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Summary

Porin (PorB), the major outer membrane protein of
Neisseria gonorrhoeae , has been implicated in patho-
genesis previously. However, the fact that porin deletion
mutants are not viable has complicated investigations.
Here, we describe a method of manipulating the porin
gene site-specifically. N. gonorrhoeae MS11, which har-
boursthe porB ;5 (P.1B) porin allele, was used to gener-
ate mutants carrying deletions in the surface loops 1
and 5. An 11-amino-acid deletion in loop 1 impaired
Opasp-dependent invasion into human Chang epithe-
lial cells, whereas loop 5 deletion exhibited no apparent
phenotype. In a second approach, the complete gono-
coccal porB iz was replaced by the porB . gene of
Neisseria lactamica . Such mutants were unable to
induce efficient uptake by epithelial cells but induced
an enhanced respiratory response in HL60 phagocytic
cells. The increased respiratory burst was accompan-
ied by an enhanced phagocytic uptake of the mutant
compared with the wild-type strain. Our data extend
previous evidence for multiple central functions of
PorB in the infection process.

Introduction

Neisseria gonorrhoeae (Ngo) is an obligate human patho-
gen and the causative agent of the name-giving disease
gonorrhoea. This Gram-negative diplococcus preferentially
infects mucosal surfaces of the male urethra and the female
cervix. However, other tissues can be infected, and com-
plications may arise as a result of inflammation and disse-
mination. The usually strong inflammatory response leads
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to the typical purulent discharge consisting of polymor-
phonuclear leucocytes (PMNSs) filled with seemingly intact
diplococci.

Several factors playing crucial roles during gonococcal
infection have been identified previously. A prerequisite
for the infection in vivo is the synthesis of pili (Kellogg et
al., 1968). These hair-like structures protruding from the
gonococcal surface mediate the initial attachment of the
bacteria to epithelial cells (McGee et al., 1981). In a sub-
sequent step, integral outer membrane proteins, including
the phase-variable opacity-associated (Opa) proteins, med-
iate intimate adherence and invasion of epithelial cells.
Distinct members of this protein family, e.g. Opaso, interact
with heparan sulphate-containing proteoglycans (HSPGSs)
(Makino et al., 1991; Chen et al., 1995; van Putten and
Paul, 1995), while the majority of Opa proteins (e.qg.
Opas,) bind to a variable extent to members of the CD66
receptor family (Kupsch et al., 1993; Bos et al., 1997;
Gray-Owen et al., 1997a), mediating phagocytic uptake
and invasion and transcytosis of epithelial cells (Chen
and Gotschlich, 1996; Virji et al., 1996; Gray-Owen et al.,
1997b; Wang et al., 1998).

Several pathways have been recognized that function
specifically in Opaso/HSPG-dependent invasion (for review,
see Dehio et al., 1998a). In human Chang epithelial cells,
invasion normally proceeds in the absence of serum factors
(Grassmé et al., 1997), while serum factors such as vitro-
nectin and fibronectin have the potential to increase
invasion in several other epithelial cell lines via integrin-
dependent mechanisms (Gomez-Duarte et al., 1997;
Duensing and van Putten, 1997; Dehio et al., 1998b).
Expression of Opaso in E. coli is not sufficient to confer
efficient invasion (Simon and Rest, 1992; Kupsch et al.,
1993). However, the ligation of HSPG receptors confers
uptake of antibody-coated latex beads, and this uptake
can be enhanced in the presence of vitronectin (Dehio et
al., 1998b).

In addition to the Opa-mediated processes, other invasion
pathways have been described including the lutropin recep-
tor-dependent, contact-inducible infection of Hecl1B cells
(Spence et al., 1997). Recently, the invasion of Chang
epithelial cells has been reported to occur independently
of Opa proteins in medium devoid of phosphate (van Putten
et al., 1998). In this case, the invasive potential has been
attributed to the P.1A allele of the gonococcal porin (PorB).
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PorB is the major outer membrane protein of Ngo com-
prising a hydrophilic pore that allows the passage of small
nutrients and waste products across the outer membrane
of Gram-negative bacteria up to a size of 1.4 kDa (Nikaido,
1994; Benz et al., 1995; Jeanteur et al., 1995). The pores
are formed by a trimeric configuration of the porin mono-
mer, which spans the membrane in amphipathic B-sheets
exposing surface loops of different lengths (Weiss et
al., 1991; Weiss and Schulz, 1992; Cowan et al., 1992;
Schirmer et al., 1995). The three-dimensional structure
of neisserial PorB has not been resolved yet, but several
topological models have been proposed (Jeanteur et al.,
1991; 1995; van der Ley et al., 1991; Ward et al., 1992).
Accordingly, 16 membrane-spanning regions with eight
surface loops are predicted. In contrast to certain lipopoly-
saccharide (LPS) epitopes, Opa and the pilin subunits PilC
and PilE, PorB is not a phase-variable protein and is
encoded by a single gene locus. The amino acid sequences
of the membrane-spanning domains are well preserved
within the genus Neisseria, but the surface-exposed
loops vary between different strains constituting two major
porin alleles in Ngo, i.e. P.1A and P.1B (Jeanteur et al.,
1991; 1995; van der Ley et al., 1991; Ward et al., 1992).
As genome sequencing recently revealed a homologue of
the unrelated meningococcal PorA in Ngo (www.genome.
ou.edu; D. Gunther, A. Kahrs and T. F. Meyer, unpub-
lished) and the gonococcal P.1A and P.1B alleles represent
homologues of the meningococcal PorB porins (Hitchcock,
1989), we refer to these PorB homologues here as PorB;
and PorByg.

