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Summary

Expression of type IV pili appears to be a requisite
determinant of infectivity for the sirict human patho-
gens Neisseria gonorrhoeae and Neisseria meningiti-
dis. The assembly of these colonization factors is a
complex process. This report describes a new pilus-
assembly gene, pilG, that immediately precedes the
gonococcal (Ge) pilD gene encoding the pre-pilin leader
peptidase. The nucleotide sequence of this region
revealed a single complete open reading frame whose
derived polypeptide displayed significant identities
to the pilus-assembly proiein PilC of Pseudomonas
aeruginosa and other polytopic integral cytoplasmic
membrane constituents involved in protein export
and competence. A unique polypeptide of M, 38 kDa
corresponding fo the gene product was identified. A
highly related gene and flanking sequences were
cloned from a group B polysaccharide-producing
strain of N. meningitidis (Mc). The resuits indicate
that the pilG genes and genetic organization at these
loci in Ge and Mc are extremely conserved. Hybridiza-
tion studies strongly suggest that pilG-related genes
exist in commensal Neisseria species and other spe-
cies known to express type IV pili. Defined genetic
lesions were created by using insertionai and transpo-
son mutagenesis and moved into the Ge and Mc chro-
mosomes by allelic replacement. Chromosomal pilG
insertion mutants were devoid of pili and displayed
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dramatically reduced competence for transformation.
These findings could not be ascribed to pilin-gene
alterations or to polarity exerted on pilD expression.
The results indicated that PilG exerts its own indepen-
dent role in neisserial pilus bicgenesis.

introduction

Infections caused by Neisseria gonorrhoeae (Ge) and
Neisseria meningitidis (Mc), pathogenic members of the
genus Neisseria, are associated with significant morbidity
and mortality for their exclusively human hosts. Despite
the unique disease manifestations associated with these
species, it appears that their basic strategies for success-
ful colonization of man are highly conserved. Many studies
have focused on understanding the structures and func-
tions of surface-localized and extracellular neisserial com-
ponents. The expression of pili, which are filamentous-like
structures emanating from the bacterial surface, appears
to be of paramount importance to the pathogenic process
(Heckels, 1989). Ge and Mc pilus filaments are ordered
arrays of polymerized protein subunits termed pilin. The
short leader sequences and proximal 30 amino acids of
their pre-piling (Meyer et al, 1984, Potts et al, 1988)
show a high dégree of homology with pre-pilins of other
Gram-negative human pathogens including Pseudomo-
nas aeruginosa (Pasloske et al., 1985), Vibrio cholerae
{Shaw and Taylor, 1930} and certain slrains of entero-
pathogenic Escherichia coli (Giron et al, 1991). Collec-
tively, members of this family of pilus colonization factors
have been termed type IV pili. Evidence for critical roles
of Ge and Mc pili can be found in the invariable recoverias
of piliated organisms from primary cultures (Jyssum and
Lie, 1965; Kellogy et al, 1968; Swanson et al, 1987)
and the capaciiies of these structures to undergo anti-
genic variation (Tinsley and Heckels, 1986: Swanson et
al., 1987). Gec pilus variation results from homologous
recombination between a single complete pilin gene or
expression locus and multiple partial pilin gene copies or
silent alleles (Haas and Meyer, 1986; Swanson et al,
1986: Koomey et al,, 1987) and an analogous mechanism
is thought to operate in Mc pilus variation (Aho and
Cannon, 1988; Perry et al., 1988; Blake et al, 1989).
Neisserial pili appear to promote infectivity by mediating
attachment to mucosal epithelia (Swansaon, 1973; Stephens
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and McGee, 1981) although their presence is also associ-
ated with other phenotypes which may be relevant to the
host—parasite interaction. Pilus expression is correlated
with high-level (sequence-specific) competence for DNA
transformation with frequencies of recovered transfor-
mants being reduced 1000-fold in non-piliated mutants
(Freholm et al., 1973; Seifert ef al., 1991; Zhang et al.,
1992). Bacterial autoagglutination (independent of that
associated with Opa proteins) is a pilus-dependent phe-
nomenon (Swanson et al,, 1971) and a form of bacterial
surface translocation termed 'twitching motility’ is only dis-
played by piliated organisms (Swanson, 1978). The basis
for the associations between these phenotypes and pilia-
tion is not well understoaod.

Studies directed at understanding neisserial pilus bio-
genesis appear to be particularly well suited to address-
ing basic guestions about organelle structure, function
and related phenctypes. Until recently, relatively litlle was
known about this aspect of Ge and Mc pili. Studies of spon-
taneously arising Ge pilin mutants, as well as those
created by site-specific mutagenesis and allelic replace-
ment, have led to the identification of specific amino acid
residues and domains of pilin which are required for pilus
biogenesis (Koomey et al., 1991; Zhang ef al,, 1992). A
110kDa protein, PIIC. that co-purifies with the Ge pilin
subunit and its corresponding gene has been identified
(Jonsson et al., 1991). Gc mutants failing to express PilC
were reported to have a significant reduction in piliation
(Jonsson et al., 1991) and analogous observations have
been made in Mc (Nassif ef al., 1994).

The assembly of pili invariably involves the interaction of
pilin and other accessory proteins which act to modify,
transport and polymerize pilin into the extracellular struc-
tures (Hultgren and Normark, 1991). In the type IV pilus
systems of F. aeruginosa and V. choleras, the genes
encoding these ancillary components are linked to the
gene encoding the pilus subunit (Nunn et al., 1990; Kauf-
mann et al., 1993) but this gene clustering does not exist
in Ge and Me. Evidence derived from many prokaryotic
systems has revealed that components required for the
translocation of proteins to the cell surface are structurally
and functionally related to proteins necessary for type 1V
pilus biogenesis (Whitchurch ef al, 1991; Pugsley 1993;
Hobbs and Mattick, 1993). At least three distinct families
of genes and corresponding proteins which share signifi-
cant sequence identity across diverse species boundaries
have been proposed to be part of the conserved apparatus
of extracellular protein localization. Proteins corresponding
to one or more of these families have been implicated in
the extracellular localization of toxins and hydrolases by
many pathogenic Gram-negative bacteria including V.
cholerae (Sandkvist et al, 1993), Bordetella pertussis
(Weiss et al, 1993), Aeromonas hydrophila (Jiang and
Howard, 1992), and P. aeruginosa (Bally et al., 1991b;

Strom et al., 1991). Related proteins are also involved in
competence for DNA transformation in Bacillus subtilis
(Albano et al,, 1989).

We have previously identified the Ge pilF and pilD genes
which encode products displaying significant identities
with the NTP-binding domain containing homologues and
the family of pre-pilin leader peptidases (Lauer et al,
1993). The Ge gene products are most closely related to
the type IV pilus-assembly proteins PilB and PilD of P.
aeruginosa, respectively (Nunn et al, 1990; Bally et al,,
1891a). In this report, we describe the identification of
the Ge and Mc pilG genes which map immediately
upstream of their pre-pilin  peptidase-encoding  pilD
genes. Their products are highly related to the pilus-
assembly protein PilC of P. aeruginosa and other palyto-
pic integral cytoplasmic membrane constituents involved
in the formation of surface-localized protein complexes.
Gec and Mc pilG mutants were constructed by allelic
replacement and found to be absolutely deficient in the
assembly of pili. In addition, DNA hybridization studies
strongly suggest that pilG-like genes are present in related
bacterial species.

