. An overnight culture of the
resulting strain was diluted 1:50 into fresh LuriaeBertani
(LB) medium supplemented with 100 mg/ml ampicillin.
When an optical density of 0.6 at 550 nm (OD550) was
reached, protein expression was induced by the addition of
1 mM IPTG (Sigma). After 2.5 h of growth, the bacteria
were harvested by centrifugation and washed with 0.9% (w/
v) NaCl. Cell pellets were stored at �20 �C. FrpB was present
in inclusion bodies, which were isolated as described [16].

2.2. In vitro folding of FrpB

Inclusion bodies were solubilized in 20 mM TriseHCl,
100 mM glycine (pH 8.0) containing either 6 M guanidinium
hydrochloride or 8 M urea. After incubation on a turning
wheel for 1.5 h, residual membrane fragments were removed
by centrifugation for 1 h at 356,000 � g. The protein concen-
tration in the supernatant was determined with the Pierce pro-
tein assay (Pierce, Rockford, IL, USA) using BSA (Sigma) as
a standard. In vitro folding of FrpB was initiated by 20-fold
dilution of fresh solubilized inclusion bodies (50 mg/ml) in
27 mM ethanolamine (pH 10.8) containing 0.5% (w/v) n-do-
decyl-N,N-dimethyl-1-ammonio-3-propanesulfonate (SB-12)
(Fluka, Buchs, Switzerland). Prior to use, the detergent was
dissolved in methanol/chloroform (1:1) and purified by pas-
sage over an Al2O3 column [16]. All in vitro folding experi-
ments with FrpB were initiated at room temperature (RT),
and the protein was stored at 4 �C until analysis. When appro-
priate, buffers were exchanged using a PD-10 desalting col-
umn (Amersham). After exchange, some aggregates were
observed, which were removed by filtration through a filter
with a pore size of 0.22 mm (Millipore).

2.3. SDSePAGE and Western blotting

Proteins were separated by standard sodium dodecyl sul-
phateepolyacrylamide gel electrophoresis (SDSePAGE). To
detect folded forms of FrpB, an SDSePAGE system that we
refer to as semi-native SDSePAGE was used [17]. In this
technique, to prevent denaturation of the folded proteins the
slab gels are devoid of SDS, while the amount of SDS present
in the electrode buffer and loading buffer depend on the SDS
sensitivity of the protein of interest and is empirically deter-
mined for each protein. For FrpB, the electrode and loading
buffers contained 0.01% and 0.075% (w/v) SDS (end concen-
tration), respectively. The samples were kept at RT before
loading. To denature the protein, a loading buffer with 2%
(w/v) SDS (end concentration) was used, and these samples
were boiled for 2 min before loading. The samples were
loaded on polyacrylamide gels composed of a stacking gel
with 3% (w/v) acrylamide and a 7% (w/v) resolving gel.
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Electrophoresis was performed on ice at a constant current of
10 mA. After electrophoresis, proteins were visualized by
Coomassie brilliant blue staining.

For two-dimensional (2-D) semi-native SDSePAGE, a lane
was cut from a gel run in the first dimension. This gel slice was
then rotated 90 � and placed on top of a new polyacrylamide
gel. Electrophoresis in the second dimension was performed
under the same conditions as the first dimension, after which
protein spots were visualized by silver staining [18].

Western blotting was performed as described [19]. Anti-
bodies used were a polyclonal mouse antiserum raised against
in vitro folded FrpB and convalescent patients sera obtained
from the Department of Medical Microbiology, Academic
Medical Centre, Amsterdam, the Netherlands. Peroxidase-con-
jugated secondary antibodies in combination with Enhanced
Chemiluminescence (Amersham) were used for detection.

2.4. CD spectroscopy

CD spectra of FrpB in 5 mM phosphate buffer [0.775 mM
NaH2PO4, 4.225 mM Na2HPO4 (pH 7.6)] containing 0.3%
(w/v) SB-12 were recorded at RT over a wavelength range
of 190e260 nm using a 0.5-mm path cell in an Olis CD instru-
ment (Olis Inc., USA). The monochromator was equipped
with a fixed disk and gratings were used with 2400 lines/
mm (blaze wavelength 230 nm). The FrpB concentration
used for CD measurements was 0.586 mg/ml (A280). The CD
spectra shown are the average of ten repeated scans (step res-
olution 1 nm) from which the corresponding buffer spectrum
was subtracted. The measured CD signals were converted to
molar ellipticity (q). For the comparison between folded and
denatured protein, a sample that had been boiled for 3 min
in 0.1% SDS (w/v) was also analysed.