An intriguing feature of the pathogenic Neisseria porins
is their ability to translocate into artificial membranes
(Lynch et al., 1984) as well as into eukaryotic cell mem-
branes (Blake and Gotschlich, 1987; Weel and van Putten,
1991; Weel et al., 1991; Rudel et al., 1996). PorB, but not
PorA, porins of pathogenic and potentially pathogenic Neis-
seria species have been shown to interact with nucleotide
triphosphates that downregulate the pore size (Rudel et al.,
1996). Furthermore, the nucleotide-binding PorB alleles
exhibited a voltage-dependent channel activity, which is
strikingly reminiscent of eukaryotic porins.

During infection, Ngo encounters the bactericidal action
of polymorphonuclear neutrophils (PMNs). Purified gono-
coccal porin selectively interferes with the signalling machin-
ery of PMNs (Haines et al., 1988; Bjerknes et al., 1995),
thereby inhibiting degranulation (Haines et al., 1988). The
addition of purified PorB to phagocytes was further
shown to downregulate actin polymerization, opsonin recep-
tor expression and phagocytosis of Ngo (Bjerknes et al.,
1995). Moreover, in line with these observations, porin
has recently been shown to interfere with phagosome
maturation, suggesting an important role for this factor in
the intracellular accommodation of Ngo (Mosleh et al.,
1998).

PorB is essential for the viability of Ngo and is therefore
not accessible to knockout mutagenesis that would allow
studies on its role in pathogenesis. Previously, a method
has been reported that permits the generation of hybrid
porin genes and allelic gene replacements (Carbonetti et
al., 1988; 1990). Here, we describe a novel method for
generating porB mutants synthesizing site-specifically
mutated porB, or porin genes of commensal Neisseria
species instead of wild-type porB. The mutants constructed
showed a significant decrease in their potential to invade
epithelial cells and evoked a stronger oxidative burst and
an enhanced uptake by professional phagocytes.

Results
Strategy of porB mutagenesis

The cloning of an intact porB gene in E. colihas been ham-
pered by the strong expression of its native promoter, and
Ngo porB deletion mutants are not viable. Therefore, in
order to clone and mutate porB, we chose an in vitro
approach that depends entirely on polymerase chain reac-
tion (PCR). As outlined in Fig. 1, the strategy is based on
the in vitro generation of a por fragment flanked by two
resistance markers amplified from chromosomal DNA
(donor). The fragment serves as a template for PCR-
based mutagenesis. Subsequently, the mutated por gene
fragment is transformed directly into a Ngo recipient strain
in which it replaces the wild-type porB;g by homologous
recombination between flanking resistance genes (Fig. 1).
That is to say, the insertion of mutated porB results in the
repair of a non-functional erythromycin resistance gene
(ermC3'") and the restoration of erythromycin resistance
to the mutant.

Identification of a permissive integration site
downstream of the porB locus

In order to generate donor and recipient strains, permissive
integration sites for resistance markers had to be identified
flanking the genomic porB;g gene. A genomic library was
screened with the oligonucleotides TR67 and TR46, which
hybridized to the 5’ and 3’ ends of the porB; g locus in Ngo
MS11 respectively. Surprisingly, nine independent clones
of the porB 3’ end and downstream region were isolated,
but no clone of the porB upstream region.

One of the porB 3’ clones, pMS9, containing a 2.6 kb
insert, was mutagenized with the TnMax1 mini-trans-
poson, which confers chloramphenicol (Cm) resistance in
both E. coli and Ngo (Haas et al., 1993). Derivatives of
pMS9 harbouring a transposon directly downstream of
the porBig terminator (pMS10a, Fig. 2), approximately
500bp (pMS10b) or approximately 1000bp (pMS10c)
downstream of porB; g, respectively, were used to transform
Ngo MS11 N137. As determined by PCR, transformants
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Fig. 1. Construction of PorB mutants.

