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PorA is an important component in a vaccine against infection with Neisseria meningitidis. However, porA-
negative meningococci were isolated from patients, thereby potentially limiting the role of PorA-mediated
immunity. To analyze the mechanism by which the porA4 deletion occurred, the regions upstream and down-
stream of porA from three meningococcal strains (H44/76, H355, and 860183) were sequenced. The porA up-
stream region in strain 860183 contains a cluster of 22 repetitive palindromic RS3 core sequences (ATTCCC-
Ns-GGGAAT) and 10 RS3 core sequences (ATTCCC) in direct orientation. The cluster is flanked by neisserial
repeats, so-called Correia elements, and can be subdivided into three repeats of 518 bp followed by a truncated
repeat. The por4 upstream region of the other two strains showed deletions, probably caused by a recombi-
nation between RS3 core sequences. The porA downstream region of H44/76 and H355 contains the 1S1106
element followed by a cluster of 10 palindromic RS3 core sequences, 4 RS3 core sequences, and 1 other RS3
core sequence (GGGAAT) and is followed by a Correia element. This cluster can be subdivided into four direct
repeats of 370 bp. Strain 860183 had two such repeats instead of four. Sequence analysis of the por4-negative
variants indicated that the deletion of por4 occurred via a recombination between two copies of the 116-bp re-
gion, containing two palindromic RS3 core sequences and a single RS3 core sequence. This region is homol-

ogous in the upstream and downstream clusters.

The major outer membrane protein PorA of Neisseria men-
ingitidis is of interest, since its antigenic variation is used for the
subtyping of meningococci (8, 24, 25). In addition, it is under
investigation as a component of experimental vaccines against
meningococcal infection (13).

The immunization of mice with outer membrane protein
complexes results in bactericidal antibodies mainly directed
against PorA (35, 36). Its value as a candidate vaccine is de-
rived from experiments in which monoclonal antibodies di-
rected against subtype-specific epitopes on PorA were effective
in bactericidal assays and conferred protection in an animal
model. However, PorA is subject to antigenic variation, which
is thought to be overcome by including multiple antigenic vari-
ants of PorA in the vaccine (43). Already, trials with a hexava-
lent PorA-based vaccine and vaccines in which PorA is a major
component have been performed (15).

PorA is expressed by most of the clinical isolates, but its level
of expression varies widely (18, 42). Since the stable expression
of this protein in meningococci during disease is a prerequisite
for the PorA vaccine to be effective, the genetic mechanism of
the variable expression of PorA has to be elucidated. Recently,
we reported PorA phase variation at the transcriptional level,
mediated by a variable polyguanidine stretch between the —10
and —35 domains of the por4 promoter (42). In this study we
describe a porA-negative meningococcus isolated from a pa-
tient with meningococcal disease. In addition, porA-negative
variants were selected in vitro from two of nine different iso-
lates. To elucidate the mechanism involved in the deletion of
porA, DNA sequences upstream and downstream of this gene
were evaluated.
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Sequence analysis of the deletion variants indicated that in
these three strains a recombination between regions of homol-
ogy upstream and downstream of por4 of 116 bp has occurred.
The rise of porA deletion variants during a meningococcal
infection could possibly be a mechanism to evade the host
immune defense. Therefore, the protective efficacy of a vaccine
on the basis of PorA may be limited.

MATERIALS AND METHODS

Strains, culture conditions, and chromosomal DNA isolation. From the cere-
brospinal fluid (CSF) and blood of the same patient N. meningitidis 860183
(C:4:P1.1 [CSF] and C:4:P1.NT [blood]) isolates were collected by the Reference
Laboratory for Bacterial Meningitis (RLBM), University of Amsterdam, in 1986.
In addition, nine isolates, strains 890456 (B:16:P1.5), 900545 (B:4:P1.15), 900111
(B:15:P1.16), 2996 (B:2b:P1.2), 900181 (B:2b:P1.2), 900619 (B:2b:P1.2), 901569
(C:2a:P1.2), H44/76 (B:15:P1.7,16), and H355 (B:15:P1.15), from the collection
of the RLBM were used for in vitro studies. The latter two strains were isolated
from patients with meningococcal disease during the epidemic period in Norway
in the 1970s and are now used as reference strains.

Bacteria were grown on a GC agar base (Difco Laboratories, Detroit, Mich.)
containing 1% Vitox supplement (Oxoid Laboratories, Ltd., Basingstoke, United
Kingdom) at 37°C in a humidified atmosphere of 5% CO, in air. Chromosomal
DNA was prepared as described previously (42). Pellicle growth was performed
in 5 ml of tryptic soy broth in 20-ml glass tubes without agitation. The bacteria
growing at the surface of the medium were diluted twice a week in fresh medium.
Aliquots of the diluted culture were plated on GC agar plates and assessed for
the presence of PorA- and porA-negative variants by colony immunoblotting and
Southern colony hybridization, respectively.

Colony immunoblotting. Colonies were transferred to nitrocellulose filters
(0.45-mm pore size; Schleicher and Schuell, Dassel, Germany) and immunolog-
ically stained as described before (18).

Detection of porA by colony hybridization. Colonies were transferred onto a
nylon membrane (Hybond-N; Amersham International plc, Little Chalfont,
Buckinghamshire, England) by replica plating. The colonies were lysed and
denatured, essentially as described by Sambrook et al. (34). Briefly, filters were
placed on GB003 gel-blotting paper (Schleicher and Schuell) saturated with 10%
sodium dodecyl sulfate for 5 min, transferred to a second sheet of paper satu-
rated with 0.5 M NaOH-1.5 M NaCl, and incubated for 10 min. The filters were
neutralized by incubating them on paper saturated with 1.5 M NaCl-0.5 M Tris
(pH 8.0) for 5 min. The filters were then transferred to paper saturated with 2X
SSPE (1X SSPE is 0.18 M NaCl, 10 mM NaH,PO,, and 1 mM EDTA [pH 7.7])
and incubated for 5 min. The filters were allowed to dry at room temperature and
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TABLE 1. PCR primers used in this study
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fication with primers PorA113 and PorA107 the amplicons were cloned, sub-
cloned, and sequenced as aforementioned.