2.5. Isolation of cell envelopes

The PorA-deficient derivative of strain H44/76, strain
CE2001 [20], was grown in TSB supplemented with 20 mg/
ml of the iron chelator ethylenediamine di-o-hydroxyphenyl-
acetic acid (EDDHA; Sigma). Bacteria were collected by cen-
trifugation, resuspended in 50 mM TriseHCl, 5 mM EDTA
(pH 8.0) containing the protease-inhibitor cocktail ‘‘Com-
plete’’ (Roche) and stored overnight at �80 �C. After ultra-
sonic disintegration, unbroken cells were removed by
centrifugation (12,000 � g, 15 min) and cell envelopes were
collected by ultracentrifugation (170,000 � g, 5 min). The re-
sulting pellet was dissolved in 2 mM TriseHCl (pH 7.6) and
stored at �80 �C.

2.6. Trypsin digestion

A sample of in vitro folded FrpB [0.5 mg/ml in 50 mM
Hepes (pH 7.5), 0.3% (w/v) SB-12] was divided between
two vials. One sample was denatured by boiling in 0.1% (w/
v) SDS for 5 min, the other was left untreated. Both samples
were subsequently treated with trypsin (Sigma) for 15 min at
RT, after which 1 mM phenylmethylsulfonyl fluoride
(PMSF; Sigma) was added and the samples were analysed
by SDSePAGE. For N-terminal sequencing, the tryptic
fragments were blotted from the gels onto polyvinylidene
difluoride membranes (Millipore). The blots were stained
with Coomassie blue G-250, and appropriate bands were
excised. Samples were subjected to five steps of Edman deg-
radation at the Protein Sequencing Facility, Utrecht University,
Utrecht, the Netherlands.

Trypsin sensitivity of FrpB present in cell envelopes was
assessed by incubating cell envelopes with 10 mg/ml trypsin
for 30 min at RT. Then, 1 mM PMSF was added and the sam-
ples were analysed by SDSePAGE, followed by Western
blotting.

2.7. Scanning transmission electron microscopy (STEM)

The FrpB sample [10 mg/ml in phosphate buffer (pH 7.6),
0.3% (w/v) SB-12] was diluted 50� with buffer containing de-
tergent. Immediately afterwards, 5-ml aliquots were adsorbed
for 60 s to glow-discharged STEM films (thin carbon films
that span a thick fenestrated carbon layer covering 200-
mesh/inch, gold-plated copper grids). The grids were then
blotted, washed on 7 drops of quartz double-distilled water,
and freeze-dried at �80 �C and 5 � 10�8 Torr overnight in
the microscope. The hexagonally packed intermediate (HPI)
surface layer of the bacterium Deinococcus radiodurans
(kindly supplied by Dr. Harald Engelhardt, Max-Planck-Insti-
tute for Biochemistry, Martinsried, Germany) served as mass
standard. This sample was similarly adsorbed to separate mi-
croscopy grids, washed on 4 droplets of quartz double-distilled
water, and air-dried.

A Vacuum Generators STEM HB-5 interfaced to a modular
computer system (Tietz Video and Image Processing Systems
GmbH, Gauting, Germany) was employed. Series of 512 �
512-pixel, dark-field images were recorded from the unstained
samples at an accelerating voltage of 80 kV and a nominal
magnification of 200,000�. The recording dose ranged from
448 to 855 electrons/nm2. Further, repetitive low dose scans
were made of some grid regions to assess beam-induced
mass-loss as outlined in [21]. The digital images were evalu-
ated using the program package IMPSYS [21]. Accordingly,
the projections were selected in circular boxes, and the total
scattering of each region was calculated. The background scat-
tering of the carbon support film was then subtracted and the
mass was calculated. The results were scaled according to the
mass measured for HPI and corrected for the beam-induced
mass-loss, which varied between 8.1% and 15.4% depending
on the dose employed. The mass values were then displayed
in histograms and described by Gauss curves.