A. Site-directed mutagenesis of porB. Two overlapping PCR
fragments were amplified from chromosomal DNA of the donor
strain. The resulting fragments were fused in a subsequent PCR to
give a 4.2 kb fragment comprising catgc, porBaioopr and ermcC’.
Using the same procedure, a DNA fragment was constructed
containing catge, porBaioops and ermC’. In order to exchange porB
for the porin gene of Nla, a fragment was amplified comprising
catgc, PorByj, and ermC'. The PCR fragment was transformed
directly into a Ngo recipient strain, where it recombined as
indicated by the crossed lines.

B. Introduction of porB into the mutants. White arrows, porB wild
type; black arrows, mutated porin genes; vertical stripes, catgc;
diagonal stripes, ermC’; dotted, kangc. The crossed lines indicate
the site of recombination upon transformation of the PCR construct
into Ngo.

contained the Cm marker at the correct site downstream of

porB;g and gave rise to Cm-resistant colonies. A pMS10a-
transformed Ngo clone was used for further constructions.

Integration of resistance cassettes upstream of porB

As we were unable to isolate the porB,g promoter from the

Table 1. Oligonucleotides used in this study.
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genomic library, a direct cloning strategy was chosen. Ngo
chromosomal DNA was digested with several restriction
enzymes, and the fragments were probed with pTR67 by
Southern hybridization. A 1.5kb fragment was identified
in the Mbol-digested DNA. As the porB;g gene harbours
an Mbol site at position 706 (Carbonetti et al., 1988), the
1.5kb fragment contained around 800bp of the porB;g
upstream region. Mbol-digested chromosomal fragments
were size fractionated and inserted into the BamHI site of
the Bluescript KS+ vector. A PCR fragment of the porBg
upstream region was generated from the ligated DNA
using the M13 forward primer and MAS5, a primer that
corresponds to a sequence upstream of porB;g (Table 1).
The resulting fragment was cloned as a tandem duplication
separated by ermC’ (>Ppog<ermC’>Ppo) in plasmid
pMS19a (Fig. 2).

Construction of Ngo recipient and donor strains for
porB mutagenesis

The pMS10a-transformed Ngo clone was transformed
with pMS19a to generate the donor strain N916. N916
carried the ermC’ gene in the centre of a porB,g promoter
duplication (Fig. 2) and a catgc gene downstream of
porBig. The next step was the construction of a recipient
strain that could be used to integrate the in vitro-mutated
porB genes. To exclude undesired recombination events,
the mutated porB gene was integrated in the opposite direc-
tion to the endogenous porB,g. Therefore, the ermC’' of
pMS19a was exchanged for a catsc gene in pSH14 (Fig.
2). The catgc gene of pSH24, which carried the pMS10a
insert in a Bluescript vector, was exchanged for the apha-
3 gene conferring kanamycin resistance (Kan") and a trun-
cated ermC’ gene (ermC3") to yield pFJB1. pSH14 and
pFJB1 were subsequently used to transform MS11 N137.
This resulted in the Cm" and Kan' strain N917, which now
harboured catgc upstream and apha-3-ermC3’ down-
stream of porBig (catgc <> porBig > apha-3-ermC3'). The
catsc gene and the truncated ermC’' gene served as
recombination sites for the PCR-generated fragments
derived from N916.

Oligo Sequence (5'—3') Locus/remarks

IS3 TTATGTCGACCCGGGCCCGAGGTCACAAAAAATAGGTACACG 3'ermC’

FJB4 GCTTGCCGTCTGAATTACGCCCCGCCCTGCCACTCATGC 3’ catgc/uptake signal (Elkins et al., 1991)
FJB10 TACACATGCCTGAAACCGGCAGCGAAA porBig/Aloopl, Bglll

FJB11 GCCGGTTTCAGATCTGTAAGTTTGTA porByg/Aloopl, Bglll

FJB14 ATACGGCGAATTCGTTGAAAAACTGCAA porBig/Aloop5, EcoRI

FJB15 TTTCAACGAAATTCGCCGTATCTTTGGAA porBig

FJB5 TAAGATCTAAAAAAGGAATACAGCAAT 5 porB,g/Bglll

MAS5 ATAAGCTTAGATCTAAGCAGGCCGGGCTTTCC porB,g promoter

TR46 CAGGAAACAGCTATGACCAAGCTTTGCAGATTAGAATTTG 3'porB

© 1999 Blackwell Science Ltd, Molecular Microbiology, 31, 903—-913
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Mutagenesis of porB;g

Via PCR, two overlapping chromosomal fragments were
amplified from the donor strain N916, one containing the
ermC’ cassette and the 5’ part of porB, and the other
carrying the catsc cassette and the 3' end of porB. The
oligonucleotides were designed in such a way that a
restriction site was introduced into a deletion in porB.
The two fragments were combined via overlap extension
by PCR (Higuchi et al., 1988; Ho et al., 1989) and trans-
formed directly into recipient N917. The wild-type porBig
was exchanged for the mutated porB by double cross-
over between the ermC’ and the catsc cassettes, result-
ing in the deletion of kangc and the complementation of
ermC’ (Fig. 1A). Transformants were thus rendered sen-
sitive to Kan and resistant to Erm and Cm.