Primer Sequence® Reference The EcoRI fragment, hybridizing with PorA13 and PorAll, of the porA-
negative variants was used as the template in a PCR with primers PorA10 and
IS1 ATTATTCAGACCGCCGGCAG 30 PorAll. After reamplification with PorAll and PorA110 as primers, the ampli-
1S2 CCGATATCAGGATCCG 30 cons were characterized as aforementioned with the pord downstream se-
1S41 AATAGGATCCTGCCTGATTATCGGGTATCChis study quences.
PorAll CCCGCCTGATGGACACCGCCC This study Fluorescence-based sequencing and analysis. Subclones were sequenced with
PorAlll  ATCAGAATTCCCCGCCTGATGGACACCGCOEs study the fluorescent dye-labeled universal primer —21M13 in a PCR-based sequence
PorA13 TTAATCGGCAAGGAAGAGGG This study reaction by using Taq polymerase (Perkin-Elmer) and the reaction mixture
POrAll3  AATAGGATCCTTAATCGGCAAGGAAGAGGEis study 1100 I e e M L e M oo ot
P21 CTGTACGGCGAAATCAAAGCCGGCCGT 24 sequenator (model 370A; Applied Biosystems Incorporated). Sequences were
p22 TTAGAATTTGTGGCGCAAACCGAC 24 . analyzed with computer programs included in the program package PC/GENE
P1-1 GGTCAATTGCGCCTGGATGTTCCTG This study (19a). The sequences were aligned with the CLUSTAL program by the method
P1-2 CGCTGATTTTCGTCCTGATGCGGC This study developed by Higgins and Sharp (17).
PorA3 CCAAATCCTCGCTCCCCTTAAAGCC 42 Nucleotide sequence accession numbers. The nucleotide sequence data will
PorA5 CCGAGACTGCATCCGGGC 42 appear in the EMBL, GenBank, and DDBJ nucleotide sequence databases un-
PorA107 AATAGAATTCGCGCAGCCTCGTGC This study der accession no. AF117212 (porA upstream region of strain H355), AF117213
: (porA upstream region of strain H44/76), AF117214 (porA upstream region of
gg;ﬁ?o Efagégfgcﬁgggf :ége AAGTCCAAG %iz :tﬁgz strain 860183), AF117215 (pord downstream region of strain H355), AF117216

“ The restriction sites used for insertion in the cloning vector are underlined.

finally baked at 80°C for 1 h. por4 was detected by hybridization with a digoxi-
genin (DIG)-labeled PCR product as described for the Southern hybridization.

Southern hybridization. DNA fragments were electrophoresed on a 0.6%
agarose gel and transferred to a nylon membrane (Zeta Probe; Bio-Rad) (34).
The porA- and IS1106-specific probes were made by PCR amplification with
primers PorA5 and P22 and IS1 and IS2, respectively. Probes were randomly
primed and labeled with DIG (Boehringer, Mannheim, Germany) according to
the instructions supplied by the manufacturer. After hybridization the probes
were detected with anti-DIG antibodies conjugated to alkaline phosphatase and
by staining according to the instructions supplied by Boehringer.

Oligonucleotide synthesis. The oligonucleotides used in this study are shown
in Table 1 and Fig. 1. Oligonucleotides were synthesized by Perkin-Elmer Ned-
erland B.V., Gouda, The Netherlands.

Detection of por4 by PCR. The presence of the porA gene was assessed by PCR
with primers P21 and P22 as described previously (24). The PCR products were
analyzed on agarose (1%) gels with the Tris-acetate-EDTA buffer system (34).

Strategy for determination of the seq es of the regi upstream and
downstream of porA. Primer PorAl1, homologous to a sequence downstream of
porA and the IS1106 region, was designed according to the sequence obtained
after inverse PCR of the EcoRI restriction enzyme fragment that hybridized with
the IS7106-specific probe as well as with the porA gene probe. The EcoRI
restriction fragment containing the 3’ part of por4 of the chromosomal DNA
from strain H355, H44/76, or 860183 was used as the template in a PCR with
primers IS1 and PorAl1. After reamplification with IS41 and PorA111 as prim-
ers, amplicons were inserted into the BamHI/EcoR]I-linearized vector pUC18 or
pUC19 (Invitrogen Corporation, Carlsbad, Calif.). Subclones were made by
exonuclease IIT digestion according to the company’s protocol (Promega) and
subsequently sequenced.

The upstream region of por4 was obtained in a way similar to that aforemen-
tioned for the downstream region. PorA13 and PorA10 were designed according
to the porA upstream sequence obtained after targeted genome walking (42).
The EcoRI restriction fragment containing the 5’ part of por4 of the chromo-
somal DNA from strain H44/76 or H355 was used as the template in a PCR with
primers P1-1 and PorA13. For strain 860183 the amplification was initially
performed with primers PorA3 and PorAl3. To increase the specificity the
amplicons were further amplified with primers P1-2 and PorA13. After reampli-

(porA downstream region of strain 860183), AF117217 (porA downstream region
of strain H44/76), AF117218 (porA locus after porA deletion of strain H355),
AF117219 (porA locus after porA deletion of strain H44/76), and AF117220
(porA locus after porA deletion of strain 860183).

