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Conserved Outer Membrane Protein of Neisseria meningitidis
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In Neisseria meningitidis, translocation of capsular polysaccharides to the cell surface is mediated by a

transport system that fits the characteristics ofABC (ATP-binding cassette) transporters. One protein of this
transport system, termed CtrA, is located in the outer membrane. By use of a CtrA-specific monoclonal
antibody, we could demonstrate that CtrA occurs exclusively in N. meningitidis and not in other pathogenic or

nonpathogenic Neisseria species. Nucleotide sequence comparison of the ctrA gene from different meningococ-
cal serogroups indicated that CtrA is strongly conse-rved in all meningococcal serogroups, independent of the
chemical composition of the capsular polysaccharide. Secondary structure analysis revealed that CtrA is
anchored in the outer membrane by eight membrane-spanning amphipathic beta strands, a structure of
proteins that function as porins.

Capsular polysaccharides are important in the pathogene-
sis of Neisseria meningitidis, a major causative agent of
septicemia and meningitis in infants. The capsules mediate
resistance to complement-mediated bacteriolysis and phago-
cytosis (6). Additionally, the capsule of serogroup B menin-
gococci is only weakly immunogenic, presumably because of
immunological tolerance (24). Antibodies against the group
B capsule, which is composed of a-2,8-linked polysialic acid,
cross-react with the carbohydrate component of the neural
cell adhesion molecule on embryonic neural and kidney
tissues (2, 9).

Great efforts have been undertaken to develop a menin-
gococcal vaccine. Because the capsular polysaccharide of
group B meningococci, the predominate serogroup of spo-
radic meningococcal disease in North America and Europe
(8), is nonimmunogenic, many vaccination studies have
focused on subcapsular components, such as outer mem-

brane proteins and lipooligosaccharides (10). However, ma-

jor outer membrane proteins that induce protection after
immunization exhibit serotype or subtype specificities, as
has been shown for class 1, 2, and 3 outer membrane
prQteins (1, 11). Similarly, antibodies against meningococcal
lipooligosaccharides are bactericidal, but a variety of dif-
ferent serotypes have also been described (26). Further-
more, there is some evidence that neisserial lipooligosaccha-
rides undergo antigenic variation (17), thus limiting the use

of these surface molecules in a meningococcal vaccine.

Therefore, further attention has to be focused on more

conserved surface proteins.
Recently, we have identified a gene within the cloned

capsule gene complex (cps) of N. meningitidis (16) encoding
an outer membrane protein designated CtrA (13). This
protein is one component of a complex capsule transport
system which fits the characteristics of ATP-binding cassette
transporters (21). To investigate the antigenic variability of
outer membrane protein CtrA, which might have implica-
tions in vaccine development, we determined the nucleotide
sequence of ctrA genes from different meningococcal sero-

groups and deduced a membrane model from the primary
structure of CtrA.

* Corresponding author.

MATERIALS AND METHODS

Bacterial strains and plasmids. Plasmid vector pGEX-3X
(29) was purchased from Pharmacia (Freiburg, Germany),
and pEMBL8 (7) was described previously. N. meningitidis
A1493 (serogroup A), B1936 and B1940 (both serogroup B),
and C1701 (serogroup C) as well as nonpathogenic Neisseria
species N. lactamica (116), N. flava (122), N. perflava (121),
N. subflava (124), N. mucosa (112), and N. sicca (118) were
obtained from U. Berger, Institute for Hygiene, Heidelberg,
Germany. N. meningitidis serogroups W135 and Y were

from the American Type Culture Collection (750020 and
55898), and serogroups 29E and Z were from the National
Collections of Type Cultures, London (11202 and 10792). N.
gonorrhoeae MS11 was a gift from E. Gotschlich, Rocke-
feller University, New York, N.Y. N. gonorrhoeae Ffn,
GC5214, NG22584184, and NG877578186 as well as N.
cinerea 493 were isolated in our own diagnostic laboratories.
All Neissenia strains were grown on chocolate agar under 5%
CO2. Eschenichia coli SURER was obtained from Stratagene
(Heidelberg, Germany) and grown on LB agar. Outer mem-
brane preparation of N. meningitidis B1940 was performed
as described previously (30).
Recombinant DNA techniques. Restriction enzymes, T4