Results

Cloning and characterization of the DNA region
upstream of pilD in N. gonorrhoeae

The Ge pilD gene encodes a pre-pilin leader peptidase
which has been demonstrated to be essential for pilus
biogenesis (Freitag et al., 1995). In order to detect other
genes potentially involved in pilus biogenesis, the region
of plasmid clones (Fig. 1) containing sequences upstream
of pilD was further analysed by subcloning and DNA
sequencing. An open reading frame (ORF) was identified
upstream of, and in the same orientation as, pilD
(Fig. 2). The DNA seqguence of this locus appears in the
EMBL/Genbank/DDBJ Nucleotide Sequence Data Libraries
under the accession number U19579 (data not shown). This
ORF had an in-frame ATG start codon at nucleotide position
219. lts derived polypeptide beginning at that site would
consist of 393 amino acids, having a molecular mass of
45.3kDa and a pl of 9.4. The deduced polypeptide did not
appear fo possess a typical secretfion signal sequence but
was mainly hydrophobic in character with four potential
membrane-spanning helices (Rao and Argos, 1986).
Sequences immediately downstream of the predicted
translation fermination site demonstrated a strong poten-
tial to form a stable stem and loop RNA structure (AG
(25°C)= —21.3kcalmol ' using the FoLo program of the
GCG software package). lts presence in RNA might act
as a signal for transcription termination/attenuation or
nucleolytic processing (Jaeger et al., 1983). The intergenic
region between this ORF and the pilD ORF encompassed
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Fig. 1. Physical map of the pilG locus in pathogenic Neisseria and plasmid constructs derived from these regions. The nucleolide sequences
af the pilG genes of N. gonorrhoeas N400 and N. meningitidis 44/76-A appear in the EMBL/GenBank/DDBJ Nucleolide Sequence Data
Libraries under the accession numbers U19579 and U19580, respectively . Seven mTnErm insertions generated in the plasmid pTT3 in E. coli
and recombined into the Gc and Mc genomes are shown. Precise sites of pifG::mTnErm insertions within this nucleotide sequence are GG23,
position 88; GGS5, position 215; GG22, position 219; GG2, position 697; GG11, position 787; and GG1, posilion 1099. Symbols; open lriangles,
locations of insertions resulting in loss of piliation; filled triangle, site of insertion which does not alter pilus phenolype. Details of plasmid
constructs are described in Table 4 and in the text. Note that the inserts containing the ermC and tethd genes are nat drawn ta scale. The
region of dyad symmetry downstream of pilG is depicted by a stem and loop structure.

73 nucleotides. Based on its linkage with pilD, the findings
cited below and the nomenclature established in our other
studies, we have designated the corresponding gene
pilG.

The derived polypeptide of the pilG ORF is a
homologue of components required for type IV
pilus assembly and protein export

in a computer-assisted database search, the deduced PilG
polypeptide exhibited significant seguence similarity to
these proteins in the following order of decreasing iden-
tity: P. aeruginosa PilC (Nunn et al., 1990), P. aeruginosa
XcpS (Bally et al,, 1991b), Xanthomonas campesiris XpsF
(Dums et al., 1991), Erwinia chrysanthemi OuiF (He et al.,
1891), A. hydrophila ExeF (Jiang and Howard, 1892), and
Klebsiella oxytoca PulF (Pugsley and Reyss, 1990)
(Table 1). It also displayed regions of similarity to B. sub-
tilis Com-G2 (Albano ef al, 1989) and V. cholerae TepE
(Kaufmann et al, 1993), but to a lesser extent than the
others cited above. The regions of similarity shared by
these proteins were equally distributed over their entire
lengths (Fig. 3). These proteins are components involved
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in pilus assembly or export of other proteins (Hobbs and
Maitick, 1993; Pugsley, 1993). All members of the protein
family display an overall hydrophobic character and are
predicted to be located in the cytoplasmic membrane
(Nunn ef al, 1990; Bally et al., 1991b).

Identification of an expressed polypeplide

corresponding to Ge PilG

We next sought to identify a polypeptide expressed by

N. gonorrhoeae, N. meningitidis

e — B e 1| (TSN SN S S SSSSS
pilE pill pilD pilG
P, aeruginosa
~afffe—— s —
pilA pilB pilC pily

Fig. 2. Relative genetic organization of the pilG assembly gene
clusters of N. gonerrhoeae N400 and N. meningitidis 44/76-A, in
comparison with the pilus-assembly gene cluster of P. aeruginosa.
Naote that plE, the pilin subunit-encading gene of Ge and Me, is not
linked to this region as it is in P, aeruginosa.
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Table 1. Overall sequence similarity between Ge PilG and other
members of the PiIC/PulF family of prateins.

Hamologue % identity % similarity
PilC 45.6 69.2
XepS 31.2 56.9
XpsF 30.6 56.7
OutF 303 57.2
ExeF 28.7 58.7
PulF 28.6 56.4

Scores were obtained using the sester program of the GCG
saquence analysis package from the University of Wisconsin.

cloned DNAs that corresponded to PilG. This was done
using in vitro transcription—translation analysis of plasmid
DNAs. By comparison with the patiern found using
the cloning vector pACYC184, pTT1 (Fig. 1) primed

reactions vielded major unique polypeptides with mol-
ecular masses of 55 kDa and 38 kDa (Fig. 4, lanes 1 and
2). Further comparison with the pattern found using
pTT1s xmat Which carries a specific frameshift muta-
tion in pilG confirmed that the 38kDa species corre-
sponded to PilG (Fig. 4, lane 3). In addition, the unique
polypeplide of molecular mass 24kDa detected for
PTT2is xmar COMrelated well with the size predicted for
truncated PilG resulting from premature translational
termination. Analogous results were found using pTT4
DNA  and other plasmids as tfemplates (data not
shown). It should be noted that the P. aeruginosa PilC
protein, which is most closely related to PilG, has a
predicted molecular mass of 44.5kDa but migrates with
an apparent molecular mass of 37kDa (Nunn et al.
1990).
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Consensus
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Pilc
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Consensus

PilcG
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Qutl
Cansensys

Consansus

1 50 100
MAKMNGGFSLPAKKEKRF IPEGRHEASDKLVNGEVSAF TEEEARKELAKRGIRPLOIT RVKTS SKRKITOEDITVFTROLETMIKAGLEL
MADEK ALKTSVF IWEGTDEKGAR VEGELTGONPMLVEAHLRKOGINPLEVR KHGISLLGAGKKVKPMD TALFTROMATMMGAGY PL
MARFEY LALDPSGROOKGVLEADSARQVROLLRERQLAPLDVEPTRTREQSGOGGRLTFAR GLSARDLALVTROLATLVQAALPI
VTEGDSARQVROQLREQCLTPLEVNETTEKAK REANRFVLFRRGASTSELALITROLATLVGAGLTT

MALFRY QALDEQGKFRRGVQQADSARHARQLLREKGWLALDIDFARGGERP SRFMBRTSARDLALVTROLATLVAAATRL
MLDGOMEAANDAEVALRLOEQGHLPVETRLATG ENGSPELRMLLREKPFDNAALVOFTQOLATLIGAGQPL