RESULTS

Identification of porA4-negative meningococcal clinical iso-
lates. During the routine characterization of clinical meningo-
coccal isolates in the RLBM we identified a group C nonsub-
typeable meningococcus (strain 860183) from a blood culture
while the CSF isolate from the same patient appeared to be
subtype P1.1. Both isolates had the same serogroup and type
and were identical according to their outer membrane profile,
except for the presence of PorA. Both isolates were subjected
to colony immunoblotting with a PorA-specific antibody and
colony hybridization with the porA-specific probe. All colonies
from the CSF isolate appeared to be pord positive and PorA
positive. In contrast 4% of colonies from the blood isolate were
porA positive and PorA negative and 96% were porA negative
and PorA negative. The occurrence of porA-negative and
PorA-negative colonies indicated the deletion of porA.

Isolation of porA-negative variants in vitro. Meningococci
reveal phenotypic changes, depending upon growth phase and
growth rate (31, 32). The pellicle growth of meningococci has
been shown to yield phenotypic variants (31). Two of nine
isolates (H44/76 [B:15:P1.7,16] and H355 [B:15:P1.15]) tested
yielded porA-negative variants after pellicle growth. The pro-
portion of porA4-negative variants on the culture plates of strain
HA44/76 was 3% after six cycles of culturing and reculturing of
the pellicle. A similar proportion of porA-negative variants was
obtained with strain H355 after 16 cycles of culturing and
reculturing of the pellicle. PorA phase variants, which usually

EcoRI EcoRI EcoRI
PorA13
Port13 P21 I1S1 1S41
PorA10
Pg:A1 10 PorA5  promoter . | - -
> — p [ porA | | 151106
-« - <« -« «—
PorA107 P11 P22 1S2 PorA11
PorA111
P1-2
PorA3

FIG. 1. Schematic representation of the locations of the PCR primers used in this study.
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FIG. 2. Southern hybridization analysis of EcoRI-digested chromosomal
DNA of PorA-positive and PorA-negative variants of N. meningitidis H44/76,
H355, and 860183. +, PorA-positive variants; —, PorA-negative variants; M,
molecular weight markers, in kilobase pairs.

appear with a frequency of 10~* to 1073, were not observed in
these experiments.

Characterization of por4-negative variants. Chromosomal
DNA digested by EcoRI of the porA-negative variants and
their porA-positive counterparts were assessed by Southern
hybridization. The por4 gene has an EcoRI restriction site
dividing the gene roughly in half. The bands of both restriction

A
so0183

INFECT. IMMUN.

fragments were absent in the porA deletion variants after hy-
bridization with the porA4 probe, containing the complete por4
gene, including its promoter (Fig. 1). This means that the de-
letion extends beyond the size of the probe (1.5 kb) (Fig. 2).

Knight and colleagues (20) have demonstrated that menin-
gococcal isolates can have an IS7706 element downstream of
porA. For strains 860183, H355, and H44/76 this was also
demonstrated by PCR with primers P21 and IS2 and confirmed
by Southern hybridization with the IS7106-specific probe (data
not shown). In addition, only the smallest por4 EcoRI restric-
tion fragment reacts with this probe in the Southern hybrid-
ization, indicating that this fragment contains the downstream
part of porA. With the porA deletion variants of the three
strains the smallest EcoRI fragment was absent when assessed
with the IS7706-specific probe in the Southern hybridization.
Together, the Southern hybridization results indicated that with
the deletion of porA at least 4 kb of the chromosome was lost.

Sequence upstream of porA. The sequencing of the porA
upstream region of each of the three strains revealed a highly
repetitive DNA sequence (Fig. 3). No significant open reading
frames were found within the 2- to 2.5-kb region. The porA
upstream sequence is preceded by the 3’-terminal part of the
gene coding for the elongation factor Tu (EF-Tu) (Fig. 3A).
The porA upstream sequence of strain 860183 contains a clus-
ter of 22 palindromic sequences with RS3 (14) core sequences
(ATTCCC-Ng-GGGAAT) in an inverted orientation (19, 37)

porA
promoter

D fem

A B C
|akbcd1ef>¢akbcd1ef>gkbcd1ef>1

akbcd
Ef-tu
H355 @
|akbcd1ef>¢ akbcdlbcdlefni>lakbcdlef]
Ef-tu —)
H44/76 I l
[akbcdlefm{akbcedlefmlakbedfnrlakbed
Ef-tu [ i S —3)
0 Base pairs 2500
Direct repeat 518 bp DR A, B, C
: :::::> dRSgg:::: cRS3k

AACCCTGTCG CCGTCATTCC CGCAAAAGCG GGAATCTAGG ACGCAGGGTT AAGAAAACCT GCATCCCGTC ATTCCCTCAA AAACAGAAAA CAAAATCAG

dRS3b

AAACCTAAAA TCCCGCCATT CCCGCAAAAG CGGGAATCCA GTCCGTTCAA TTTCGGTCAT TTCCGATAAA TECCTGTTGC TTTTCATTTC AGATTCCCA

dRS3c

dRrRS3d

CTTTCGTGGG AATGACGGCG GAAGGGTTTT GGTTTTTTCC GATAAATTCT TGAGGCATTG AAATTCCAGA TTCCCGCCTG CGCGGGAATG CGATTCATA
k4

cRS31 dRS3e

AGTTTCCCGA AATTCCAACA TAACCGAAAC CTGACAGTAA CCGTAGCAAC TGAACCGTCA TTCCCACCAC TTTTCGTCAT TCCCGCGAAA CGGGAATCT

dRS3f

AGAATCTCGG ACTTTCAGAT AATCTTTGAA TATTGCTGTT GTTCTAAGGT CTAGATTCCC GCCTGCGCEGG GAATGACGAA TCCATCCGCA GGAAACCTG

_CRS3m
CACCGCGTCA TTCCCACG

FIG. 3. (A) Schematic representation of the structure of the chromosome upstream of porA of N. meningitidis 860183, H355, and H44/76. Open arrows indicate the
518-bp repeat. The letters in the open arrows refer to the different dRS3 repeats and cRS3 sequences. Hatched arrows indicate the Correia elements (5). (B) Sequences
of the different repetitive elements in the porA upstream region. The different dRS3 and cRS3 sequences are indicated. Open arrows indicate inverted repeats in the