DNA ligase, and T7 DNA polymerase were purchased from
Pharmacia LKB (Freiburg, Germany) and used under con-
ditions recommended by the manufacturer. Taq DNA poly-
merase was obtained from Boehringer GmbH (Mannheim,
Germany).
A genomic library of N. meningitidis A1493 was con-

structed by ligation of 1- to 2-kb Sau3A partially digested
chromosomal DNA fragments into the BamHI site of plas-
mid pEMBL8 and subsequent transformation into E. coli
SURER. Colonies were tested by colony blotting (30) with
monoclonal antibody 2619, which is directed against CtrA of
all meningococcal serogroups (see below). One immunore-
active clone, termed pMF140, was used for sequencing the
ctrA gene of serogroup A meningococci according to the
nested deletion strategy described by Henikoff (20). Se-
quencing of double-stranded plasmid DNA was performed
by using the T7 DNA polymerase sequencing kit obtained
from Pharmacia.
For polymerase chain reaction (PCR), 50 ng of meningo-

coccal chromosomal DNA was denatured at 94°C for 1.5
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min. Oligonucleotide primers were annealed at 45°C for 2
min, and this was followed by the polymerase reaction at
720C for 3 min. PCR was performed in an automatic Ther-
mocycler constructed at the Medizinische Hochschule Han-
nover, using oligonucleotide primers 5' GTGTY'IAAAGTG
AAA'1TTTTA 3' and 5' TTAATTAGTTAAATTATTAATAC
3', which encompass ctrA from the start to the stop codon.
An additional oligonucleotide (5' GCTCTGCGATTCCTIT
CATC 3') was constructed homologous to the 5' end of the
coding sequence of the mature protein. Oligonucleotides
were synthesized in a Gene Assembler Plus (Pharmacia
LKB) by the phosphoamidite procedure.
For sequencing PCR products, DNA was purified by using

PrimErase Quick columns (Stratagene). DNA (0.1 pmol) was
mixed with a 100-fold molar excess of sequencing primers,
denatured for 5 min at 95°C, and cooled for 5 min on
ice-alcohol. Primer annealing was performed at 370C for 5
min. After the addition of label mixes, 5 ,uCi of 35S-dATP,
and 2.5 U of Taq DNA polymerase, the mixture was
incubated at 37°C for 5 min before the polymerase reaction
was terminated by the addition of dideoxynucleotides. The
termination reaction was performed at 60°C for 7.5 min.
Annealing buffer, label, and termination mixes for Taq
sequencing were obtained from United States Biochemical
Corp. (Bad Homburg, Germany). Oligonucleotides designed
for PCR were also used as sequencing primers. Additional
oligonucleotides derived from the data of the following
sequencing reactions were constructed to complete se-
quence determination.

Nucleotide sequence data were analyzed with the PC/
GENE software package (IntelliGenetics, Mountain View,
Calif.). Secondary structure prediction of membrane pro-
teins was performed by using the AMPHI program described
by Jahnig (23).

Monoclonal antibodies. For large-scale expression of CtrA,
the complete ctrA gene of meningococcal strain B1940 was
amplified by PCR using the same oligonucleotides described
above, which encompass ctrA between the start and the stop
codons. The PCR fragment was subcloned into the single
SmaI site of expression vector pGEX-3X. Expression of the
glutathione S-transferase fusion protein was induced by the
addition of 1 mM IPTG (isopropyl-3-D-thiogalactopyrano-
side). For immunization, a suspension of 108 IPTG-induced
E. coli cells in phosphate-buffered saline was sonicated and
injected intraperitoneally into BALB/c mice (Zentralinstitut
fur Tierversuchskunde, Hannover, Germany). Immuniza-
tion was repeated four times at weekly intervals. Hybridoma
cells were generated by standard protocols (3). CtrA-reac-
tive monoclonal antibodies were detected by the enzyme-
linked immunosorbent assay (ELISA) technique as de-
scribed previously (14), using the same antigen that was used
for immunization. ELISA results were compared with the
ELISA reactivity with E. coli lysates expressing glutathione
S-transferase without the CtrA moiety. The immunoglobulin
class and subclass of the monoclonal antibodies were deter-
mined with a mouse hybridoma subtyping kit (Boehringer).
SDS-PAGE and immunoblot procedures. Sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed on 12.5% polyacrylamide gels by using the dis-
continuous buffer system of Laemmli (25). All cells were
resuspended to an optical density at 550 nm of 1.2. Cell
pellets from 1-ml cultures were resuspended in 100 RI of
sample solution (20% glycerol, 3% SDS, 3% 2-mercaptoeth-
anol, 1% bromphenol blue) and then denatured by heating at
100°C for 5 min. Western blotting (immunoblotting) to nitro-
cellulose was performed as described by Towbin et al. (31),
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FIG. 1. (A) Western blot analysis with MAb 2619 of whole-cell
lysates from recombinant E. coli clones expressing a 65-kDa gluta-
thione S-transferase-CtrA fusion protein and from different N.
meningitidis serogroups. Lane 1, E. coli clone expressing glutathi-
one S-transferase-CtrA fusion protein. Expression of the fusion
protein was unstable, and CtrA was degraded to the glutathione
S-transferase moiety. Lane 2, E. coli clone expressing glutathione
S-transferase without the CtrA moiety; lane 3, N. meningitidis
B1940; lane 4, N. meningitidis B1940 with an 18-kb deletion within
the cps locus including ctrA (15); lane 5, N. meningitidis A1493; lane
6, N. meningitidis C1701; lane 7, N. meningitidis 29E; lane 8, N.
meningitidis W135; lane 9, N. meningitidis Y; lane 10, N. menin-
gitidis Z. (B) Reactivity of MAb 2619 with outer membrane prepa-
ration of N. meningitidis B1940 (lane 2). Outer membrane prepara-
tion (10 1Lg) was loaded on the gel. Lane 1, N. meningitidis B1940
whole-cell lysate.