2.8. Transmission electron microscopy (TEM)

For TEM analysis, 5-ml aliquots of FrpB [20 mg/ml in phos-
phate buffer (pH 7.6), 0.3% (w/v) SB-12] were adsorbed for
60 s to a glow-discharged, carbon-coated TEM microscopy
grid. The grid was then blotted, washed on 7 droplets of quartz
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double-distilled water and negatively stained on 2 droplets of
2% (w/v) uranyl acetate (pH 4.5). Bright-field images were
recorded on photographic film using a Hitachi 7000 electron
microscope at an accelerating voltage of 100 kV and a magni-
fication of 80,000�. A Leafscan scanner was employed to
digitise two of the negatives at a sampling step size of
0.5 nm/pixel, yielding 24 subimages (512 � 512 pixels).
Projections (centred in 32 � 32-pixel regions) were automati-
cally selected from these by cross-correlation with a centred,
20-fold symmetrised circular reference, using the SEMPER
image-processing package (Synoptics Ltd., Cambridge, UK).
Reference-free alignment and classification of the selected
particles were done with the SPIDER image processing
software [22].

2.9. Immunisation of mice

A group of 10 OF-1 mice (Charles River, Lyon, female,
6e8 weeks of age) received three injections with in vitro
folded FrpB in 50 mM Hepes (pH 7.5), 0.3% (w/v) SB-12
by intramuscular route on days 0, 21 and 28. With each injec-
tion, 5 mg of antigen formulated in AlPO4 plus monophos-
phoryl lipid A was administered. Ten control mice received
adjuvant only. Blood samples were collected 14 days after
the third injection.

2.10. ELISA

ELISA plates were coated with 100 ml of folded FrpB
(5 mg/ml) in PBS. After overnight incubation at 4 �C, the
plates were washed three times with 150 mM NaCl, 0.05%
(v/v) Tween-20. Non-specific protein-binding sites were
blocked with 200 ml PBS, 1% (w/v) BSA for 30 min at RT
under agitation. After washing with 150 mM NaCl, 0.05%
(v/v) Tween-20, serum was added to the wells and serially
diluted (twofold dilution steps) in PBS, 0.2% (w/v) BSA,
0.05% (v/v) Tween-20. After 30 min, the plates were washed
and subsequently incubated first with goat anti-mouse IgG an-
tibodies conjugated to biotin (Prosan, 1:2000) and then with
streptavidin-peroxidase (Amersham, 1:3000) in the same
buffer. Incubations were performed for 30 min at 37 � C under
shaking. Plates were washed and incubated in the dark with
0.1 M citrate buffer (pH 4.5), 0.4% (w/v) o-phenylenediamine
(Sigma), 2 mM H2O2. The reaction was stopped by the addi-
tion of 1 M HCl and the absorbance was read at 490 nm.

2.11. Serum bactericidal assay

N. meningitidis strain H44/76 and its frpB mutant derivative
CE1431 [7] were grown overnight on Mueller Hinton (MH)
agar (Difco), 1% (v/v) Polyvitex (Biomérieux), 1% (v/v) horse
serum (Sigma) at 37 �C in a 5% CO2 atmosphere. The bacteria
were inoculated in tryptic soy broth (TSB) (Beckton Dickin-
son) with 50 mM of the iron chelator desferrioxamine mesylate
(Sigma) and grown in shaking flasks for 3 h at 37 �C until an
OD470 of 0.5 was reached. The complement in pooled serum
was heat inactivated for 40 min at 56 �C. The serum was
subsequently diluted 1:100 in Hank’s balanced salt solution
(HBSS, Gibco), 0.3% (w/v) BSA and then serially diluted
(two-fold dilution steps, eight dilutions) in a volume of 50 ml
in round-bottom microtitre plates. Bacteria were diluted in
HBSS, 0.3% (w/v) BSA to yield 13,000 colony-forming units
(CFU) per ml. Afterwards, 37.5-ml aliquots of this dilution
were added to the serum dilutions and the microtitre plates
were incubated for 15 min at 37 �C under shaking. Subse-
quently, 12.5 ml of baby-rabbit complement (Pelfreez) or, as
a control for toxicity of the sera, heat-inactivated complement
(56 �C for 45 min) was added to the wells. After 1 h of incu-
bation at 37 �C under shaking, the microtitre plates were
placed on ice to stop killing. A 20-ml aliquot was removed
from each well and spotted on MH agar plates containing
1% (v/v) Polyvitex, 1% (v/v) horse serum. Plates were tilted
to allow the drop to ‘‘run’’ down the plate. After overnight in-
cubation at 37 �C in a 5% CO2 atmosphere, the CFUs were
counted. Bactericidal titres were defined as the reciprocal of
the highest serum dilution yielding >50% killing. A PorA-spe-
cific antiserum from mice immunised with PorA-containing
OMVs was used for reference in the bactericidal assays.