MALFQY QALNAQGHKSQGMOEADSARHAROLLREKGLVPVKIEEQREGEAAPRSCFSLSFGRSHRIASDLALLTROLATLY ARLFL

Py X G EADSAR VRQ LRE G PL L DLALPTROLATLYV AGLY

101 150 200
MOAFEIVARGHGNPSMTEMLMEIRGOVEQGSSLSRAF SNHPKYFDRFYCNLVAACGETGGVLESLLDKLATYKEKTOATRKRVETALTY PVSVIAVAICLV
LOEFDI IGEGFDNPMMRKLVDEIKQEVS SGNSLANSLREK POY FDELYCNLVDAGEQSGALENLLDRVATYKEKTESLEAK TRKAMTY PTAVI IVALIVS
BEALRAAARDSTSORIOSMLLAVRAKVLECHE LAGSLREF PTAFPELY RATVAAGENAGHLGPVLEQLADY TECROOSROK ICLALLY PVILMVASLATY
ERALRAVAEQCEKAHLRSLVATVRSKVVEGY SLADSLGAFPHVFDOLFRSMVAAGEK SCHLERVLNRLADY TEQROHEMRTKLLOAMTY PTVLTLVAVGY]
EXALDAVAQQEEK POLKTL IAGVRGKVLEGHS LAFAMRGHPGCFDALY CAMVARGEASGH RLLOAMIYPIVLTLVAVSVI
DRALS ILMDLPEDDKSRRVIADIRDTY . RAAPLSVALERQHSLFSELY INMVRAGEAGGSMODTLORLADY LERSRALKGKV INALTY PATLLAVVGCAL
EEALDAVAKQSEKPKLSALMAAVRAKVVEGHS LAEAMGNF POSFERLY CAMV ARGEASGHLDAVLNELADY TEQRHEMRER LOOAMIY PCVLITLVATSVY
E ALDAVA Q E P L L A VR KV EG SLA AL P FD LYC MVAAGE SGHLE L RLADY E R KI B ! '

201 250 300
FUMMIFVLPAFKEVY ANMCARLPPLTOTVMDMS DFFVSYGWMVL IALGFALYCFLEKLKARS IR IQRRMDATILLRMP IFGDIVRKGT IARWGRT TATLFAA
AILLIKVVPOFQOSVFEGFGAELPAF TOMIVNLSEFMOEWWFFIILAIAIFGFAFKELHKRSQKFRDTLDRTILKLP IFGGIVYKSAVARYARTLETTFAA
GFLLGYVVPDVVRVFIDSGOTLPLLTRVLIGVSDWVKAWGALAFVAARIGGVIGF RYALRKDAFRERWHGFLLRVPLVGRLVRSTDTARFASTLAILTRS
STLLTAVVPKVVAQFEHMGOOLPATTRFLIGTSELMOHYGLWFLLLLF IGGFVW RWWLTDEKRRRHWHOVVLRLPVIGRVERGLNTARFARTLSILNAS
VILLSTVVERVVEQF THLEKQALPFSTRLIMAMS DMLRAAGPWLLLATILLLILLL RYLLRQPAKRLAWHRLLLRLPLIGRVARSVNSARYARTLS ILNAS
LFLLGYVVPOFAQDMY ESLDVALPWFTOAVLSVGLEVRDWWLVLVVI PGVLGL WLDRKRRNAAFRARLDAWLLRORVIGSLIARLETARLTRTLOTLLREN
SILLSAVVPEVVEQF THMKOALPLSTRLLMSASDAVRTYGPWVVLLLVLAIMGF RVLLRQEKHRLVFHRRLLFLFVVGRVARGLNTARYARTLSTLNSS

ILL__VVP VYV F MGQ LPL TRLLM SD M  GLW LLA I FRY LR K R WH LLRLPVIGRVVR  TARYARTLSIL AS

ol 350 400
GVPLVDVLDESTAGAAGNLIYEEATRETRTRVIQCLSMTSGMRATELF PNMMLOMS S IGEESCSLDDMLNEAAEFY EDEVINAVGRLEAMMEP T TIVILGL
QUPLVDALDSVEGATGNIVFKNAVSKIKQDVS TGMOLNFSMRTTSVFPNMA LUMTAICEESGS LDEMLSKVASY Y EEEVDNAVDNLTTLMEPM IMAVLGY
GVPLVEALAIAREYVIANRI IRNEVVKAMKVREEGASLTRSLEATCOFPPMMLEMIASGERSGELDOMLARTARNOENDLAAQ IGLMVGLFEPFMLIFMGA
AVPLLEGMKIAGEVLSNDFARTR IGEATERVREGTSLRKALDETK IFPPMMLHMIASGEQSGELDSMLERAADNODREFETQVNIALGVFEPLLVVEMAG
AVPLLLAMRISADVLESNAWAKROLEAASDAVREGVSLHRALEMTOLF PEMMRYMVASGERSCGELNSMLERAADNQDRDLSAQ IQLALSLFEPLLVVAMAG
GVPLLAALGTARNVMENTALVEDVAAAADDVKNGHGLSMS LARCKRF PRLALOM IQVGERS AALDTMLLK TADTFELETAQAT DRALAALV PLITLVLAS
AVPLLOAMRISGDVLTNDY ARFRLEQATDAVREGVTILHEALEQTALFPPMMREMIASERRRARRE  VIPRGDNQDREFSAOMTLVLGLFEPLLVVSMAG
GVPLL A T VL W ¥ A D VREG 5L LE T FPPMML MIASGE 5G LD ML ADNGE B e L LFEPLLVY M3

401 423
VIGTLLVAMYLPLFNLGNVVA*
LVGGLIVAMYLPIFQLGNVVGH*
VVLVIVLAILLPILSLNQLVG*
VVLFIVMETILOP ILELNMMVNLY
MVLFIVLAILOP ILOLNTLMSM*
VVELVIISVLVPLYDLTNALGS
ITYLFIVLATILOPILOLNTLMEM*
VYLFIVLAIL, PIT, LENLY

Fig. 3 . Comparalive alignment of the deduced amino acid sequences of PilG and homologues was performed by using the cap Program of
the UWGOG package. A consensus sequence based on sites in which a majerity of sequences display identical residues is shown beneath.
Underlined residues represent those regions with a strong polential to form membrane-spanning helices according to a specified algerithm
(Rao and Argos, 1986). The precise sequence identities and similarities are shown in Table 2.
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Fig. 4. In vitro coupled transcription/translation analysis of pACYC
184 (lane 1), pTT1 {lane 2) and pTT 14 xma (lane 3) as analysed by
SDS-PAGE. The relative mobilities of protein molecular mass
standards are shown in kDa on the left. Proteins were labelled by
the incorporation of [**S]-methionine using an 530 extracl. The pilG
gene product is indicated by an arrow.

Characterization of the meningococecal pilG gene and
linked gene organization

Southern hybridization analysis using Gc pilG as a probe
against N. meningitidis genomic DNA gave a strong signal
under stringent conditions, suggesiing a high homology
between Gc pilG and its counterpart in N. meningitidis
(data not shown). To further assess this possibility, the
homologous locus from Mc strain 44/76-A was cloned
from a genomic phage library and subcloned into plasmid
vectors. The DNA sequence of this locus appears in the
EMBL/Genbank/DDB.J Nucleotide Sequence Data Libraries
under the accession number U19580. Thirteen nucleotide
differences were found between Gc and Mc seguences
over this whole region and of these, only six result in PilG
amino acid substitutions. Further characterization of the Mc
locus in pTTS (Fig. 1) by restriction mapping and partial
DNA seguencing (data not shown) has revealed that the
relative organization of the pilD, pilF and pilG genes is also
highly conserved between Gc and Me (Fig. 2).