and blots were immunostained with 1:1,000-diluted ascites
fluid of MAb 2619 and alkaline phosphatase-labeled goat
anti-mouse immunoglobulin (Dianova, Hamburg, Germany).
Antibodies were detected by the addition of BCIP-NBT
substrate (0.05 mg of 5-bromo-4-chloro-3-indolyl phosphate
per ml, 0.1 mg of nitroblue tetrazolium per ml in 100 mM
Tris-HCI [pH 9.6], 4 mM MgCl2).

Nucleotide accession number. The nucleotide sequence
reported here has been deposited in the GenBankIEMBL
data bank under accession number M80593.

RESULTS

Monoclonal antibody against CtrA. To investigate whether
CtrA is common to all meningococcal serogroups, we raised
a CtrA-specific monoclonal antibody. BALB/c mice were
immunized with lysed E. coli cells that expressed CtrA fused
to glutathione S-transferase. By this immunization strategy,
one hybridoma cell clone was generated which secreted a
CtrA-specific immunoglobulin G2a monoclonal antibody,
designated MAb 2619.

Specificity of MAb 2619 for CtrA was confirmed in West-
ern blots (Fig. 1) by its reactivity with E. coli cell lysates
expressing a 65-kDa glutathione S-transferase-CtrA fusion
protein and with meningococcal strain B1940, from which
the capsule gene locus (cps) was cloned originally (16). In
contrast, E. coli cells which synthesize only the glutathione
S-transferase without the CtrA moiety and a mutant of
meningococcal strain B1940 which has an 18-kb deletion in
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FIG. 2. Western blot analysis with MAb 2619 of glutathione
S-transferase-CtrA fusion proteins with deletions at the 3' end of
CtrA. Lane 1, synthesis of complete CtrA fused to glutathione
S-transferase; lane 2, truncation of CtrA at amino acid position 323;
lane 3, truncation at position 259; lane 4, truncation at position 197;
lane 5, truncation at position 120. The same probes were analyzed
on silver-stained SDS gels to ensure that equal amounts of fusion
proteins were synthesized by all clones (data not shown).

the capsule gene cluster including ctrA (15) exhibited no
reactivity. The MAb 2619-reactive band has a molecular
mass of about 37 kDa, which is in accordance with the
predicted molecular mass for CtrA derived from recent
sequencing data (13).

Analysis of MAb 2619 reactivity with meningococcal
serogroups other than group B revealed an immunoreactive
band with the same molecular weight as CtrA of group B
meningococcal strain B1940 (Fig. 1A). Using purified outer
membrane preparations of N. meningitidis B1940, an MAb
2619-reactive band of identical size was observed (Fig. 1B).
In contrast, none of the N. gonorrhoeae strains or nonpath-
ogenic Neissena species tested expressed the MAb 2619-
reactive epitope. These findings are in accordance with
previous data which demonstrated that there is no DNA
homology between the meningococcal capsule transport
genes and N. gonorrhoeae or nonpathogenic Neissenia spe-
cies, suggesting that these Neisseria species lack capsules
comparable to that of meningococci (16). However, the
occurrence of CtrA with an identical molecular weight in all
meningococcal strains independent of the chemical compo-
sition of the capsular polysaccharide and reactivity with
MAb 2619 indicate a close antigenic relationship of this outer
membrane protein in all N. meningitidis serogroups.