2.12. Immunofluorescence microscopy

Bacteria were grown in candle jars at 37 �C in a humid
atmosphere on GC (Oxoid) plates supplemented with Vitox
(Oxoid) and with 20 mg/ml EDDHA to impose iron limitation.
The next day, the bacteria were suspended in HBSS, 0.5%
(w/v) BSA (washing buffer) to an OD550 of 1. Bacteria from
300 ml of this suspension were collected by centrifugation
and resuspended in 300 ml washing buffer containing serum
(1:100). After incubation for 1 h and washing twice, the bac-
teria were resuspended in 300 ml of washing buffer containing
the secondary antibody goat anti-mouse IgG conjugated with
Alexa-green (Molecular Probes, OR, USA) (1:400). After
incubation for 1 h and washing, the bacteria were collected
and resuspended in 300 ml HBSS containing 2% (v/v) formal-
dehyde, immobilized on polylysine-coated coverslips and
analysed by microscopy.

3. Results

3.1. Expression and purification of FrpB

The frpB gene without the signal-sequence-encoding region
was cloned behind the T7 promoter on pET11a, and the con-
struct was introduced into E. coli strain BL21(DE3), which
contains the gene for T7 polymerase under an IPTG-inducible
promoter. Upon induction, expression of the recombinant frpB
gene resulted in large amounts of FrpB (Fig. 1A, lane 2). The
majority of FrpB was present in inclusion bodies, which were
isolated and solubilized in a chaotropic agent. The protein
yield was estimated as 500 mg/l of bacterial culture. SDSe
PAGE analysis demonstrated the high purity of the solubilized
protein (Fig. 1A, lane 3), rendering additional purification
steps unnecessary. Although FrpB has a calculated Mr of
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77,348 based on its amino acid sequence, the protein migrated
as a 70,000 Mr protein.

3.2. In vitro folding of FrpB

Correctly folded b-barrel OMPs exhibit deviant electropho-
retic mobility on semi-native SDSePAGE. Due to their com-
pact conformation the folded monomeric proteins usually
migrate more quickly on gels than the heat-denatured form,
whereas oligomers migrate more slowly [13]. This so-called
heat modifiability of OMPs can be used to monitor their fold-
ing in vitro [13,16].

To identify appropriate folding conditions, stock solutions
of FrpB in 6 M guanidinium hydrochloride were diluted in
a range of buffers, containing different detergents and salts
and having various pHs, to a series of final protein and dena-
turant concentrations. Initially, analysis of FrpB using routine
semi-native SDSePAGE did not reveal any differences in
electrophoretic mobility. However, since native FrpB from
cell envelopes appeared to be rather sensitive to SDS (data
not shown), the amount of SDS normally applied in semi-na-
tive SDSePAGE was lowered. Eventually, folded forms of
FrpB were visualized and optimal folding conditions could
be determined.

After dilution of guanidinium hydrochloride-solubilized
FrpB in 27 mM ethanolamine (pH 10.8), 0.5% (w/v) SB-12,
semi-native SDSePAGE revealed a major band migrating
with an Mr of 110,000 (Fig. 1B, lane 2). Furthermore, two mi-
nor bands with Mr of 155,000 and 55,000 were detected. The
55,000-Mr band probably corresponds to a folded monomeric
form of FrpB, and the 110,000-Mr band to a dimer of two
folded monomers, whereas the 155,000-Mr band suggests

Fig. 1. Expression, purification and in vitro folding of recombinant FrpB. (A)

Whole cell lysates of E. coli BL21(DE3) containing pET11a-frpB incubated

without (lane 1) or with (lane 2) IPTG. Lane 3 shows the protein pattern of

the inclusion bodies solubilized in 8 M urea. The arrowhead indicates FrpB.