Characterization of gonococcal and meningococcal
pilG transposon and insertion mutants

To assess directly the potential role of pilG in pilus bio-
genesis, the plasmid pTT3 was subjected to transposon
mutagenesis. These insertions were then moved into the
chromosome of Ge strain N400. a background in which

i 1995 Blackwell Science Ltd, Molecular Microbiology, 16, 451-464
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RecA expression and recombination functions are under
the control of an inducible promoter. After ensuring the cor-
rect introduction of the mutations by Southern hybridiza-
tion analysis (data not shown) and thai no changes in
pilE sequence (the pilin subunit gene) had been incurred
during the process, pilus expression and associated phe-
notypes were assessed. Mutants carrying insertions in
and immediately upstream of pilG displayed non-piliated
colony morphotypes and were devoid of pili when exam-
ined by transmission electron microscopy (TEM) (Fig. 5).
Identical results were found using a derivative which car-
ried an insertion of an ermC gene cassette at the unigue
Smal site in pilG. These results were in direct contrast 1o
mutants carrying insertions further upstream from pilG
which were unperturbed in pilus expression and its associ-
ated pattern of growth. This class of mutants was exempli-
fied by strain GG 16, whose site of insertion maps within a
large ORF (designated here as ORF6) that is oriented
divergently from pilG. Expression of this ORF accounts for
the 55 kDa polypeptide seen in the in vifro transcription—
translation analysis and its derived polypeptide shows sig-
nificant identity with the phosphoglucoseisomerase of E.
coli (T, Tonjum, unpublished).

Immunoblotting of whole-cell lysates of the isogenic Ge
strains was performed fo assess the levels of pilin expres-
sion in these backgrounds. Although the amounts of pilin
antigen detected were equivalent in all cases, the patterns
of pilin species were specifically and identically altered in
the pilG mutants (Fig. 6). In N400, pilin was delected as
a doublet of approximately 18 kDa, and the faster migrating
species seen here co-migrated with pilin present in pili pur-
ified by repeated cycles of solubilization and isoelectric
precipitation (data not shown: Koomey et al., 1991). When
compared with the pattern found using a mutant that
expresses pilin incapable of being processed by Ge FilD
(the pre-piiin leader peptidase), it is clear that both bands of
the doublet seen in N40Q0 appear (o have been N-4arminally
processed. In all the pifG mutants, however, only the slower
migrating species of the doublet seen in N400 was found.
Both doublet species present in N400 and the slower
migrating species seen in piG mutants reacted with P. aer-
uginesa PAK pilus-specific antiserum, which has been
demonstrated to recognize only pilins processed by pre-
pilin leader peptidase (Koomey et al, 1991; data not
shown). In addition, pilin antigen migrating at a position
characteristic of S-pilin (soluble, truncated pilin) was
seen for each mutant (Fig. 6). Immunablotting of concen-
trated culture supernatants confirmed that all the pilG
mutants elaborated S-pilin. The presence of S-pilin has
previously been correlated with defects in pilus assembly
arising from pilin gene alterations (Haas et al, 1987,
Koomey el al., 1991) and pilC mutations (Jonsson et al.,
1992),

Many studies have shown that non-piliated Gc mutants
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are dramatically reduced in competence for natural trans-
formation and, thus, pilus expression appears to be neces-
sary for this property. However, antigenic variants that
express extremely low levels of pili are transformable at
frequencies equivalent fo that seen for extensively piliated
strains (Gibbs et al., 1889), Given that competence for
transformation is an exiremely sensitive marker for pilus
expression, we examined the relative competence of
N400 and its isogenic derivatives. All mutants shown to
lack pili by TEM had over a 1000-fold reduction in their
transformation competence (Table 2). These levels of
competence are equivalent to that found for non-piliated
mutants resulting from pilE lesions (Seifert et al., 1991;
Zhang et al,, 1892).

The same transposon and insertion mutants were
maoved onio the chromosome of Mc strain 44/76-A. As
anticipated from the results in Ge, the Mc pilG mutants
were non-piliated (Fig. 6) and expressed dramatically
reduced competence for transformation (data not shown).

Fig. 5. Transmission eleciron micrographs of
N. gonorrhoeae strains N400 (A) and GG2 (B)
and N. meningitidis strains 44/76-A (C) and
MG1 (D). Other mutant pilG derivatives gave
resulls identical to that seen with GG2, The
specimens were negatively stained with
0.25% (Ge) and 0.5% (Mc) phosphotungstic
acid. Magnification 29250 «.

0.25pm -

Although the pilin gene staius was not specifically exam-
ined in this background (because this strain is wild type
with regard to homologous recombination functions), it is
important to note that all primary transformants were

Table 2. Phenotypic characieristics of Nefsseria gonorrhoeae N400
and plG:mTnErm mutants.

S-pilin Transformation

Sltrain Pili  Aggregation  expression  frequencies
N400 + b - 34x%10°°
N400, no DNA  NA NA NA 21079

GG1 ~ ~ | 10~ %=10"7"
GG2 = - + g 1Rl oty
GG5 . - 1075107
GG11 - ; i s
GG22 - - 108407
GGermC o - f 1075~
GG16 + F = 4.7 %107

(+), present; (—), absent; NA, not applicable.
*The wansformation frequencies for these strains were 10~ "=10""
and there were no slatistically significant differences between them.
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Fig. 6. Immunoblotting of whole-cell lysates (A) and concenirated
culture supernatants (B) of wild-type and mutant gonococeal strains.
The filter was reacted with rabbil antiserum raised against
gonococcal pili at a dilution of 1:2000. The positions of 14 and
18kDa protein molecular mass standards are shown on the laft.
Lanes 1, N400; 2, VD302 Pgy.s . ser.: 3, GGS; 4, GG22; 5, GG2; 8,
GG 7, GGermC.

non-piliated and that these mutants failed to give rise to
piliated reveriants at detectable levels. Reversion might
be expected to occur readily if their non-piliated status
resulted from pilin variation generated by recombination
at pilE,

Direct assessment of pilG function in non-polar
mutant strains of gonococei

The organization of the pilG—pilD genes suggested that
they may be part of an operon or that a promoter for pilD
may map within pilG. This situation raised the possibility
that insertions in piG might exhibit polarity on pilD. This
did not appear to be the case as pilin in the mutants
appeared to be completely processed. None the less, it
seemed remotely possible that a reduced level of pilD
expression might account for non-piliation if the kinetics
of the polymerization were disrupted. In such a scenario,
the rate of cleavage might be reduced in a way that pre-
cluded assembly, although sufficient PilD was present to
cleave all pilin detected as a sleady-state population.
Therefore, we constructed a strain in which pilD expres-
sion was placed under the controt of an exogenous promo-
ter such that patential polarity from the piG mutations was
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alleviated. This was done by placing an 8kb restriction
fragment that contained the fefM gene into a unique inter-
genic BstYl site (pGDtetM, Fig. 1) and then moving this
construct into the genome of strain VD300 by transforma-
tion to yield strain GDtetM. This sirain was piliated and
expressed a colony morphology phenotype identical to
its progenitor, VD300, Moreover, pilin detected in this
background by immunoblotting yielded a pattern indistin-
guishable from that seen for N400 (Fig. 7, lanes 1 and 3)
with no antigen detected corresponding to unprocessed
pilin (Fig. 7, lane 6). This indicated that sufficient PilD
was expressed by this strain to promote pilus assembly
in an otherwise wild-type background.