Epitope mapping of MAb 2619. To map the epitope recog-
nized by MAb 2619, we generated ctrA gene fragments by
PCR using chromosomal DNA from strain B1940. These
fragments, all beginning with the ATG start codon but with
deletions at the 3' end, were subcloned in frame into the
SmaI site of expression vector pGEX-3X (29). The oligonu-
cleotides used for this experiment are indicated in Fig. 4. By
this strategy, glutathione S-transferase-CtrA fusion proteins
were synthesized which terminated CtrA at amino acid
positions 120, 197, 259, and 323, respectively. Binding of
MAb 2619 to truncated CtrA was monitored by immuno-
blots. As shown in Fig. 2, clones 1 and 2, whose ctrA genes
are truncated at nucleotides 976 and 778 (corresponding to
amino acids 323 and 259), respectively, still bind MAb 2619,
whereas clones 3 and 4, with truncation of ctrA at nucleotide
positions 591 and 359 (corresponding to amino acids 197 and
120), respectively, are negative. From these data, we can
conclude that the MAb 2619-reactive epitope is at least
partially composed of the peptide fragment between amino
acids 197 and 259 or that binding of MAb 2619 is influenced
by secondary structures that are dependent on the presence
of that region.

Nucleotide sequence analysis of ctrA genes from different
meningococcal serogroups. To confirm the conserved nature

FIG. 3. PCR fragments generated with oligonucleotides limiting
ctrA from the start to the stop codon (see also Fig. 4). Chromosomal
DNA from N. meningitidis A1493 (lane 1), B1940 (lane 2), C1701
(lane 3), 29E (lane 4), W135 (lane 5), Y (lane 6), and Z (lane 7) was
used as the template. HindIII-digested DNA from bacteriophage
lambda was used as the marker and loaded in the left lane.

of CtrA, we determined the nucleotide sequences of the ctrA
genes of different meningococcal serogroups. For this pur-
pose, we tried to amplify the ctrA gene of meningococcal
serogroups A, B, C, 29E, W135, Y, and Z by PCR. Oligo-
nucleotide primers were constructed which encompass the
1,160 bp of the ctrA gene from the start to the stop codon. By
this strategy, a DNA fragment of the appropriate size was
amplified from chromosomal DNA of serogroups B, C,
W135, and Y. A faint band of identical size was also
generated from chromosomal DNA of the serogroup 29E
meningococcal strain. In contrast, no ctrA amplification
from chromosomal DNA of serogroups A and Z could be
achieved (Fig. 3). Because the 5'-end oligonucleotide was
homologous to the signal sequence of ctrA, which may
exhibit sequence variability from strain to strain, we used an
additional oligonucleotide primer identical with the 5' end of
the coding sequence for the mature protein (Fig. 4). Again,
the ctrA gene fragment could not be amplified by PCR from
chromosomal DNA of serogroup A or Z meningococci,
indicating sequence differences between the ctrA genes from
group B, C, W135, and Y meningococci and those from
serogroup A and Z strains.
We determined the nucleotide sequences of the ctrA genes

from serogroup B (strain B1936), C (strain C1701), W135,
and Y meningococci by direct sequencing of the PCR
product and compared them with the already known nucle-
otide sequence of ctrA from group B meningococcal strain
B1940. As shown in Fig. 4A, only one nucleotide difference
was observed at position 1111, with cytidine-thymidine
exchanges in meningococcal strains B1936 and W135. How-
ever, these base exchanges did not result in an altered amino
acid sequence.
To obtain the nucleotide sequence of ctrA from serogroup