Samples were incubated at 100 �C in loading buffer containing 2% SDS prior

to electrophoresis. (B) In vitro folded FrpB was heat denatured by boiling for

2 min in loading buffer containing 2% SDS (lane 1) or incubated at RT in load-

ing buffer containing 0.075% SDS (lane 2) and analysed by semi-native

SDSePAGE. The positions of different heat-modifiable forms (arrowheads

1, 2 and 4) and the denatured form (arrowhead 3) of FrpB are indicated.

The positions of the molecular-weight standard proteins are indicated on the

left of both panels.
that some trimers might also be present. Although in vitro
folding was always very efficient, the ratio of these folded
forms varied between experiments.

Only a single band, representing the unfolded protein, was
detected after heat treatment (Fig. 1B, lane 1). Strikingly, the
unfolded protein migrated more slowly on semi-native
SDSePAGE gels than on normal SDSePAGE gels (Fig. 1A,
lane 3). This discrepancy is most likely the result of the limit-
ing amounts of SDS present in the electrode buffer during
semi-native SDSePAGE, since analysis of the same samples
by regular SDSePAGE revealed the expected 70,000-Mr

band (data not shown).

3.3. Semi-native 2-D electrophoresis

The detection of both monomers and oligomers of FrpB in
semi-native SDSePAGE suggested that these forms might be
in equilibrium. This possibility was tested by semi-native 2-D
SDSePAGE, in which the electrophoretic conditions applied
were identical in both directions. In these experiments, folded
monomers detected after migration in the first dimension re-
vealed oligomers after migration in the second dimension
and vice versa, consistent with an equilibrium state (Fig. 2).

3.4. CD analysis

In their native conformation, OMPs are barrels with a high
b-sheet content. The secondary structure of in vitro folded
FrpB was evaluated by CD measurements. The CD spectrum
had a minimum at 217 nm, consistent with the presence of
b-sheet secondary structure (Fig. 3, solid line). The spectrum

Fig. 2. Semi-native 2-D SDSePAGE analysis. In vitro folded FrpB was ana-

lysed in the first (arrow A) and the second (arrow B) dimension by semi-native

SDSePAGE. The positions of different heat-modifiable forms (arrowheads 1,

2 and 4) and the denatured form (arrowhead 3) of FrpB are indicated. Proteins

were visualized by Coomassie staining (first dimension) or silver staining (sec-

ond dimension). The positions of the molecular-weight standard proteins are

indicated on the left.
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of a sample that had been denatured by boiling in the presence
of 0.1% (w/v) SDS (Fig. 3, dotted line) showed much more
a-helical content, consistent with results reported for other
SDS-denatured OMPs (e.g. [16]).

3.5. Trypsin digestion

Trypsin-digestion experiments were performed to confirm
that FrpB was folded in a native-like conformation. Folded
proteins are usually more resistant to proteases than the un-
folded protein or folding intermediates. Denatured FrpB was
completely degraded with 10 mg/ml trypsin (Fig. 4A). In con-
trast, when folded FrpB was treated with the same amount of
trypsin, two distinct tryptic fragments were detected one of
which migrated slightly more quickly than the untreated pro-
tein (Fig. 4B, T1). N-terminal sequencing of this fragment re-
vealed the amino acid sequence VVLDT, indicating that
trypsin cleaved the protein after Lys-6. N-terminal sequencing
of the second tryptic fragment, with an Mr of w50,000
(Fig. 4B, T2), revealed the amino acid sequence INIDR, which

Fig. 3. CD spectra of in vitro folded FrpB (solid line) and FrpB denatured by

boiling in 0.1% SDS (dotted line).