The pilG transposon mutations were then moved into
the genome of GDtetM by transformation. Afier ensuring
the correct introduction of the mutations and retention of
the tetM construct by Southern hybridization analysis,
pilus expression was assessed by TEM. With the single
exception of transformants carrying mTnErm-16 (Fig. 1),
all GDietM transformants were non-piliated (data not
shown). As stated previously for the Mc mutants, it is
important to note that all primary mTnErm transformants
(excluding those derived from mTnErm-18) were non-
piliated and that these mutants failed to give rise to piliated
revertants at detectable levels. When pilin expression was
examined by immunoblotting in the non-piliated transfor-
mants, patierns identical 1o those previously seen in
N400-derived mutants were found (Fig. 7, lanes 2, 4,
and 5); i.e. only the slower migrating species of the
doublet seen in GDtetM was found along with a form
corresponding to S-pilin. Given the concordance between
the data obtained here and that found for N400 deriva-
tives, it is reasonable to surmise that the loss af pilus
expression in pilG mutants cannot be ascribed to polarity
on pilD expression.

1SKD - Mwn 9 mam e e

14 kD -

Fig. 7. Immunoblotting of whole-cell lysates of wild-type and mutant
gonococcal strains. The filter was reacted with polyclonal rabbit
antiserum raised against purified gonacoccal pili at a dilution of
1:2000. The position of 14 and 18kDa prolein size standards are
shown on the lefi. Lanes 1, N400; 2, GG2; 3, GDtetM; 4, GDtetivt
with mTnErm-2 muiation; 5, GDielM with mTnErm-1 mutation; 8,
GDA180 (N400 carrying a deletion mutation in pilD; Freitag ef al.,
1995),
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Fig. 8. Dot-blot hybridization of genomic DNAs from a variety of
commensal Neisseria species using a radioactively labelled piiG-
specific PCR probe. Lanes 1, Neisseria mucosa ATCC 25996, 2,
Neisseria lactamica ATCC 23970; 3, Neisseria canis ATCC 14687,
4, Neisseria siccea ATCC 28193; 5, Neisseria subflava ATCC
10555; 6, Neisseria animalis CPH8; 7. Neisseria cuniculi ATCC
14688; 8, Neisseria caviae ATCC 14659, 9, Neisseria flava ATCC
14221; 10, P. aeruginosa PAK; 11, N. meningitidis 44/76-A; 12,

E. corrodens 31745/80; 13, M. noniiguefaciens NCTC 7784; 14,
Neisseria elongata 6171; 18, M. marinum TMC 1218; 14, herring
sperm.

Presence of pilG gene homologues in commensal
neisseriae and other species

DNAs from a variety of commensal Neissaria and other
species known fo express type IV pili or type IV pilus-
associated phenotypes were screened by dot-blot hybrid-
ization using a Mc pilG-specific polymerase chain reaction
(PCR) probe (Fig. 8). The probe hybridized strongly to
DNAs of most of the commensal Neisseria analysed,
while a weaker hybridization signal was detected with
DNAs of P. aeruginosa and Eikenella corrodens (a mem-
ber of the family Neisseriaceae). The P. aeruginosa DNA
signal serves as an internal standard as the precise
nucleic acid homalogies between the probe and the pilC
and xcpS genes are known to be 54% and 45%, respec-
tively (Nunn et al., 1990; Bally et al., 1991a, b). Less homol-
ogy was detected with DNAs of Neisseria cuniculi,
Neisseria caviae and Moraxella nonliquefaciens (mem-
bers of the family Moraxellaceae). Southern blotting indi-
cated that the hybridization signals seen are resiricted to
distinct DNA fragments and therefore do not represent
spurious or random reactivities (data not shown). No hybri-
dization signals were detected with control DNAs from
Mycobacterium marinum and herring sperm.

Discussion

It has been demanstrated previously that N. gonorrhoeae
possesses genes which encode proteins with substantial
similarities to those in other species respansible for type
IV pili assembly and a specialised pathway of protein
export (Lauer ef al., 1993). This work represents an exten-
sion of that study and describes the identification and

characterization of the pilG genes of both N. gonorrhoeae
and N. meningitidis. The Gc gene was identified by virtue
of its presence upstream of pilD and the Mc gene was iden-
tified and cloned by virtue of homology to the Ge gene. We
have shown that Ge and Mc mutants bearing defined
lesions in pilG are completely devoid of pili. Efforts have
been made to ensure that these resulis cannot be
explained by pilin gene alterations or polarity exerted on
downstream gene (i.e. pilD) expression. As such, these
studies demonstrate an essential role for PilG in Ge pilus
biogenesis. Although the experiments in Mc were not sub-
ject to the same degree of rigour, analogous results in this
background can be most easily explained by a similar inter-
pretation.

Prior to this work, only two genes have been directly
implicated in Ge and Me pilus assembly: pils, encoding
the pilin subunit and pilC, encoding large (>110kDa) pro-
teins which appear to be associated with the outer mem-
brane. While an essential role for pilin in assembly is
obvious, the situation for PIIC is less clear. The original
description of spontaneous pilC mutants in Ge reported
that they were not bald but, in fact, expressed low levels
of pili (Jonsson et al, 1981). Earlier studies using the
very same recombination-deficient strains noted that the
most frequent class of variants expressed reduced levels
of pili (Koomey et al., 1991) and these have been sub-
sequently demonstrated to be pilC mutants (H. Seifert,
personal communication).

A consistent theme of these siudies is the striking simi-
larities between the Ge and Mc pilus-assembly compo-
nents and those identified in P. aeruginosa (Nunn et al.,
1990) and Pseudomonas putida (deGroot et al., 1994).
The results with pilG are complementary to and in agree-
ment with those found for pilC in P. aeruginosa (Koga et
al., 1998). In each case, the lack of pilus expression can-
not be accounted for by polarity of upstream mutations
on piD expression and thus members of this protein
family play their own distinctive and essential role in
pilus assembly. Although their precise role(s) remains
enigmatic, their predicted or demonstrated localization in
the cytoplasmic membrane and linkage of their genes 1o
those encoding pre-pilin leader peptidases suggest that
they function in the initial stages of pilus assembly.

One distinctive feature of the organization of the Ge and
Mc pilG and pilD genes is the presence of 73 bp intergenic
regions, whereas in P. aeruginosa and P. putida, the corre-
sponding intergenic spacings are 3 and 2bp in size,
respectively (Nunn et al, 1990; deGroot et al., 1994).
Dupuy and Pugsley (1994) noted the presence of four
potential promoters for Ge pilD which, based on the data
presented here, would all map within the pilG open read-
ing frame. None of these putative promoters would be dis-
rupted in the mutants examined here. Koga and colleagues
(1993) raised the formal possibility that piC (the homologue
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of Ge pilG) and pilD are co-transcribed from the pilC pro-
moter in P. aeruginosa. Given the extremely low levels of
PIlD needed for pilin processing in Ge (N. Freitag and M.
Koomey, unpublished ), the absence of any readily identifi-
able promoters 3’ of the pilG termination codon and the
presence of potential transcription attenuating/BNA pro-
cessing signals 3’ of pilG, it is conceivable that a similar
operon structure exists for the Ge and Mc pilG—pilD
genes. If this is true, then pilD expression in the mTnErm
mutants may be dependent on transcription initiated in
the transposon. Clarification of this aspect of Gec pilG and
pilD expression warrants further study. Additional mutant
analysis has shown that the genes upstream of pilG are
non-essential for pilus assembly and, taken together
with other results (Freitag et al, 1995), it appears that
the locus spanning pilF to pilG appears to define the
immediate gene cluster engaged in Gc and Mc pilus
biogenesis.