Applying this method, we tried to delete short peptides
in putative loop regions of PorB corresponding to amino
acids 18-28 in loop 1, 109-116 and 117-124 in loop 3

ampR pFJB1 ermC'3 }

downstream

Fig. 2. Constructs used for the generation of
donor and recipient strains. Constructs used for
the generation of the donor strain N916 (pMS10a
and pMS19a) and the recipient strain N917
(pSH14 and pFJB1) are shown. pFJB11 used for
the expression of the porin gene of Nla harbours
the PI upstream (PI up) region including the
porBig promoter and the porB;g terminator
(porB T).

and 186—202 in loop 5 of the mature PorB of MS11. How-
ever, only bacteria transformed with deletions of loop 1
(N919) or loop 5 (N918), but not loop 3, were isolated on
Erm- and Cm-containing plates. The presumptive mutants
were first tested by restriction analysis of amplified porB.
To confirm that no secondary mutations were introduced,
the mutant porB genes were re-amplified from chromo-
somal DNA of the recombinant strains and sequenced
directly. PorB molecules derived from mutants were slightly
smaller compared with the native PorB, as expected

(Fig. 2).

Exchange of porBg by porB,, from N. lactamica

In order to exchange the MS11 porB,g allele for corre-
sponding porB alleles from non-pathogenic Neisseria
species, the vector pFJB11 was constructed, which carried
catsc, the porB promoter, the porB terminator and ermC’
in the vector pIC20R (Fig. 2). Notl and Bglll sites between

© 1999 Blackwell Science Ltd, Molecular Microbiology, 31, 903—-913
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Fig. 3. SDS-PAGE with total-cell lysates of gonococcal PorB
mutants and the Ngo and Nla wild-type strains. The gel shows the
Ngo strains PorB (N916), PorBy;; (N922), PorBajoop: (N919) and
PorBaioops (N918). The size of PorBajeep: (35kDa) and PorBajeeps
(34kDa) is slightly smaller compared with wild-type PorB. The
molecular mass is given in kDa.

the promoter and the terminator allowed the insertion of
porin genes. The porin gene of Nla-N348 (porBy;,) was
PCR amplified from chromosomal DNA, ligated into
pFJB11 and re-amplified from the ligation reaction, gener-
ating a fragment comprising a catgc< porBya<>ermC’
fragment. This fragment was used to transform the recipi-
ent strain N917, and the transformants were tested as
described. The resulting strain N922 produced a new pro-
tein of 37 kDa corresponding to the PorBy,, instead of the
original PorB of 36 kDa. (Fig. 3).

As the mutation or the exchange of PorB could affect the
vitality of the porin mutants, the growth of mutants in liquid
culture was compared with the wild-type strain. All the
mutants showed a similar generation time to the wild
type, suggesting that these mutations are well tolerated
by the gonococci (data not shown).

Epithelial cell invasion of porin mutants

In order to analyse the phenotype of porB mutations with
regard to the infection process, several modifications were
necessary. As the lack of pili significantly increases the
level of epithelial cell invasion under in vitro conditions
(Makino et al., 1991), non-piliated (P~) colonies were selec-
ted, and the lack of PIlE expression was confirmed by
Western blot analysis (data not shown). Furthermore, a
constitutively expressed gene encoding Opaso was intro-
duced into the strain expressing wild-type porin and the

© 1999 Blackwell Science Ltd, Molecular Microbiology, 31, 903—-913
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mutants by conjugation (Kupsch et al., 1996), and pro-
duction of the plasmid-encoded Opaso was confirmed by
immunoblot analysis (data not shown). Again, the growth
of all Opasp-expressing strains was similar in liquid culture.

With this set of recombinant porin mutants, the efficiency
of epithelial cell invasion in the human Chang conjunctiva
infection model was determined using the gentamicin sur-
vival assay for selective detection of intracellular bacteria
(Makino et al., 1991). The recombinant Ngo N932 expres-
sing the PorBjo0ps SuUrvived the gentamicin treatment at a
similar rate to the wild-type strain N948. However, strains
N949 and N950 producing the PorBpy, or PorBajoop1,
respectively, survived in this assay about 100-fold less
efficiently (Fig. 4). The survival of N949 and N950 was
about 10-fold higher compared with their Opa™ progenitors
N922 and N919 that, however, adhered 1000-fold less
than the Opasg derivatives (data not shown). As the adher-
ence of all Opasg strains to Chang epithelial cells was simi-
lar, the observed differences in survival could be caused
either by a decreased uptake of the mutants by epithelial
cells or a by diminished survival of the mutants inside
cells.