Fig. 4. Trypsin digestion of FrpB. (A) Denatured and (B) in vitro folded FrpB

were treated with 0 (lane 1), 10 (lane 2) or 100 (lane 3) mg/ml trypsin and the

tryptic fragments were separated by SDSePAGE and stained with Coomassie

brilliant blue. T1 and T2 indicate the major tryptic fragments of FrpB. (C)

Tryptic fragments of FrpB present after incubation of in vitro folded FrpB

with 10 mg/ml trypsin (lane 1) and cell envelopes with 10 mg/ml trypsin

(lane 2) were detected on Western blots. Arrowheads indicate tryptic frag-

ments. The positions of the molecular-weight standard proteins are indicated

on the left.
resulted from cleavage after Arg-249. According to a proposed
topology model of FrpB (unpublished), both of these trypsin-
sensitive sites correspond to exposed regions in the native
structure, i.e. the periplasm-exposed N terminus and the cell-
surface-exposed loop L3, respectively. Strikingly, the large
tryptic fragment T1 was unaffected when the trypsin concen-
tration was increased to 100 mg/ml, whereas the 50,000-Mr

fragment was no longer detected (Fig. 4B, lane 3). Apparently,
a proportion of the in vitro folded protein is susceptible to
trypsin cleavage in loop L3 and, subsequently, to further deg-
radation, whereas the other proportion is not. This finding sug-
gests that at least two structurally distinct forms of FrpB were
formed during the in vitro folding procedure.

Besides T1 and T2, two additional tryptic fragments of
FrpB were detected on Western blots (T3 and T4, Fig. 4C,
lane 1). Similar fragments obtained after digestion of in vitro
folded FrpB were also obtained upon trypsin treatment of cell
envelopes (Fig. 4C, lane 2). These results confirm that FrpB
adopted a native-like structure upon in vitro folding.

3.6. Electron microscopic evaluation of the FrpB
conformation

To study the conformation of in vitro folded FrpB in further
detail, the protein was diluted 50�, adsorbed to thin carbon
films and imaged by STEM for mass measurement (see Sec-
tion 2). In spite of this large dilution, some particles were still
too close to neighbours prohibiting evaluation. Nevertheless,
over 3800 projections were selected from the images, sorted
according to their dimensions into a main class and a minor
class, and analysed. The mass histogram from the main class
(n ¼ 3326) displayed a single major peak with a distinct
high-mass sidearm (Fig. 5A). Over 86% of the particles had
a mass of 149,000 � 53,000 (n w 2894). The siderophore re-
ceptor FhuA of E. coli, which may have a similar structure to
FrpB, is reported to associate with 185 molecules of the deter-
gent dodecyl maltoside [23]. Assuming that a similar number
of detergent molecules associates with FrpB (mass predicted
from the sequence 77,348 Da), the contribution of SB-12
(monomer mass 335.5 Da) would be around 62,000 Da, result-
ing in a theoretical total mass of 139,348 Da for the FrpBe
detergent complex. Thus, the mass calculated from the images
strongly implies the presence of a large population of FrpB
monomers. The high-mass asymmetry of the histogram
(Fig. 5A) reflects the presence of FrpB dimers (n w 433), as
confirmed by the Gaussian fitted to this region that falls at
a mass of 263,000 � 53,000. The calculated mass indicates
that there is less detergent associated per monomer in the di-
mer, which can be explained by the absence of detergent at
the site where the two monomers are in contact. The minor
second class of particles (n ¼ 505) was comprised of particles
that were visibly larger than those in the main class and had
masses in the range of dimers and above (data not shown). Ac-
cordingly, all together, 75% of all the particles selected were
monomers.

An overview of the FrpB sample after negative staining
with 2% uranyl acetate is shown in Fig. 5B; various
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orientations of the protein can be distinguished. A total of
1791 projections were automatically selected from the images
and manually refined; projections too close to neighbours or
clearly arising from larger particles were removed. The re-
maining 880 projections were then subjected to reference-
free alignment and classification. Fig. 5C shows class averages
of tilted top-views and side-views of the FrpB monomer. The
side-view averages have diameters of w6 nm and w8 nm,
which is in the range expected from the crystal structures of
the E. coli siderophore receptors FepA [24] and FhuA [25].
Some of the tilted top-view projections show signs of a pore
(Fig. 5C).