Alterad pilin profiles in Ge pilG mutants were similar fo
those seen previously in non-piliated pilin gene mutants
and mutants expressing reduced levels of pili. As origin-
ally proposed, the inverse correlation between these
alterations and levels of piliation can most easily be
ascribed to S-pilin processing being a consequence of
non-assembly (Koomey et al., 1991). The findings of S-
pilin in pilG mutants further supports this model. Another
consistent perturbation in pilin expression has been seen
in pilG and pilC Gc mutants (Koomey et al, 1991; Jonsson
et al, 1992). In wild-type Gc expressing the particular pilE
allele found in VD300 and its derivatives, pilin was
detected as a doublet with the faster migrating species
co-migrating with pilin present in purified pili. However,
only the slower migrating species was detected in pilG
and pilC mutants (Kcomey et al, 1991: Jonsson et al.,
1992). That hoth species appear to have been processed
by pre-pilin leader peptidase suggests that an additional
form of post-translational pilin processing exists but its
nature remains obscure. Studies in P. aeruginosa have
shown that undermethylation of pilins occurs in mutants
falling to express PIC (the homologue to Ge PilG) but
methylation did not alter the relative mobility of pilin in
that system (Strom ef al, 1998). Recent evidence sug-
gests that the pilin subunits in meningococci may be differ-
entially glycosylated and that glycosylation appears to
influence pilin mobility in SDS-PAGE (Virji et al., 1993).
Whatever the basis for the two species, the failure to find
the faster migrating form in Ge pilG and pilC mutants
may indicate that this as yet uncharacterized processing
does not occur in these backgrounds. Alternatively, we
speculate that specific degradation of the mature (faster
migrating) pilin into S-pilin may account for its absence in
the mutants. Efforts directed al deciphering the basis for
these observations are currently underway.

Much of the interest in Ge and Me pili stems from their
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apparent significance to the pathogenesis of human infec-
tion. This correlation is most easily rationalized by the
increased adherence of pilialed cells for epithelial tissue
as seen using in vifro models; however, not all piliated var-
iants display this property (Rudel et al., 1992; Virji et at.,
1993, Jonsson et al., 1894, Nassif ef al., 1994). Autoagglu-
tination, twitching motility, and competence for transfor-
mation are other pilus-associated phenotypes which may
influence the biclogy of hosl—parasite interactions. While
the strong correlation between pilus expression and com-
petence has been demonstrated in many studies (Fraholm
et al,1973; Seifert et al, 1991; Zhang et al., 1992), its
molecular basis has remained elusive. Some have lhe
opinion that pilin production alone, rather than the actual
formation of pili, is the essential prerequisite for transfor-
mation competence (Gibbs et al, 1989; Meyer et al,
1990), while data from our prior studies are most consistent
with competence requiring the expression of the assembled
organelle (Zhang et al., 1992). The data obtained here with
PG mutants lend strong support to the latter position.
Along with virtually identical results found for Ge pilF
and pilD mutants (Freitag et al, 1995), these findings
represent the first reports of defined, non-pilin gene muta-
tions that directly link pilus expression and competence.
These results have particular significance for studies
of competence in Bacillus subtilis where an essential
surface-localized structure analogous fo type IV pili has
been predicted based on genetic data (Dubnau, 1991;
Hobbs and Mattick, 1293), but not yet demonstrated. In
addition to the defects in bacterial aggregation and
transformation ability manifested in pilG mutants,
twitching motility and adherence to human epithelial
cells are abolished or greatly diminished, respectively, in
this background (S. Drake and M. Koomey, unpublished
data).

A major finding stermming from these studies is that much
of the basic machinery for Ge and Mc pilus assembly is
highly conserved. Further evidence of this conservation
can be found at the level of gene organization. Macro-
restriction mapping of the Mc strain 44/76 genome using
DNA prabes derived from the pilF—pilG locus and other
genes (pifQ (S. Drake and M. Koomey, submitted),
pilT (Lauer et al., 1993) and pilE (Meyer et al., 1984;
Potts and Saunders, 1988)) has revealed that the genes
modifying pilus expression are distributed throughout the
genome (A. B. Kolste and L. O. Freholm, personal commu-
nication). These data closely mirror that reported for the
localization of these same genes in Go strain FA 1090
(Dempsey and Cannon, 1994). In addition, piG homolo-
gous sequences were detected in related commensal
bacterial species expressing type IV pili or exhibiting phe-
notypes associated with type |V pilus expression. These
findings were reminiscent of analogous results found
using the Ge pilD gene as a probe (Dupuy and Pugsley,
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1994). Taken together, the observations imply that type IV
pilus-assembly genes are conserved and widely distribu-
ted in these species as well. Given the exisience of highly
related genes involved solely in protein export and nucleic
acid transport, the specific dedication of the putative genes
to pilus assembly in these species remains to be demon-
strated. These studies represent one part of our general
approach to understanding the mechanisms of neisserial
pilus biogenesis and the role(s) which pili play in the patho-
genesis of gonococcal and meningococcal disease.

Experimental procedures
Bacterial strains, media and plasmids

All bacterial strains used are listed in Table 3. N. gonorrhoeae
(Ge) and N. meningiticis (Mc) were propagated on clear solid
GC media at 36'C in 5% COy or in liquid GC media that had
been preincubated overnight in 5% CO.. N. meningitidis
strain 44/76 was isolated from a fatal case of meningitis and
septicaemia (Holten et al, 1979) and is the source for current
meningococcal vaccine development in Norway. Ge and Mc
transformants were selected on solid GC media containing
8pugml ™" erythromyein or 5pgml " rifampin (Sigma). E. coli
strains HB101 and DH5%F'1Q were used in plasmid cloning
experiments while strain KW251 was used in the propagation
of recombinant phage clones. E. coli strains were grown at
37°'Cin Luria—Bertani (LB) medium supplemented with appro-
priate antibiotics: chloramphenicol, 10ugm!~" (Sigma), ery-
thromyein, 300 ugml ' (Sigma) or carbenicillin, 100 g ml "
(Sigma) and X-gal (40 pgmi~ ') when appropriate. The plas-
mids used in this study are listed in Table 4.

DNA preparation and manipulation

Gonococcal and meningococcal genomic DNAs were pre-
pared by standard methods (Sambrook et al.. 1989). Isolation
and purification of plasmid and phage DNAs were performed
using Qiagen columns (Diagen, Germany) according to the
manufacturer’s specifications. For the phage library, meningo-
coccal DNA partially digested with Sau3Al endonuclease was
fractionated by electrophoresis and fragments 15-20kb in
size were recovered by electroelution. This DNA was ligated
into BamHI-digested EMBL-3 phage arms (Frischauf et al.,
1983) and encapsidated in phage particles using a Gigapack
Il Plus packaging extract (Stratagene). Other standard meth-
ods of DNA manipulation were performed as described
(Sambrook et al., 1989). DNA sequencing was performed
by the dideoxy chain-termination method (Sanger et al,
1977) using a modified form of T7 DNA polymerase (Seque-
nase version 2.0, United States Biochemicals). The complete
sequence of both strands was determined by subcloning, as
well as by the use of appropriate deletion constructs and
unique oligonucleotide primers. High stringency Southern and
dot-blot hybridations were performed according to published
methodologies (Tenjum et al,, 1992). The pilG-specific hybridi-
zation probe covered nucleotides 272-1123 in the sequence
(accession number U19580) and was generated by a PCR
protocol using standard procedures (Perkin—-Elmer Cetus)

and the primers TT36 (5-CTTTGAAGGCAGGCATTC-3) and
TT37 (5-GCGCCGGCAGTGGAGTCC-3).