To address this question, the numbers of bacteria
internalized during a 6 h invasion period were determined
by microscopic evaluation. Intracellular gonococci are
known to co-localize with the human lysosome-associated
membrane protein h-lamp-1, which allows the selective
guantification of intracellular bacteria by double immuno-
fluorescence staining and confocal laser scanning micro-
scopy of infected Chang conjunctiva cells (Hauck and
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Fig. 4. Opaso-mediated adherence to, and invasion of, Chang cells
by Ngo strains expressing different porins. The assays were
performed in triplicate on three separate occasions with the Ngo
strains PorBysiy (N948), PorB y; (N949), PorByoop: (N950) and
PorBaioops (N932). The results are expressed as gentamicin-
surviving colony-forming units (cfuml™?).
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Fig. 5. Microscopical evaluation of intracellular gonococci in
Chang cells after 6 h and in differentiated HL60 cells after 2h. The
experiments were performed on three separate occasions with the
Ngo strains PorB (N948), PorBy; (N949) and PorBjoop1 (N950).

Meyer, 1997). These experiments revealed that recombi-
nant gonococci expressing PorBu; or PorBagep:r Were
taken up less efficiently by Chang conjunctiva cells com-
pared with the wild-type strain (Fig. 5).

The protein and the LPS profiles of the wild-type strain
and the mutants analysed on silver-stained SDS—PAGE
were identical, except for the changes in PorB (not
shown). To demonstrate that the reduced invasion of
mutants results from a defect in the porin and not in any
other variable factor, wild-type porB,g was re-introduced
into the mutants. This was accomplished by transforming
a PCR fragment carrying selection markers and the wild-
type porB;g derived from recipient strain N917 (Fig. 1B).
Kan" transformants expressed the wild-type PorB and
consistently showed the same invasion rate as the wild
type (data not shown).

PorB ., induces an increased oxidative burst in
human neutrophils

Purified porin inhibits degranulation of fMLP-stimulated
human neutrophils without affecting superoxide anion gen-
eration (Haines et al., 1988). We examined the potential of
the PorB mutants to induce degranulation in human pha-
gocytic cells. The luminol-dependent chemiluminescence
(LmCL) depends on both the generation of superoxide
anions by activated NADPH oxidase and the release of
myeloperoxidase (MPO) (Edwards, 1987; Faulkner and
Fridovich, 1993). As MPO is stored in azurophilic granules

of neutrophils and is released during the respiratory burst,
luminol-dependent chemiluminescence (LmCL) is a power-
ful technique for studying degranulation. Differentiated
HL60 cells were incubated with luminol and stimulated
with non-piliated Opasg-expressing PorB mutants. The
Poro-expressing gonococci induced a significantly stron-
ger LmCL compared with the wild-type strain and the
PorBaioopr mutant (Fig. 6).

PorB 4 leads to an increased gonococcal
phagocytosis by human neutrophils

To address the question whether the enhanced LmCL of
the PorBy,, mutant was associated with an altered effi-
ciency of the phagocytic uptake of Ngo, differentiated
HL60 cells were infected for 2 h with the different porin
mutants. Internalized diplococci were determined by double
immunofluorescence staining and confocal microscopy
(Fig. 5). The data indicate that the PorBy,, variant was
phagocytosed more efficiently than the PorB wild type,
while the number of intracellular PorBajoop1-€Xpressing
gonococci was only slightly lower than the wild type. The
increased respiratory response was thus associated with
an increased phagocytic uptake of Ngo in this cell line.

Discussion

Previous efforts at generating porB mutants have allowed
the construction of hybrid porB genes and the mutual
exchange of the porB, 4 and porB 3 alleles in Ngo (Carbo-
netti ef al., 1988; 1990). However, an assessment of the
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Fig. 6. LmCL of differentiated HL60 cells stimulated by gonococci
expressing different porins. The figure shows one representative
experiment out of five performed with the strains Ngo PorB (N948),
Ngo PorBn;z (N949) and Ngo PorByeep: (N950). (1) time point at
which bacteria were added.
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possible role of gonococcal porin in pathogenesis has
been hampered because the porin gene was not access-
ible to site-specific manipulation. Here, we have applied
a novel method that allows the complete exchange of the
chromosomal porB gene in Ngo by mutant porB genes
or porin genes from other Neisseria species. The genera-
tion of a ‘donor’ DNA fragment solely by PCR and the sub-
sequent direct transformation of a gonococcal recipient
circumvented the cloning of the complete porB gene in
E. coli, which causes toxic effects. Furthermore, the strat-
egy applied allows the sequential generation of point muta-
tions, as any mutant strain can serve as donors for a
subsequent round of PCR mutagenesis.