3.7. Immune response against in vitro folded FrpB

Mice were immunised with in vitro folded FrpB to evaluate
whether antibodies can be raised that recognize FrpB ex-
pressed in vivo at the bacterial cell surface. The resultant
sera were pooled and evaluated in ELISAs using in vitro
folded FrpB as the coating antigen. The geometric mean titre
(GMT) of 4837 indicated good responses. Pooled control sera
obtained from mice immunised with adjuvant only showed
a titre of <50.

The specificity of the sera was further tested by immuno-
blotting of bacterial lysates obtained from control and iron-de-
prived cultures (Fig. 6A). Pooled control sera did not react
with any protein in the lysates (Fig. 6B), whereas the pooled
anti-FrpB serum clearly reacted with the 70 kDa, iron-limita-
tion-inducible FrpB band (Fig. 6C). Furthermore, immunoflu-
orescence microscopy showed that the antibodies recognized
FrpB on the cell surface of living wild-type meningococci

Fig. 5. Analysis of in vitro folded FrpB by electron microscopy. (A) STEM

mass analysis of detergent solubilized, in vitro folded FrpB. The histogram

of mass values can be described by two Gaussian curves falling at

149,000 � 53,000 Da (n w 2894; standard error, SE ¼ �1000; overall uncer-

tainty �8000, considering the SE and the 5% calibration uncertainty of the

instrument) and 263,000 � 53,000 Da (n w 433; SE ¼ �3000; overall

uncertainty �13,000) respectively. (B) Overview image of the FrpB sample re-

corded by TEM after negative staining with 2% uranyl acetate. (C) Average

projections showing tilted top-views (first three panels) and various side-views

of the negatively stained, detergent solubilized FrpB monomer. The top-views

indicate a stain-filled cavity implying the presence of a pore. The scale bar is

20 nm in (B) and 5 nm in (C).
grown under iron-limitation, whereas an frpB mutant was
not labelled (Fig. 6D). Next, bactericidal activity of individual
sera was tested. Bactericidal titres of the anti-FrpB sera
against wild-type bacteria ranged from 177 to 4686 (GMT
912). These sera did not kill frpB-mutant bacteria. The control
sera were not bactericidal for either wild-type or frpB-mutant
bacteria. The lack of killing of the frpB mutant was due to the
absence of FrpB and not to a difference in sensitivity to com-
plement, since the wild-type and frpB-mutant strain were
equally sensitive to PorA-specific antiserum (GMT 1348 and
1885, respectively). Together, these results show that native
epitopes are present after folding FrpB in vitro and that

Fig. 6. Immunogenicity of in vitro folded FrpB. Proteins in lysates of porA-

mutant strain CE2001, grown in the presence or absence of EDDHA, were

separated by SDSePAGE and stained with Coomassie Blue (A), or blotted

and probed with control serum (B) or anti-FrpB serum (C). (D) Immunofluo-

rescence micrographs of N. meningitidis strain H44/76 and its frpB mutant de-

rivative CE1431 labelled with antiserum raised against in vitro folded FrpB.

(E,F) In vitro folded FrpB was denatured (d) or left native (n) and subjected

to semi-native SDSePAGE, blotted and probed with 1:500 dilutions of conva-

lescent patient sera. (E) negative serum of a patient infected with a serogroup

B strain; (F) positive serum of a patient infected with a serogroup C strain. The

positions of different heat-modifiable forms (arrowheads 1 and 3) and the de-

natured form (arrowhead 2) of FrpB are indicated. The FrpB variable region

antigen types of the infecting strains are unknown.
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bactericidal antibodies can be raised with the in vitro folded
protein.

FrpB antibodies can be found in sera from patients conva-
lescent for meningococcal disease [26]. To test whether in vi-
tro folded FrpB can be used to identify such antibodies, we
tested reactivity of 10 different convalescent patient sera
with refolded FrpB on Western blots. Two out of 10 sera tested
positive: a negative and positive example are shown in Fig. 6E
and F, respectively.