General profocols

Gonococcal and meningococcal mutants failing to express
functional PilG were constructed primarily by shuttle mutagen-
esis using the mini-transposon mTnErm (a derivative of Tn3)
as described (Seifert ef al, 1991). The precise sites of the
transposon insertions were determined by DNA sequencing
with primer Tn3l (5-CTCATGACCAAAATCCC-3) which is
complementary to sequences at one end of the transposon.

Table 3. Bacterial strains used in this study.

Species and strains  Relevant characteristics Source/Reference

N. gonorrhoeaa

VD300 Piliated, Opa , derivative  Koomey &t al.
ot MS11 (1991)
N400 VD300, recAs This work

(IPTG-inducible recA)
VD302 Pyt~ ser Mutant pifin resistant to Koomey et al,
pre-pilin peplidase activity  (1991)

GGseries piGmTnErm transposon  This work
insertions in N400

GDtethd VD300 with pilD under the This work
control of an exogenous
promoter

N. meningitidis

44/76-A Piliated variant of 44/76 Holten et al.
(serogroup B:15:P1.7, (1979);
16:L3,7—selected by this wark
pellicle formation)

MG-series pilG :mTnErm transposon  This work

insertions in Neisseria
meningitidis 44/76-A

Commensal and other species

N. lactamica 23970 Type strain ATCC
N. subfiava 10555  Type strain ATCC
N. sicca 29193 Type strain ATCC
N. cinerea 14685  Type strain ATCC
N. mucosa 25996  Type strain ATCC
N. animalis CPH 8  Reference strain K. Bovre
N. canis 14687 Type strain ATCC
N. cuniculi 14688  Type strain ATCC
N. caviae 14659 Type strain ATCC
N. elongata 6171 Reference strain Tonjum et al.
(1992)
P. aeruginosa PAK  Reference strain D. Bradley
E. corrodens Reference strain Tenjum et al.
31745/80 (1993)
M. nonliquefaciens Reference strain Tanjum el al.
NCTC 7784 (1992)
M. marinum 927 Type strain ATCC
E. coli HB101 F~, merB mir hsdS20 BRL
(rg, ma) 1ecA13 supE44
aral4 galK2 lacYl proA2
rpsL20 xyl15 lev mil11
E. coli DH5aF'1Q hsdR recA laZYAB0 BRL
lacZM15
E. coli KW251 F~ supEd4 galkK2 galT22 Promega

metB1 hsdR2 meirB1
argA81:Tni10 recD10714
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Table 4, Plasmids used in this study.

Plasmids Relevant characlerislics  Source/Reference
pACYC184 Cloning vector, Tet™ New England
] Biolabs

pBluescript Il SK/KS  Cloning vector, Amp” Stratagene

pHSSE Vector for shuttle Seifert ef al.
mutagenesis, Kan" (1891)

pOx:mTnErm Shuttle mutagenesis, Seifert et al.
conjugative F factor (1991)
derivative with mTnErm

pPTCA Shutlle mutagenesis, Seifert et al.
Tet”, expresses Tn3 (1991)
transposase
constitutively

pTT1 Clal—Sall fragment This work
containing Ge pilG in
pACYG184

PTT e ximat pTT1 with frame-shift This work
mutation in pilG at
Xmal site

pTT2 BamH|-Cial fragment This work
containing Ge gifG
cloned into pBSIISK

pTT2ermC pTT2 with ermC gene This work
cassette in Smal site

pTT3 Smal—8all fragment This work
containing part of Ge
pilG in pHES6

pTT4 Eagl-BstY1 fragment This work
containing complete Gc
pilG in pBSIISK

pTTs Eagl-iragment containing  This work
MepilG, pilD, pilF
genes in pBSIIKS

pGDtetM tetM gene containing This work

restriction fragment
cloned upstream of
pilD

Tet?, tetracycline resistant; Amp", ampicillin resistant; Kan®, kana-
mycin resistant.

One mutation was constructed by site-specific insertion of an
erythromycin-resistance gene cassette (Projan et al, 1987).
These mutations were introduced into N, gonorrhoeae N400
by genetic transformation using linearized plasmid DNAs.
The N400 strain harbours the recA6 allele in which the recA
gene is under the control of an inducible taclac promoter (H.
Seifert, personal communication). The recA6 construct also
containg the JaclY repressor gene and the tetM gene as an
associated selectable marker. For transformation, RecA
expression and recombination functions were transiently
induced in this background by IPTG addition to a final concen-
tration of 200 ugml ™" at the same time at which transforming
DNA was added. Linearized piG-mTnErm plasmids were
also transformed into N. meningifidis strain 44/76-A. Intro-
duction of specific transposon insertions into the genome of
recipients was verified by Southern hybridization analysis
with ermC- and pilG-specific hybridization probes labelled
with ®P. The complete pilE nucleotide sequence of each
mutant was determined by PCR-based thermocycle sequen-
cing using Vent polymerase (New England Biolabs) and
customized oligonucleotide primers.

Polypeptides encoded by plasmids were identified hy
means of an in vitro coupled transcription—translation system
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analysis of plasmid DNA, Purified plasmid DNAs were used to
prime the reactions according to the supplier's recommenda-
tions (Promega) with [*S]-methionine (Amersham). Labelled
polypeptides were separated by SDS-PAGE, transferred ta
nitrocellulose filters by electroblotting and visualized by auto-
radiography.

Competence for natural transformation of Gc and Mc
strains was assessed as detailed (Zhang et al, 1992) using
chromosomal DNA from a spontaneous rifampin-resistant
mutant of VD300.

Detection of pilin antigen in whole-cell lysates and concen-
trated culture supernatants were performed using rabbit poly-
clonal pilin-specific antibodies raised against N. gonorrhoeae
pili (lot 2-66) and P. aeruginosa PAK pili (lot 526). Conditions
for sample preparation, SDS—PAGE, electrobloiting and anti-
gen detection have been described praviously (Koomey et al.,
1991).

DNA and peptide sequence data were compiled and ana-
lysed by computer using the MacVector version 3.5 and Uni-
versity of Wisconsin Genetics Computer Group (UWGCG)
software packages (Devereux et al, 1984). DNA homologies
were found using the Fasta routine and protein homologies
were identiffed using TrasTA. Pairwise alignments of proteins
were performed using the car and sesTRIT programs with
default parameters.

Transmission electron microscopy

Prior to examination in the electron microscope, strains were
grown on GC agar for 14-17h and harvested in 1% ammo-
nium acetate, pH7.2. Droplets (5ul) of the solutions were
placed on carbon filmed grids and left for 1min, blotted
almost dry and negatively stained for anothermin with
0.25% (Go) and 0.50% (Mc) sodium phosphotungstic acid
(NaPT), pH7.0. The grids had previously been glow dis-
charged in air to facilitate spreading of both the bacteria and
the stain. The specimens were examined in a Jeol 1010 micro-
scope operated at 100 KeV,

Uncoupling pilD expression from pilG by use of an
exogenous promoter

Plasmid pGD carries the Gec pilD gene and flanking
sequences on a 2.6kb Smal-Hpal fragment (N. Freitag,
and M. Koomey, submitted). An 8kb Notl-fragment from
pHSX—tetMlac/P (H. S. Seifert, personal cornmunication)
containing the tetM gene was isolated and inserted immedi-
ately upstream of pilD at the BstY| site in pGD in the orien-
tation shown in Fig. 1 to create pGDtetM. This construct
placed the pilD gene under the control of an exogenous pro-
moter present in the inserted restriction fragment, presum-
ably the tetM promoter. This construct was introduced into
N. gonorrhoeae VD300 by transformation and selection for
tetracycline resistance to produce strain GDtetM. The
mTnErm mutations were then transformed into GDtetM.