We used this strategy to introduce small deletions in the
loop regions of PorB. Modifying the loop regions of porins
is usually well tolerated, because it does not affect the
native trimeric structure, whereas deletions in membrane-
spanning segments prevent proper assembly of the porin
trimer (Benson et al., 1988; Bauer et al., 1989; Klebba et
al., 1994). The fact that deletions of amino acids 18—28 or
186-202 of PorB were well tolerated supports the hypoth-
esis that these sequences are located within loop regions.
This result is in agreement with the proposed topological
models of PorB that assign these regions to the external
loops 1 and 5 (Jeanteur et al., 1991, 1995; van der Ley
et al., 1991; Ward et al., 1992). In contrast, the deletion
of amino acids 109-116 and 117-124, putatively located
in loop 3, appeared to affect the viability of the bacteria, as
no transformants were isolated. In the OmpC-type porins,
loop 3 has been shown to extend across the channel,
thus diminishing the size of the pore and contributing to
the stability of the barrel structure and the trimer (Rocque
and McGroarty, 1990; Cowan et al., 1992; Weiss et al.,
1991; Fourel et al., 1994). It is therefore possible that the
removal of the amino acids 109—-116 and 117-124 inter-
feres with the proper assembly of PorB, thereby affecting
the viability of such mutants.

The results presented here suggest that PorB is involved
in the Opasp-mediated invasion of epithelial cells. The
exchange of the wild-type PorB,g for the corresponding
porin of the commensal strain N. lactamica or a small dele-
tion in surface loop 1 of PorB led to a dramatic reduction in
epithelial cell uptake via heparan sulphate proteoglycan
receptors (HSPGs). The ligation of HSPGs was shown
to induce the phagocytic uptake of latex beads in Chang
and Hela epithelial cells (Dehio et al., 1998b). However,
vitronectin, which interacts with the «, s integrin receptor,
further enhanced the uptake in HeLa cells (Duensing and
van Putten, 1997; Gomez-Duarte et al., 1997; Dehio et al.,
1998a,b). These observations suggest that the interaction
of Opaso with HSPGs alone is not fully sufficient for an effi-
cient epithelial cell invasion. Consistent with this notion is
the observation that the expression of Opasgg in E. colicon-
ferred attachment to, but not uptake by, epithelial cells

© 1999 Blackwell Science Ltd, Molecular Microbiology, 31, 903—-913
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(Kupsch et al., 1993; Grassme et al., 1996). In contrast,
the co-expression of Opa and PorB in E. coli enhanced
invasion, while the expression of PorB alone was ineffec-
tive (see Jerse and Rest, 1997). These findings contrast
with the Opas,-mediated invasion of HelLa cells transfected
with receptors of the CD66 family. In this case, the expres-
sion of CD66-specific Opa proteins alone (e.g. Opas»)
enables E. coli to invade and traverse epithelial cells
(Chen and Gotschlich, 1996; Gray-Owen et al., 1997a,b;
Bos et al., 1997; Wang et al., 1998). This suggests that
PorB might be of particular relevance as a co-stimulatory
factor for Opasp-mediated invasion.

We have shown recently that Opasg-mediated invasion
of Chang cells requires the activation of acidic sphingo-
myelinase and the formation of ceramide (Grassme et
al., 1997), while the invasion of other epithelial cell lines
involves the binding of Ngo to HSPG and integrin receptors
via vitronectin and a stimulation of protein kinase C (PKC)
(Duensing and Van Putten, 1997; Gomez-Duarte et al.,
1997; Dehio et al., 1998b). Interestingly, purified PorB
induces a strong transient Ca* flux in epithelial cells
and phagocytes (Miiller et al., 1999). The Ca®* flux may
activate PKC directly and thus stimulate epithelial cell
invasion by Ngo. Recently, van Putten et al. (1998)
observed that the P.1A allele of PorB can, in the absence
of phosphate, trigger gonococcal uptake in Chang cells
even independently of Opasg, supporting the notion that
PorB provides at least a co-stimulatory function for epithe-
lial cell invasion. In the case of Opa-independent invasion,
an unknown gonococcal determinant may, however, sub-
stitute for the adhesin function of Opa.