518-bp repeat. Black arrows indicate the 14-bp direct repeat.
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RS3a CTGTCGCCGTCATTCCCGCAAAAGCGGGAATCTAGGACGCAG
RS3b AAAATCCCGCCATTCCCGCAAAAGCGGGAATCCAGTCCGTTC
RS3c TTCATTTCTAGATTCCCACTTTCCTGGGAATGACGGCGGAAG
RS3d TGAAATTCCAGATTCCCGCCTGCGCGGGAATGACGATTCATA
RS3e CACTTTTCGTCATTCCCGCGAAAGCGGGAATCTAGAATCTCG
RS3f CTAAGGTCTAGATTCCCGCCTGCGCGGGAATGACGAACCATC

FIG. 4. Homology between the different dRS3 palindromic sequences. The
conserved nucleotides are indicated in bold.

and 10 RS3 core sequences (ATTCCC) in the direct orienta-
tion. The cluster is flanked by two neisserial repetitive se-
quences first described by Correia and colleagues (5) in the
direct orientation. The pairs of inverted RS3 core sequences
are actually inverted repeats of 8 bp; two nucleotides of the
inner core sequence are also inverted. In addition, the nucle-
otides at the fourth position on either side of the inverted
repeat are conserved and complementary (Fig. 4). The pairs of
inverted RS3 core sequences were termed dRS3 by Morelli et
al. (27) to distinguish them from the RS3 sequences originally
described by Haas and Meyer (14). In this report we will refer
to cases of single RS3 core sequences as cRS3 sequences. The
cluster of dRS3 sequences can be subdivided into three repeats
of 518 bp, containing six dRS3 sequences (dRS3 a to f) and
three cRS3 sequences (cRS3 k to m) in the direct orientation
(Fig. 3B). The three 518-bp repeats are followed by another,
truncated repeat (Fig. 3A). The dRS3 a sequence in repeat A
is part of a larger inverted imperfect repeat of 23 bp. Repeats
B to D show minor sequence variations just upstream of dRS3
a, destroying the 23-bp inverted repeat. In addition, a direct
repeat of 14 bp (TTTCCGATAAATTC) is found (Fig. 3B).
In comparison to the porA upstream region of strain 860183
the porA upstream regions of strains H44/76 and H355 show
deletions (Fig. 3A). The porA upstream region of H355 has a
deletion of 280 bp between position cRS3 1 of repeat B and
dRS3 b of repeat C (Fig. 3A and 5). The por4 upstream region
of strain H44/76 shows two deletions in comparison with strain
860183, i.e., 180 bp between dRS3 d and f of repeat C and 50
bp between dRS3 a and cRS3 k of repeat D, respectively. In
strain H355 the fourth repeat (repeat D) is 42 bp shorter than
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the preceding three repeats and ends with dRS3 f. Repeat D is
160 bp shorter in strains 860183 and H44/76 than in strain H355,
presumably by a deletion between dRS3 d and f. The sequence
differences between the upstream regions of strain H355 and
strain H44/76 are consistent with the results obtained by South-
ern hybridization. The largest EcoRI fragment, containing the
porA upstream region, of strain H44/76 has a slightly higher
electrophoretic mobility than that of strain H355 (Fig. 2). Strains
H44/76 and H355 were isolated from patients in Norway during
an epidemic in the early 1970s and are from the same clone (4).
A comparison with strain 860183 is difficult, because this strain,
isolated from a patient in the Netherlands, has a different EcoRI
restriction enzyme digest pattern than the other two strains.
Sequence downstream of porA. The sequences of the region
downstream of porA in all three strains and strain F207 (20)
were essentially similar to each other. However, strain 860183
had only two DR2 repeats (20) downstream of I1S7/106 instead
of four (Fig. 6). In H44/76 and H355 the sequences down-
stream of IS7706 actually also form a cluster comprising 10
dRS3 sequences, four cRS3 sequences (ATTCCC), and one
other cRS3 sequence (GGGAAT) and are followed by Correia
elements. The orientation of these Correia elements is oppo-
site to that of the Correia elements found upstream of porA.
Homology of the por4 upstream region with different loci in
Neisseria. The Correia element is found in up to 150 to 200
copies throughout the Neisseria genomes, gonococci as well as
meningococci (3). In the porA locus it is also found down-
stream of porA but in an opposite orientation (Fig. 6) (20).
The complete 518-bp repeat of the porA upstream region is
not found elsewhere in the Neisseria chromosome (either gono-
cocci or meningococci) (12a, 19, 28). However, parts of the re-
peat show homology with three regions in the por4 down-
stream region, dRS3 b to f in the DR1 repeat and dRS3d to f
(inverted) and cRS3 I to dRS3 f in the DR2 repeat. Homology
is also found in the flanking regions of other genes, mostly
coding for outer membrane proteins or other surface struc-
tures. These parts are flanked by the RS3 core sequences.
Table 2 shows the regions of homology (more than 90% iden-
tity) of the 518-bp repeat with other loci in Neisseria species.