A meningococci, we constructed a genomic library from N.
meningitidis A1493. A total of 8,000 independent clones of
this library were tested with MAb 2619 by colony blotting,
and 5 immunoreactive clones could be isolated. One of these
clones synthesized complete CtrA as confirmed by immuno-
blots (data not shown). This clone, termed pMF140, was
used for sequence analysis of ctrA. The nucleotide sequence
of ctrA from serogroup A meningococcal strain A1493 is
shown in Fig. 4A. Comparison with the nucleotide sequence
of serogroup B strain B1940 revealed an overall identity of
92.5%. However, the variability was highest in the signal
sequence and the 5' end of the coding sequence for the
mature protein between nucleotides 1 and 53. This sequence
variability might explain the failure of PCR-directed ampli-
fication of ctrA from serogroup A meningococci with oligo-
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A
TCATACTTAATGAGATTTT A1493
.T.... TA TTTGGC.. B1940

ATGCTTAAGTTAAAGTTTTGTATTGTAATTTCTTT------------TTTAATTTTGGGAAGTGCATGTAGTGCTATTCCCTCCTCTGGCCCAAGTGCAA A1493
G..T....AG.G..A....A....CGTCACG.AG.ATTATTATTGTA.GG.C AATTGTA.G. ...TC....A.C. 31940

U8 AAAAGTTGTCTCATT TCTGAA GCTCAAATTCC TGAAGTAG3GTTGATTGACGTCAATCATGCTGTAGCCCAATCTTTTATAAAGCTCA A1493
100..A. T..A A. T.G...C.... T..GC..T.GA.G..T TA..A B1940

188 GGTGAATCAGTCTTTTACCCAGTTTGCGATGGTTATGCTTCTACCGGTACGCTAAATATTGGTGATGTATTGGATATTATGATTTGGGAAGCGCCGCCA A1493
200 .A.A. A. .C.T GG.T.. 11940

288 GCGGTATGTTTGGTGGTGGCCTTTCTTCGATGGGCTCGGGTAGT GTTGCCGG AGCAACTGGTGACGGCACGTGGTACGGTTTCTG A1493
300 ..A T. T...A. T....C.1940

388 TGCCGTTTGTTGGCGATATTTCGGTGGTCGGTAAAACGCCTGGTCAGGTTCAGAATTATTAAAGGCCGCCTGAAAAAAAGCCAATCCCGCAAGT A1493
400. G.C...T.G A.1940

488 GATGGTGCGCTTGGTGCAGAATAATGCGGCAAATGTATCGGTGATTC AGGCATAG TATGCCGTTGACGGCAGCCGGTGAGCGTGTGTT A1493
500. T GG TG C. B1940

58 GATGCGGTGGCTGCGGTACCTGGTTCAACGGCAATCTGCACGATACGAATCTGCAGCTGACACGTGGCAATGTAGTACGAACTGTTGCCTTGGAAGATT A1493
600 .......B1940

68 TAGTTGCAAATCCGCGACAAATATTTTGCTGCGTCGCGGTGATGTGGTTACCATGATTACCAATCCCTATACCTTTACGTCTATGGGTGCGGTGGGGAG A1493
700 B1940

78 AACAAGTCGGTTTTTCAGCCAGAGGCTTATCGCTTTCTGAAGCCATTGCCGTATGGGCGGTTTGCAAGATCCCTTCTGATGCCGTGGTGTG A1493
B1940

TTTTGTTC ATACGCATTGGTGAATT ACGTCGGATAAATGGATTGCTCAGGTTATGGCGTGAGGCGAGATTCCCGTAT A1493
900 81940

9U8 ATCGTGTGATATGGCTGATGCCATTCGCTATTTTCTATGCAGCGCTTTCCTGTGAAGAATAATGTATTGTATGTGTCGATGCGCCGTTGGCTGA A1493
1000 .................................................. 9B1940

1088 AGTGCAGAAATTCTTGTCGTTTGTGTTCTCGCCGGTTACCAGTGCCCGCCAACAGTATTAATAATTTAACTATTAATGTGAGTAATTAAGATGTCTGAGC A1493
1100 1940

B
A1493 NLKLKFCIVISFLIL-GSA ---CSAIPPSSGPSAKVVSLGOOSEAOIPEVELIDVNKAVAOSLYKAOVNOSFTOFGDGYASTGTLNIGDVLDINIW 92

31940 .F.V..Y.RNAV.L.C..LIVG I. V T...L.I. A.95

A1493 EAPPAVLFGGGLSSWGSGSAOOTKLPEOLVTARGTVSVPFVGDISVVGKTPCGOEI IKGRLKKCALNVNVRLVOMAAMVVIRAGNSVRNPL 188
B1940 ............................................................................................... 192