The invasion deficiency of the porin mutants measured
by the gentamicin survival assay is approximately 100-fold
lower compared with the wild-type strain, while four to
10 times fewer mutants were observed inside the cells
under microscopic evaluation. The discrepancy between
the data from the two assays might well reflect a reduced
survival of the mutants after host cell invasion. Although
this assumption would fit the role of PorB in the intraphago-
somal accommodation and survival of Ngo nicely (Haines
et al., 1988; 1991; Bjerknes et al., 1995; Mosleh et al.,
1998), one has to be careful with this interpretation. The
numbers of gentamicin survivors are generally lower than
the number of bacteria detectable microscopically inside
cells (Makino et al., 1991). Thus, the gentamicin assay
gives only a rough estimate of the real invasion and survival,
and other factors, such as growth or interbacterial adhe-
sion, are also important criteria. As we compared isogenic
Ngo derivatives in this assay that were identical in their
growth and clumping, reduced survival of mutants has to
be considered and investigated further in future.

While the expression of PorBy,, exerts an inhibitory
effect on epithelial cell invasion, this porin appears to pro-
mote phagocytic uptake by professional phagocytes. The



910 F. J. Bauer, T. Rudel, M. Stein and T. F. Meyer

exchange of PorB for PorB ,, also resulted in an increased
LmCL in differentiated HL60 cells. This is in agreement
with previous work showing that purified PorB inhibits
the receptor-mediated degranulation of neutrophils with-
out affecting superoxide anion generation (Haines et al.,
1988) and downregulates the phagocytic uptake of the
bacteria (Bjerknes et al., 1995). The deletion of loop 1 of
PorB did not affect the interaction with professional phago-
cytes, although it resulted in a decreased invasion in
epithelial cells. This puzzling observation probably reveals
distinct biological effects of the porin that may depend on
specific epitopes. Loopl might be important for the bacterial
uptake by epithelial cells, while other loops may be involved
in functions relating to CD66-mediated phagocytosis.
Little is known about the mode of interaction of the gono-
coccal porin with the target cells. PorB is reported to trans-
locate into target cell membranes (Lynch et al., 1984; Blake
and Gotschlich, 1987; Weel and van Putten, 1991; Rudel
et al., 1996), where the porin channel is regulated by the
membrane potential and nucleotides (Rudel et al., 1996).
Using a random shuttle mutagenesis approach, we iden-
tified previously a substantial number of genes mostly
encoding secretory proteins that appeared to be involved
in Opaso-mediated invasion (Kahrs et al., 1994; Fusseneg-
ger et al., 1996a). We speculate that these secreted pro-
teins include factors that modulate the properties of the
gonococcal cell surface in such a way that the translocation
of PorB to target cell membranes is affected. In order to
address this question, it will be necessary to study the
mechanism of porin translocation in more detail.

Experimental procedures

Bacterial strains and plasmids

All Ngo strains used in this study are derived from MS11
(Meyer et al., 1982; Carbonetti et al., 1988) and are listed in
Table 2. They were grown on GC agar base (Becton Dickin-
son) supplemented with 1% vitamin mix at 37°C in 5% CO,.
The antibiotic resistance genes catgc, ermC’ and kangc
have been described previously (Projan et al., 1987; Haas

etal., 1993; Fussenegger et al., 1996b). Plasmid pFJB11 har-
bours catgc, the porB promoter, the porB terminator and
ermC' in the vector pIC20R (Marsh et al., 1984). A Notl
and a Bglll site between the promoter and the terminator
allows the insertion of porin genes. N. lactamica was from
Dr U. Berger and was obtained via the Reference Laboratory
for Bacterial Meningitides (Amsterdam).

Mutagenesis of PorB

Two overlapping PCR fragments were amplified from the
chromosomal DNA of the donor strain N916 with the oligo-
nucleotides FIB4/FJB10 and IS3/FJB11 (Table 1). The result-
ing fragments were fused in a subsequent PCR with the oligos
FJB4 and 1S3 to give a 4.2kb fragment comprising catgc,
POrBujoop; @and ermC’. Using the same procedure, a DNA frag-
ment was constructed using oligos FIB4/FJB14 and IS3/
FJB15 containing catge, porBajeops and ermC’. In order to
exchange porB for the porin gene of a commensal strain,
porBynia Was amplified with FIB5 and TR46 and ligated via
Notl and Bglll into pFJB11. A fragment was amplified compris-
ing catgc, porBnia and ermC’. The donor N917 was trans-
formed according to a protocol described by Rudel et al.
(1992) with these fragments, and transformants were selected
for erythromycin resistance and checked for sensitivity to
kanamycin. For restriction and sequence analysis, the porin
loci of the transformants were amplified with FIB5 and TR46.