4. Discussion

FrpB of N. meningitidis is considered an important vaccine
candidate. Here, we have developed a procedure to obtain
large quantities of FrpB in its native conformation for both im-
munological and structural analysis. Semi-native SDSePAGE
indicated that the predominant form of in vitro folded FrpB is
a dimer, which is in equilibrium with folded monomers and,
possibly, higher oligomeric forms. In agreement with this ob-
servation, SDSePAGE analysis of FrpB from meningococcal
cell envelopes has shown that the protein is present in an olig-
omeric, probably dimeric, complex in the outer membrane
[27]. Accurate comparison of the oligomeric structure of
FrpB from meningococcal outer membranes and in vitro
folded FrpB is difficult, however, since in vivo the complex in-
teracts with the RmpM protein, which remains associated to
FrpB during semi-native SDSePAGE [27]. Although oligo-
mers of FrpB were also detected by analysis of cell envelopes
from an rmpM mutant [27], the fuzziness of these bands pro-
hibited the accurate determination of the Mr. Furthermore,
these oligomers might contain associated lipopolysaccharide,
which has been shown to increase the observed Mr of OMPs
[28,29].

Support for the assumption that FrpB folded into a native-
like structure was obtained in trypsin sensitivity assays. Four
tryptic fragments were detected on Western blots that migrated
at the same position as the bands obtained upon digestion of
native FrpB in cell envelopes. Two of the four bands were
present in sufficient amounts for N-terminal sequencing. One
fragment resulted from cleavage after Lys-6 near the N termi-
nus, the other from cleavage after Arg-249, which is located in
a predicted surface-exposed loop. Lys-6 is located close to the
TonB box, which supposedly interacts with the energy-cou-
pling protein TonB. Interestingly, the E. coli siderophore re-
ceptor FhuA is cleaved by trypsin at Lys-5, which is also in
close proximity to the TonB box [30]. As it is conceivable
that both trypsin-sensitive sites of in vitro folded FrpB are ex-
posed in the native structure, these results strongly indicate
that the protein folded correctly during the in vitro folding pro-
cedure. Strikingly, treatment of FrpB with an increased
amount of trypsin only yielded the fragment resulting from
cleavage at Lys-6. This result indicates that at least two struc-
turally different FrpB molecules coexist. Since FrpB is also
present as a dimer in the preparations, it is tempting to spec-
ulate that this dimer is asymmetric.

Although mass analysis by STEM revealed the presence of
dimers, it indicated that most of the FrpB protein analysed was
monomeric. Thus, the monomer/dimer ratios observed from
semi-native SDSePAGE and STEM do not fully correspond.
This is understandable because not every particle imaged by
STEM could be measured (see Section 3). Further, the dilution
required may have shifted the monomer-dimer equilibrium to-
wards the monomer.

The current work demonstrates the ability of FrpB to as-
semble into homo-oligomeric dimers. Interestingly, the crystal
structures of other TonB-dependent receptors, such as FhuA
[25,31] and FepA [24], revealed monomeric proteins. Analyt-
ical ultracentrifugation also indicated that purified FhuA is
monomeric [32]. However, in the latter study oligomers of
FhuA were detected by analytical ultracentrifugation after
cross-linking, and a positive co-operativity was observed in
siderophore-binding experiments, which is also consistent
with an oligomeric state of the receptor. Furthermore, FhuA
dimers have been visualized in 2-D crystals by electron mi-
croscopy [33]. It is therefore tempting to speculate that the
TonB-dependent receptors in general form dimers, which,
however, readily dissociate into monomers when extracted
from the membrane with detergents.

The dimensions of FrpB observed by TEM correspond to
those expected from the crystal structures of FhuA [25,31]
and FepA [24]. Some of the projections showed signs of
a pore. These projections probably represent FrpB molecules
in the up orientation, since the periplasmic side of the b-bar-
rels of the TonB-dependent receptors is closed by a plug
formed by an N-terminal domain of these proteins. Since mil-
ligram quantities of folded FrpB can now readily be obtained,
future experiments will focus on elucidating its three-dimen-
sional structure.

The in vitro folded FrpB protein was capable of inducing
high levels of antibodies that recognized FrpB in the outer
membrane and were bactericidal, showing that native epitopes
are formed during the in vitro folding procedure. It was re-
cently reported that a vaccine based on six PorA and five
FrpB (FetA) variants should be able to provide protection
against a large range of hyperinvasive meningococcal strains
[12]. The current work, together with previously developed
methods to fold the PorA protein in vitro [13,14], thus enables
the development of a protein-based meningococcal subunit
vaccine.
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