A1493 TAAGERVLDAVAAVGGCSTAVDTNLTRG 1TVALEDLVAMPROhILLRRGDVVTNITNPYTFTSWGAVGRTOEIGFSARGLSLSEAIGRNG 284
B1940 ................................................................................................ 288

A1493 GL0DRRSDARGVFVFRYTPLPVICKDVLYVSMAPLAEVOKFLSFVFSPVTSGANSIMNLTNVELPAERODKIIAOGYGSEAEIPTVYRVNDAHS 380
B1940 ................................................................................................ 9

A1493 LFSNRF 387
1940 ....... 391

FIG. 4. (A) Nucleotide sequence-of ctrA of N. meningitidis A1493 compared with the sequence of ctrA from strain B1940 (13). Nucleotide
positions are given on the left and refer to the ATG start codon. Start and stop codons are indicated with asterisks. The putative
Shine-Dalgarno sequences are underlined (18). Sequences of oligonucleotides used for amplification of complete ctrA or gene fragments by
PCR are indicated with arrows. The sequences of primers indicated with arrows from the 3' to the 5' end must be read complementary. A
cytidine residue at nucleotide position 1111 (indicated with a small arrow above) was found to be replaced by a thymidine residue in N.
meningitidis B1936 and W135. Complete sequence determination of the PCR products of meningococcal strains B1936, C1701, W135, and Y
also included the nucleotide sequence of the annealing sites of the PCR primers. Therefore, single-nucleotide variations in the corresponding
chromosomal fragments cannot be excluded. (B) Alignment of the amino acid sequences of CtrA from N. meningitidis A1493 and B1940.
Amino acid positions are given on the right. Signal sequence cleavage site is indicated with an arrow.

nucleotides whose sequences are identical with the 5' end of
ctrA from serogroup B meningococci.
Compared with the ctrA sequence of strain B1940, a

modest nucleotide sequence variability was observed be-
tween nucleotides 54 and 509, with 49 nucleotide exchanges
resulting in 89% identity in this segment. The following 417
nucleotides are completely conserved between the ctrA
genes of group A and B meningococci.
Comparison of the deduced amino acid sequences of CtrA

from serogroup A and B meningococci (Fig. 4B) without
signal sequence revealed a 98.1% identity, with seven amino
acid exchanges. Considering conserved amino acid substitu-
tions (isoleucine versus valine at amino acid positions 36 and
68 and threonine versus alanine at positions 58 and 82), a

similarity of 99.2% between both polypeptides was ob-
served. The amino acid sequence of the leader peptide is
completely different in the CtrA molecules of both sero-

groups. However, both signal sequences exhibit properties
of lipoprotein precursors. The leader peptides may be
cleaved off by the signal peptidase II. The mature protein has
an N-terminal cysteine residue to which glyceride-fatty acids
may be attached (22).

Secondary structure prediction for CtrA. The hydropho-
bicity and secondary structure of CtrA from strain B1940

were analyzed by using the algorithm of Jahnig (23). Eight
membrane-spanning amphipathic beta strands were pre-

dicted in the N-terminal part around amino acids 38, 62, 88,
122, 140, 153, 166, and 173 (Fig. 5). These beta strands could
form a membrane-spanning beta barrel. The predicted struc-
ture for CtrA is very similar to that found for the E. coli
OmpA protein, an outer membrane protein whose N-termi-
nal part is incorporated in the membrane by eight membrane-
spanning amphipathic beta strands followed by a large
C-terminal periplasmic domain (33).
From the secondary structure data, we deduced a simpli-

fied model for the arrangment of CtrA in the outer membrane
(Fig. 6). The predicted periplasmic loops shown in this
model were confirmed by determination of insertion sites of
transposon TnphoA (27) within ctrA, which we recently used
to localize CtrA in the outer membrane (13). Two alkaline
phosphatase-positive insertions were located before amino
acids 74 and 136 in the first and second periplasmic loops.
Additional TnphoA insertions were found in the predicted
periplasmic domain between amino acids 188 and 391 at
positions 257, 261, 363, and 378.