cRS31B dRS3bC
AACTGAACCGTCATTCCCACCACTTTTC ---- AAAATCCCGTCATTCCCGCGAAAGCGGGAATCCAGTCC 860183
AACTGAACCGTCATTCCCACGAAAGTGGGAATCCAGTCC H355
dRS3dD dRS3fD
ATTCCAGATTCCCGCCTGCGCGGGAATGAC ---- GGTCTAGATTCCCGCCTGCGCGGGAATGACGAATC H355
ATTCCAGATICCCGCCTGCGCGGGAATGACGAATC 860183
dRS3dC dRS3fC
TCTAGATTCCCGCCTGCGCGGGAATGACGATT - --- GGTCTAGATTCCCGCCTGCGCGGGAATGACGAAT 860183
TCTAGATTCCCGCCTGCGCGGGAATGACGAAT H44/76
dRS3aD cRS3kD
AACCCACATCCCGTCATTCCCGCGAAAGCGGGAAT ---- TGGCATCCCGTCATTCCCTCAAAAACAGAA 860183
AAACCCACATCCCGTCATTCCCTCAAAAACAGAA H44/76

FIG. 5. Putative recombination sites in the por4 upstream region. The different dRS3 and cRS3 sequences are indicated. The capital letters in the designations refer

to the different 518-bp repeats shown in Fig. 3A.
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FIG. 6. Schematic representation of the structure of the chromosome downstream of porA from N. meningitidis F207 (20), H44/76, H355, and 860183. Hatched
arrows indicate the Correia elements (5). DR1 and DR2 were originally characterized by Knight et al. (20).

Deletion of por4 by recombination. To determine which of
the three regions with homology upstream and downstream of
porA is involved in the recombination event that leads to the
deletion of porA, the porA locus in the porA-negative variants
of the three strains was sequenced. The comparison of these
sequences with the sequences of the regions upstream and
downstream of porA indicates that in all three strains the de-
letion of porA occurred via a recombination between a homol-
ogous 116-bp sequence containing cRS3 1 to dRS3 f (Fig. 7). It
should be noted that the small deletion observed in the por4
upstream region of strain H355, compared to that of strain
860183, was also observed in the sequence after the deletion of
porA in strain H355, indicating that this deletion was not
caused by PCR amplification.

DISCUSSION

The data presented here show that a patient can have an
infection with por4-positive and porA-negative variants of a
meningococcal strain. In addition, por4-negative variants can
be obtained in vitro. About 4 kb of the chromosome was
deleted in the porA4-negative variants of all three strains which
were analyzed in this study. The deletion of por4 occurred by
the recombination between a 116-bp region of homology up-
stream and downstream of por4, containing two dRS3 se-
quences and one cRS3 sequence. The results of the pellicle
growth experiments may give the impression that the deletion

occurred with a rather high frequency. However, the pellicle
growth experiments do not allow an accurate estimation of the
frequency of the pord deletion event. Most likely, in these
experiments the porA4-negative variants are accumulated dur-
ing repetitions of culturing and reculturing of the pellicle.
The RS3 core sequences in the porA4 upstream region form
a cluster of as many as 22 dRS3 sequences (two RS3 core
sequences in the inverted orientation) and 10 cRS3 sequences
(single core sequences in the direct orientation). In addition
the cluster is flanked by other neisserial repetitive sequences
(5). Downstream of porA the DR2 repeats form a cluster of 10
dRS3 sequences and 5 cRS3 sequences, again flanked by a
Correia element (opposite to the por4 upstream Correia ele-
ments). Knight and colleagues (20) noticed that the palin-
dromic RS3 core sequences (ATTCCC-Ng-GGGAAT) in the
porA downstream sequence are similar in structure and distri-
bution to the repetitive extragenic palindromes (REP) of 38
bp, initially identified in Salmonella typhimurium and Esche-
richia coli (9, 16, 23). After analysis of the DNA sequences
flanking the opa genes in N. meningitidis, Morelli and cowork-
ers also observed the parallelism between dRS3 sequences and
REP sequences (27). In E. coli the REP sequences form clus-
ters, which also contain other repeated elements. They were
termed bacterial interspersed mosaic elements (12). The neis-
serial complex dRS3 clusters were termed neisserial inter-
spersed mosaic elements (27). These large clusters of repetitive

TABLE 2. Homology of the 518-bp repeat with different loci in Neisseria species

Locus Organism* Homology with: Size (bp) Reference GenBank accession no.
aroK aroB yaf] Ng dRS3 b-dRS3 d 176 3 emb[AJ002783NGAJ2783
pilS7 Ng dRS3 a-dRS3 b 126 gbUS58851NGUS8851
pilS7 Ng dRS3 e-dRS3 f 90 gbU58851NGUS58851
1S1106 (DR1) Nm dRS3 b—-dRS3 f 121 20 emb[Z11857CNMIS1106X
IS1106 (DR2) Nm dRS3 d-dRS3 f (inverted) 71 20 emb[Z11857CNMIS1106X
1S1106 (DR2) Nm cRS3 I-dRS3 { 116 20 emb[Z11857CNMIS1106X
Lactoferrin binding protein B Nm dRS3 f-RS3 m 60 21 gbUAF049349CAF049349
15063G epithelial cell invasion protein Ng dRS3 d—cRS31 84 44 gbU13708ENGU13708
Outer membrane protein OmC Ng dRS3 b-dRS3 ¢ 101 41 gb1.19944[NGOOMC
Pilus biogenesis cluster Ng dRS3 b-dRS3 ¢ 109 7 gbJ40596CNGU40596
iga HF13 Nm dRS3 a-dRS3 b 110 22 emb[X82474[NMIGAF13
iga HF13 Nm dRS3 f-cRS3 m 60 22 emb[X82474[NMIGAF13

“ Ng, Neisseria gonorrhoeae; Nm, N. meningitidis.
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FIG. 7. Schematic representation of the porA locus after the deletion of porA in N. meningitidis H44/76, 860183, and H355. Hatched arrows indicate the Correia
elements (5). The different dRS3 and cRS3 sequences are indicated. The capital letters refer to the different 518-bp repeats shown in Fig. 3A.

sequences may give rise to difficulties during bacterial genome
sequencing projects. In these projects, genomic fragments are
randomly cloned and sequenced. It may be that large repetitive
sequences are missed, when the sequences of the different
clones are connected during a computerized process.