Deletion of pllE and expression of PilC and Opas,

The mutants were selected for P~ phenotype. Deletion of pilE
(Rudel et al., 1995a) and expression of pilC were confirmed
by immunoblotting (Rudel et al., 1995b). pTH6a harbouring
opaso was mobilized from N352 into the mutants, and expres-
sion was detected by immunoblotting (Kupsch et al., 1993).

Epithelial cell invasion and adherence

The invasion and adherence experiments were performed as
described previously (Kahrs et al., 1994) with the human Chang
conjunctiva cell line (ATCC CCL20.2) derived from Flow
Laboratories. Briefly, the cells were cultured in RPMI contain-
ing 5% fetal calf serum (FCS) at 37°C and 5% CO, in 24-well
plates (Costar) before use in a survival assay. Approximately

Table 2. Strains used in this study.

Relevant genotype and orientation of genes

Strain in the porB locus?; plasmid Relevant phenotype

N352 pTH6 (opaso)

N916 catge< porB< >ermC PorB, P*, Opa™, PilC*

N917 catGC< > porB>kanGC—ermC(3') PorB, P, Opa~, PilC*

N918 catge< > POrBajoops>€rmC PorBaoops, P*, Opa™, PilC*
N919 catgc< > PorByjoops > €rmC PorBaoop1, P*, Opa~, PilC*
N922 catge< > porBy,>ermC PorBa, PT, Opa™, PilC*
N932 catge< > PorBajoops>ermC; pTH6 (opaso) PorBaioops: P~ Opasg, pilc*
N948 catge < >porB>ermC; pTH6 (opaso) PorB, P~, Opasg, PilC*
N949 catgc< > porBya>ermC; pTH6 (opasg) PorB, P, Opasg, PilCt
N950 catgc < > porBajoop1>€rmcC, pTH6 (opaso) PorBaoops: P, Opaso, PIIC*

a. Arrowheads indicate 5’end (> or <) and 5’ to 3’ orientation (>) of genes.
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3x10° cells were infected with 5 x 10° bacteria in RPMI-1640
(Gibco BRL) containing 5% FCS and 1 U of benzonase (Boeh-
ringer Mannheim) and incubated for 6 h. Then, non-adherent
bacteria were removed by repeated washings with PBS. In
order to determine the amount of adherent bacteria, cells
were lysed with 1% saponin in PBS, and appropriate dilutions
were plated on GC agar. Intracellular bacteria were counted
by killing extracellular bacteria with a 2h treatment of the
infected cells with RPMI containing 50 wg ml~* gentamicin
before plating out. For the microscopical evaluation of invasion,
cells were grown on glass coverslips. After infection and the
removal of non-adherent bacteria, the probe was fixed by
treatment with 3% paraformaldehyde in PBS for 30 min.

Infection of HL60 cells

The cells were grown as suspensions in RPMI supplemented
with 10% FCS at 37°C and 5% CO,. HL60 cells were differen-
tiated 5—7 days before infection by adding 1.25% DMSO to
the culture medium. Approximately 1 x 10° differentiated HL60
cells suspended in PBS containing 1mM Mg>", 1mM Ca?*
and 0.1% glucose were infected with N. gonorrhoeae at a multi-
plicity of infection (MOI) of 100 for 2 h at 37°C. Non-ingested
gonococci were separated from the cells by repeated centrifu-
gation at 150 x g for 5min and washing with PBS. Cells were
centrifuged on glass coverslips in 24-well plates and fixed with
3% paraformaldehyde.

Microscopic evaluation

After two washes with PBS, probes were incubated for 10 min
in PBS, 0.1% Triton X-100 in order to permeabilize the cells.
The two washes were repeated, and non-specific binding
sites were blocked by 5min treatment with PBS, 0.2% BSA.
Suitable dilutions of polyclonal rabbit anti-N. gonorrhoeae
(1:100; AK93) and monoclonal mouse anti-h-lamp-1 (1:40;
clone H4A3; obtained from DSHB, University of lowa, USA)
in PBS were added for 1h. Samples were washed three
times with PBS and incubated with fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit and Texas Red-conjugated
goat anti-mouse antibodies (Sigma ImmunoChemicals) for
1h. After three washes, coverslips were mounted in glycerol
medium (Sigma ImmunoChemicals), sealed with nail polish
and viewed with a Leica TCS 4D confocal laser scanning micro-
scope (Leica Lasertechnik) equipped with an argon—krypton
mixed gas laser. Images were taken serially using appropriate
excitation and emission filters for the fluorescent dyes used.

Chemiluminescence assay

Approximately 1 x 10° differentiated cells in 100 ul of PBS were
infected for 1 h at 37°C with gonococci (MOI 100) in 400 pl of
PBS containing 0.1% glucose and 100 wM luminol. Chemilumi-
nescence was detected with a six-channel Bioluminat LB9505
(Berthold).
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