Epitope mapping revealed that binding of MAb 2619 is
dependent on the peptide fragment between amino acids 197
and 259, which is located in the predicted C-terminal peri-
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FIG. 5. Secondary structure predictions for CtrA according to
the algorithm of Jahnig (23). (A) Hydrophobicity blot with a window
of seven consecutive residues; (B) ao-helix potential; (C) beta-strand
potential. Predicted membrane-spanning beta strands are indicated
with bars in panel C. According to the rules of Jahnig (23), the beta
strands were not disrupted by beta-turn formations. Beta turns were
predicted by the method of Chou and Fasman (5; data not shown).

plasmic domain. In immunofluorescence studies, no binding
of MAb 2619 to the surface of meningococci could be
observed (data not shown), thus also confirming the pro-
posed topology of CtrA in the outer membrane.

43 e i MYOO_"4149171 179

34 67 4127 136158 1

23 o
23 periplasm

391

FIG. 6. Simplified model for the arrangement of CtrA in the
outer membrane. The bars symbolize the lipid bilayer, and the
zig-zag lines symbolize the membrane-spanning beta strands. Amino
acid positions are given.

DISCUSSION

Recent studies on the molecular mechanisms of capsule
expression in N. meningitidis and translocation of capsular
polysaccharide to the cell surface led to the identification of
a complex transport system (13) which has striking similar-
ities with other transporters of the ABC (ATP-binding cas-
sette) transporter type (21). One protein component of this
system was located in the outer membrane and designated
CtrA (Ctr = capsule transport). CtrA has properties of a
lipoprotein. Because the capsular polysaccharide is attached
to the outer membrane by a phospholipid to which the
polysaccharide is linked at its reducing end (19), one can
speculate that CtrA functions as a membrane anchor for
capsular polysaccharides. However, we were not able to
coprecipitate CtrA and capsular polysaccharides of group B
meningococci with either MAb 2619 or MAb 735 (14), which
is directed against the capsular polysaccharide of group B
meningococci (lla).

Nucleotide and amino acid sequence comparison of the
ctrA genes from different meningococcal serogroup strains
demonstrated that CtrA is a strongly conserved protein of
the outer membrane. No amino acid sequence differences
were found in CtrA proteins from serogroup B, C, W135,
and Y meningococcal strains, whose capsules are all com-
posed of neuraminic acid, either as a homopolymer or as a
heteropolymer (8). In contrast, compared with CtrA from
group B meningococci, seven amino acid substitutions were
found in CtrA of serogroup A N. meningitidis, whose
capsule is composed of N-acetylmannosamine (8). The al-
most complete conservation at the nucleotide sequence level
of the ctrA gene from the neuraminic acid capsule group
contrasts with variations in the nucleotide sequence of ctrA
in serogroup A meningococcus A1493, resulting in only a
92.5% identity to the nucleotide sequence of ctrA in sero-
group B, C, W135, and Y strains. Although most of these
nucleotide sequence variations are silent substitutions that
do not lead to an altered amino acid sequence, the nucleotide
variability between ctrA of group A meningococci and the
neuraminic acid-containing capsular serogroups may reflect
phylogenetic distance between meningococcal serogroups
whose capsule is composed of neuraminic acid and sero-
groups with other chemical compositions.
The conserved protein sequence of CtrA in different

serogroups indicates a common structure and function for
capsular polysaccharide transport. Secondary structure
analysis revealed that CtrA is anchored in the outer mem-
brane by eight membrane-spanning amphipathic beta
strands, which may form a beta barrel. This structure is
comparable to that for proteins with porin functions (32, 33).
Assuming that CtrA has porin properties, similarities to
protein K of E. coli are evident. This protein is also a porin
(34), and its expression in E. coli correlates with capsulation
(28). However, further biophysical and structural analyses of
CtrA are necessary to verify the predicted porin nature of
CtrA and to obtain insight into its role in surface expression
of capsular polysaccharides.
CtrA is reminiscent of other conserved proteins of patho-

genic Neisseriae species, such as the H.8 antigen (4) and the
recently described P.833 (12). However, these proteins are
common to the pathogenic Neisseria species N. meningitidis
and N. gonorrhoeae. Furthermore, expression of these
surface proteins was also described in the nonpathogenic
Neisseria species N. lactamica and N. cinerea. In contrast,
CtrA is the first outer membrane protein described that is
restricted to a single neisserial species, namely, N. menin-
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gitidis. This makes CtrA an ideal candidate for a rapid
diagnosis of meningococci based on serological methods,
and the monoclonal antibody described here may be a
valuable tool for such purposes. Furthermore, because of its
conserved antigenic features, CtrA is a candidate for devel-
opment of a vaccine against meningococcal disease.
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