The comparison of the porA upstream sequences of three
strains indicated deletions, most likely due to a recombination
between RS3 core sequences. The complete 518-bp repeat is
only found upstream of porA4. Partial homology is found with
sequences flanking other genes in Neisseria strains. Regions
showing homology with high identity (>90%) are always
flanked by dRS3 sequences, again indicating that these are
involved in recombination events. Analysis of the porA locus in
porA-negative variants indicates that the deletion of por4 oc-
curred by a recombination between a region of 116 bp with
homology upstream and downstream of porA4, possibly between
RS3 core sequences. The resemblance between dRS3 se-
quences and the E. coli REP sequence supports this idea.
The REP sequence has also been implicated in chromosomal
rearrangements (9, 39). The identification of this sequence at
the junctions of tandem duplications supports this notion (38).
The strains yielding por4-negative variants either in a patient
or in vitro contained the IS7706 element distal to por4. How-
ever, there was variation in the number of DR2 repeats, indi-
cating recombination events leading to the deletion or dupli-
cation of some of these repeats. Recombination events in the
IS7106 region were also indicated by the results of Knight et al.
(20). They found truncated forms of the IS/706 region, indi-
cating a recombination between regions within the DRI re-
peat. dRS3 sequences were suggested as sequences involved in
these recombination events.

The 518-bp repeat contains six dRS3 sequences, and four
pairs of these sequences are equally spaced by 76 bp (b-c, c-d,
and e-f) to 80 bp (f-a). The two others are also equally spaced
by 102 bp (a-b) to 109 bp (d-e). Downstream of porA the
spacing between the dRS3 sequences is either 75 or 277 bp.
This regular structure might indicate that dRS3 sequences are
involved in organizing the DNA suprastructure, as proposed
for REP sequences of S. typhimurium and E. coli, as well as in
facilitating recombination. It has been shown that the REP
sequence binds DNA gyrase (46) and DNA polymerase I (10).
The HU protein stimulates the binding of gyrase to these REP
sequences (47). These studies with E. coli have led to the
proposal that REP sequences are involved in the folding of the
bacterial nucleoid into independent supercoiled looped do-
mains (11, 39).

PorA is the important component of group B meningococcal
protein-based vaccines, since capsule polysaccharides of group
B meningococci are poorly immunogenic. Antibodies against
PorA are bactericidal and protective in a mouse model (35,
36). However, meningococci avoid the humoral host immune
response by antigenic variation within PorA. Point mutations
in the VR1 and VR2 regions of the protein (26, 40), and the
replacement of epitopes by recombination and small deletions
(2, 26) contributes to PorA antigenic variation. In addition,
PorA expression is variable by means of the variable por4
promoter (1, 42). The loss of PorA expression can also be due
to the insertion of IS7301 (1, 29) or to frame shift mutation (1
and our unpublished data). The function of PorA is unknown.
It has been reported that PorA-positive as well as PorA-neg-
ative meningococci can be cultured from the nasopharynx (6,
45). Our results show that a porA-negative variant can also be
isolated from the blood of a patient with meningococcal dis-
ease. During a preliminary survey, two of a group of 57 non-
subtypeable meningococcal isolates appeared to be por4 neg-
ative (unpublished data). The number of patients infected with
porA-negative variants is likely to be underestimated. The iso-
lates from patients infected with subtypeable meningococci
were not investigated, but they could well contain por4-nega-
tive variants, since patients can be infected with both porA4-
positive and porA-negative variants of a meningococcus. These
findings do not rule out the possibility that PorA has an essen-
tial function in the pathogenesis of meningococcal disease. In
fact, the coexistence of both porA-positive and porA-negative
variants within samples from one patient might indicate that
the latter originates from the porA-positive variant during the
infection. Our results show that this occurs by a recombination
between homologous regions of 116 bp upstream and down-
stream of porA. The occurrence of porA-negative meningo-
cocci in patients together with the ability of PorA phase vari-
ation due to promoter variability might be indicative of the
limited efficacy of PorA-based vaccines.

ACKNOWLEDGMENTS

The sequencing of N. meningitidis MC58 by The Institute for Geno-
mic Research (TIGR [19]) was accomplished with support from TIGR;
the sequencing of Neisseria gonorrhoeae was accomplished by The
Gonococcal Genome Sequencing Project (12a, 33) with support from
USPHS/NIH grant AI38399, and the sequencing of N. meningitidis
72491 (serogroup A) was accomplished by The Sanger Centre (28)
with support from the Wellcome Trust.



2934

—

=2

oo

10.

11.

12.

VAN DER ENDE ET AL.

REFERENCES

. Arhin, F. F., F. Moreau, J. W. Coulton, and E. L. Mills. 1998. Sequencing of

porA from clinical isolates of Neisseria meningitidis defines a subtyping
scheme and its genetic regulation. Can. J. Microbiol. 44:56-63.

. Bart, A,, J. Dankert, and A. van der Ende. Antigenic variation of the PorA

outer membrane protein in hyperendemic Neisseria meningitidis strains in the
Netherlands. Submitted for publication.

. Barten, R., and T. F. Meyer. 1998. Cloning and characterisation of the

Neisseria gonorrhoeae aroB gene. Mol. Gen. Genet. 258:34-44.

. Caugant, D. A. 1998. Population genetics and molecular epidemiology of

Neisseria meningitidis. APMIS 106:505-525.

. Correia, F. F., S. Inouye, M. Inouye. 1988. A family of small repeated

elements with some transposon-like properties in the genome of Neisseria
gonorrhoeae. J. Biol. Chem. 263:12194-12198.

. Crowe, B. A, R. A. Wall, B. Kuseck, B. Neumann, T. Olyhoek, H. Abdillahi,

M. Hassan-King, B. M. Greenwood, J. T. Poolman, and M. Achtman. 1989.
Clonal and variable properties of Neisseria meningitidis isolated from cases
and carriers during and after an epidemic in the Gambia, West Africa.
J. Infect. Dis. 159:686-700.

. Drake, S. L., and M. Koomey. 1995. The product of the pilQ gene is essential

for the biogenesis of type IV pili in Neisseria gonorrhoeae. Mol. Microbiol.
18:975-986.

. Frasch, C. E., W. D. Zollinger, and J. T. Poolman. 1985. Serotype antigens

of Neisseria meningitidis and a proposed scheme for designation of serotypes.
Rev. Infect. Dis. 7:504-510.

. Gilson, E., J.-M. Clément, D. Brutlag, and M. Hofnung. 1984. A family

of dispersed repetitive extragenic palindromic DNA sequences in E. coli.
EMBO J. 3:1417-1421.

Gilson, E., D. Perrin, and M. Hofnung. 1990. DNA polymerase I and a
protein complex bind specifically to the E. coli palindromic unit highly
repetitive DNA: implications for bacterial chromosome organization. Nu-
cleic Acids Res. 18:3941-3952.

Gilson, E., J.-M. Clément, S. Perrin, and M. Hofnung. 1987. Palindromic
units: a case of highly repetitive DNA sequences in bacteria. Trends Genet.
3:226-230.

Gilson, E., W. Saurin, D. Perrin, S. Bachellier, and M. Hofnung. 1991.
Palindromic units are part of a new bacterial interspersed mosaic element
(BIME). Nucleic Acids Res. 19:1375-1383.

12a.Gonococcal Genome Sequencing Project. 3 April 1998, posting date. [On-

13.

14.

15.

16.

17.

18.

19.

line.] http://www.genome.om.edu/gono.html or http:/www.ncbi.nlm.nih.gov
/BLAST/ouacgtbl.html. [7 January 1999, last date accessed.]

Gotschlich, E. C. 1991. The meningococcal serogroup B vaccine protection
trials: concluding remarks at the report meeting. NIPH Ann. 14:247-250.
Haas, R., and T. F. Meyer. 1986. The repertoire of silent pilus genes in
Neisseria gonorrhoeae: evidence for gene conversion. Cell 44:107-115.
Herbert, M. A,, P. T. Heath, and R. T. Mayon-White. 1995. Meningococcal
vaccines for the United Kingdom. Communicable disease report. CDR Rev.
5:R130-R135.

Higgins, C. F., G. F.-L. Ames, W. M. Barnes, J.-M. Clément, and M. Hof-
nung. 1982. A novel intercistronic regulatory element of prokaryotic oper-
ons. Nature (London) 298:760-762.

Higgins, D. G., and P. M. Sharp. 1988. CLUSTAL.: a package for performing
multiple sequence alignment on a microcomputer. Gene 73:237-244.
Hopman, C. T. P., J. Dankert, and J. P. M. van Putten. 1994. Variable
expression of the class 1 protein of Neisseria meningitidis, p. 513-517. In C. J.
Conde-Glez, S. Morse, P. Rice, F. Sparling, and E. Calderon (ed.), Pathology
and immunobiology of Neisseriaceae. Instituto Nacional de Salud Publica,
Cuernavaca, Mexico.

The Institute for Genomic Research. 16 April 1998, posting date. [Online.]
http://www.ncbi.nlm.nih.gov/BLAST/tigrblL.html. [7 January 1999, last date
accessed. ]

19a.intelliGenetics, Inc. 1991. PC/GENE. intelliGenetics, Inc., Geneva, Switzer-

20.

21.

22.

23.

24.

land.

Knight, A. I, H. Ni, K. A. V. Cartwright, and J. J. McFadden. 1992. Identi-
fication and characterization of a novel insertion sequence, 1S7106, downstream
of the porA gene in B15 Neisseria meningitidis. Mol. Microbiol. 6:1565-1573.
Lewis, L. A., K. Rohde, M. Gipson, B. Behrens, E. Gray, S. I. Toth, B. A. Roe,
and D. W. Dyer. 1998. Identification and molecular analysis of /bpBA, which
encodes the two-component meningococcal lactoferrin receptor. Infect. Im-
mun. 66:3017-3023.

Lombholt, H., K. Poul and M. Kilian. 1995. Comparative characterization
of the iga gene encoding IgAl protease in Neisseria meningitidis, Neisseria
gonorrhoeae and Haemophilus influenzae. Mol. Microbiol. 15:495-506.
Lupski, J. R., and G. M. Weinstock. 1992. Short, interspersed repetitive
DNA sequences in prokaryotic genomes. J. Bacteriol. 174:4525-4529.
Maiden, M. C. J., J. Suker, A. J. McKenna, J. A. Bygraves, and I. M. Feavers.
1991. Comparison of the class 1 outer membrane proteins of eight serolog-
ical reference strains of Neisseria meningitidis. Mol. Microbiol. 5:727-736.

Editor: D. L. Burns

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

INFECT. IMMUN.

McGuiness, B. T., A. K. Barlow, I. N. Clarke, J. E. Farley, A. Anilionis, J. T.
Poolman, D. M. Jones, and J. E. Heckels. 1990. Deduced amino acid se-
quences of class 1 protein (porA) from 3 strains of Neisseria meningitidis:
synthetic peptides define the epitopes responsible for serosubtype specificity.
J. Exp. Med. 171:1871-1882.

McGuiness, B. T., I. N. Clarke, P. R. Lambden, A. K. Barlow, J. T. Poolman,
D. M. Jones, and J. E. Heckels. 1991. Point mutation in meningococcal porA4
gene associated with increased endemic disease. Lancet 337:514-517.
Morelli, G., B. Malorny, K. Zurth, A. Seiler, K. Strutzberg, and M. Achtman.
1998. Characterization of the DNA flanking the opa genes in Neisseria
meningitidis, p. 240. In Abstracts of the Eleventh International Pathogenic
Neisseria Conference, 1-6 November, Nice, France. Editions Médicales et
Scientifiques, Paris, France.

The Neisseria meningitidis Sequencing Group. 26 August 1998, posting date.
[Online.] The Sanger Centre. ftp:/ftp.sanger.ac.uk/pub/pathogens/nm/ and
http://www.sanger.ac.uk/Projects/N_meningitidis/. [7 January 1999, last date
accessed.]

Newcombe, J., K. Cartwright, S. Dyer, J. McFadden. 1998. Naturally occur-
ring insertional inactivation of the porA gene of Neisseria meningitidis by
integration of 1S7301. Mol. Microbiol. 30:453-454.

Ni, H., A. I. Knight, K. Cartwright, W. H. Palmer, and J. McFadden. 1992.
Polymerase chain reaction for diagnosis of meningococcal meningitis. Lancet
340:1432-1434.

Poolman, J. T., C. T. P. Hopman, and H. C. Zanen. 1985. Colony variants of
Neisseria meningitidis strain 2996 (B:2b:P1.2): influence of class-5 outer
membrane proteins and lipopolysaccharides. J. Med. Microbiol. 19:203-209.
Poolman, J. T., S. de Marie, and H. C. Zanen. 1980. Variability of low-mo-
lecular-weight, heat-modifiable outer membrane proteins of Neisseria men-
ingitidis. Infect. Immun. 30:642-648.

Roe, B. A, S. P. Lin, L. Song, X. Yuan, S. Clifton, T. Ducey, L. Lewis, and
D. W. Dyer. Personal communication.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

Saukonen, K., H. Abdillahi, J. T. Poolman, and M. Leinonen. 1987. Protec-
tive efficacy of monoclonal antibodies to class 1 and class 3 outer membrane
proteins of Neisseria meningitidis B:15:P1.16 in infant rat infection model:
new prospects for vaccine development. Microb. Pathog. 3:261-267.
Saukonen, K., M. Leinonen, H. Abdillahi, and J. T. Poolman. 1989. Com-
parative evaluation of potential components for group B meningococcal
vaccine by passive protection in the infant rat and in vitro bactericidal assay.
Vaccine 7:325-328.

Seiler, A., R. Reinhardt, J. Sarkari, D. A. Caugant, and M. Achtman. 1996.
Allelic polymorphism and site-specific recombination in the opc locus of
Neisseria meningitidis. Mol. Microbiol. 19:841-856.

Shyamala, V., E. Schneider, and G. F. Ames. 1990. Tandem chromosomal
duplications: role of REP sequences in the recombination event at the
joint-point. EMBO J. 9:939-946.

Stern, M. J., F.-L. Ames, N. H. Smith, E. C. Robinson, and C. F. Higgins.
1984. Repetitive extrageneic palindromic sequences: a major component of
the bacterial genome. Cell 37:1015-1026.

Suker, J., I. M. Feavers, and M. C. Maiden. 1996. Monoclonal antibody
recognition of members of the meningococcal P1.10 variable region family:
implications for serological typing and vaccine design. Microbiology 142:63—69.
Tsai, W.-M., S. H. Larsen, and C. E. Wilde IIL. 1989. Cloning and DNA
sequence of the omc gene encoding the outer membrane protein-macromo-
lecular complex from Neisseria gonorrhoeae. Infect. Immun. 57:2653-2659.
van der Ende, A., C. T. P. Hopman, S. Zaat, B. B. Oude Essink, B. Berkhout,
and J. Dankert. 1995. Variable expression of class 1 outer membrane protein
in Neisseria meningitidis is caused by variation in the spacing between —10
and —35 regions of the promoter. J. Bacteriol. 177:2475-2480.

van der Ley, P. A., J. Van der Biezen, and J. T. Poolman. 1995. Construction
of Neisseria meningitidis strains carrying multiple chromosomal copies of the
porA gene for use in the production of a multivalent outer membrane vesicle
vaccine. Vaccine 13:401-407.

Waldbeser, L. S., R. S. Ajioka, A. J. Merz, D. Puaoi, L. Lin, M. Thomas, and
M. So. 1994. The opaH locus of Neisseria gonorrhoeae MS11A is involved in
epithelial cell invasion. Mol. Microbiol. 13:919-928.

Woods, J. P., and J. G. Cannon. 1990. Variation in expression of class 1 and
class 5 outer membrane proteins during nasopharyngeal carriage of Neisseria
meningitidis. Infect. Immun. 58:569-572.

Yang, Y., and G. F.-L. Ames. 1988. DNA gyrase binds to the family of
prokaryotic repetitive extragenic palindromic sequences. Proc. Natl. Acad.
Sci. USA 85:8850-8854.

Yang, Y., and G. F.-L. Ames. 1990. The family of repetitive extragenic
palindromic sequences: interaction with DNA gyrase and histonelike protein
HU, p. 211-225. In K. Drlica and M. Riley (ed.), The bacterial chromosome.
American Society for Microbiology, Washington, D.C.