Acknowledgements

We thank R. Fox for technical assistance and H. Seifert for
generously sharing the recAé allele and pHSX—tetMlaclP



462 T. Tenjum, N. E. Freitag, E. Namark and M. Koomey

constructs prior to publication. We also thank A. B. Kolste and
L. O. Freholm for providing the meningococcal pulsed-field gel
mapping data. We are grateful to K. Bovre for his support of
these studies. This work was supported by Public Health
Service Grant AlI27837 and NIH Grant MO1 RR 00042. T.T.
was a recipient of grant support from the Anders Jahre and
the Fulbright Foundations. M.K. is a PEW scholar in the Bio-
medical Sciences.

References

Aho, E.L., and Cannon, J.G. (1988) Characterization of a
silent pilin gene locus from Neisseria meningitidis strain
FAM18. Microb Fathogenesis 5: 391-398.

Albane, M., Breitling, R., and Dubnau, D.A. (1989) Nucleotide
sequence and genelic organization of the Bacillus subtilis
com@G operan. J Bacteriol 171: 5386-5404.

Bally, M., Ball, G., Badere, A., and Lazdunski, A. (1991a)
Protein secretion in Pseudomonas aeruginosa. The xcpA
gene encodes an integral inner membrane protein home-
logous to Klebsiella pneumaoniae secretion funclion protein
PulQ. J Bacteriol 173: 479-486.

Bally, M., Filloux, A., Akrim, M., Ball, G., Lazdunski, A., and
Tommassen, J. (1891b) Protein secretion in Pseudomonas
aeruginosa: characterization of seven xcp genes and
processing of secretory apparatus components by pre-
pilin peptidase. Mol Microbiol 6: 1121-1131.

Blake, M.8., MacDonald, C., and Klugmann, K.P. (1989)
Colony morphology of piliated Neisseria meningifidis. J Exp
Med 170: 1727—-1736.

Dempsey, J.E., and Cannon, J.G. (1994) Locations of genetic
markers on the physical map of the chromosome of
Neisseria gonorrhoeae FA1090. J Bacteriol 176: 2055—
2060.

Devereux, J., Haeberli, P., and Smithies, O. (1984) A
comprehensive set of sequence analysis programs for
the VAX. Nucl Acids Res 12: 387-395.

Dubnau, D. (1991) Genetic compelence in Bacillus subtilis.
Microbiol Rev 55: 395—424.

Dums, F., Dow, J.M., and Daniels, M.J. (1991) Structural
characterization of protein secretion genes of the bacterial
phytopathogen Xanthomonas campestris pathovar cam-
pastris: relatedness to secretion systems of other Gram-
negative bacteria. Mol Gen Genet 229: 357-364.

Dupuy, B., and Pugsley, A.P. (1984) Type IV pre-pilin
peptidase gene of Neisseria gonorrhoeae MS11: presence
of a related gene in other piliated and non-piliated
Neisseria strains. J Bacteriol 176: 1323-1331.

Freitag, N., Seifert, H.S., and Koomey, M. (1995) Character-
ization of the pilF—pilD pilus assembly locus of Nesseria
gonorrhoeae. Mol Microbiol, in press.

Frischauf, A.M., Lehrach, H., Poustka, A., and Murray, N,
(1983) Lambda replacement vectors carrying polylinker
sequences. J Mol Biol 170: 827-842.

Fraholm, L.O., Jyssum, K., and Bovre, K, (1973) Electron
microscopical and cultural features of Neisseria meningi-
tidis competence variants. Acfa Path Microbiol Scand 81:
525-537.

Gibbs, C.P,, Reimann B.Y., Schultz, E., Kaufmann, A., Haas,
R., and Meyer, T.F. (1989) Reassortment of pilin genes in

Neisseria gonorrhoeae occurs by two distinct mechanisms.
Nature 338: 651-652.

Giron, J.A., Ho, AS.Y. and Schoolnik, G.K. (1881) An
inducible bundle-forming pilus of enteropathogenic Escher-
ichia coli. Science 254: 710-714.

de Groot, A., Heijnen, |, deCock, H., Filloux, A., and
Tommassen, J. (1994) Characterization of Type IV pilus
genes in plant growth-promoting Pseudomonas putida
WCS358. J Bacteriol 176: 642—-650.

Haas, R., and Meyer, T.E. (1986) The repertoire of silent pilus
genes in Neisseria gonorrhoeae: evidence for gene
conversion. Cell 44: 107-115.

Haas, R., Schwarz, H., and Meyer, T.E. (1987) Release of
soluble pilin antigen coupled with gene conversion in
Neisseria gonorrhoeae. Proc Natl Acad Sci USA 84: 9079
9083.

He, S.Y.. Lindebarg, M., Chatterjee, AK., and Collmer, A,
(1991) Cloned Ewinia chrysanthemi out genes enable
Escherichia coli to selectively secrete a diverse family of
heterologous proteins into its milieu. Pree Natl Acad Sci
USA 88: 1079-1083.

Heckels, J.E. (1989) Structure and function of pili of
pathogenic Neisseria species. Clin Microbiol Rev 2: S66-
573.

Hobbs, M., and Mattick, J.S. (1993) Common components in
the assembly of type IV fimbriae, DNA transfer systems,
the filamenious phage and protein-secretion apparatus: a
general system for the formation of surface-associated
protein complexes. Mol Microbiol 10: 233—243.

Halten, E. (1879) Serotypes of Naisseria meningitidis isolated
from patients in Norway during the first six months of 1978.
J Clin Microbiol 9: 186-187.

Hultgren, S., and Normark, S. (1891) Biogenesis of the
bacterial pilus. Curr Opin Gen Develop 1: 313-318.

Jaeger, J.A., Turner, D.H., and Zuker, M. (1989) Predicting
optimal and suboptimal secondary structure of RNA. Meth
Enzymol 183: 281-2306.

Jiang, B., and Howard, S.P. (1992) The Aeromonas
hydrophila exef gene, required both for pratein secretion
and normal outer membrane biogenesis, is a member of a
general secretion pathway. Mol Microbiol 6: 1351-1361.

Jonsson, A.B., Nyberg, G., and Normark, S. (1991) Phase
variation of gonococcal pili by a frameshift mutation in pilC,
a novel gene for pilus-assembly. EMBO J 10: 477-488.

Jonsson, A.B., Pfeiffer, J., and Normark, S. (1992) Neisseria
gonorrhoeae PilC expression provides a selective mechan-
ism for structural diversity of pili. Proc Natl Acad Sci USA
89: 3204-3208.

Jonsson, A.B., liver, D., Falk, P., Pepose, J., and Normark, S.
(1994) Sequence changes in the pilus subunit lead lo
tropism variation of Neisseria gonorrhoeae to human
tissue. Mol Microbiol 13: 403-416.

Jyssum, K., and Lie, S. (1965) Genetic factors determining
competence in transformation of Neisseria meningitidis.
Acta Path Microbiol Scand 63: 306—316.

Kaufmann, M.R., Shaw, C.E., Jones, 1.D., and Taylor, R.K.
(1993) Biogenesis and regulation of the Vibrio cholerae
toxin-corequlated pilus: analogies to other virulence factor
secretory systems, Gene 126: 43—-49.

Kellogg, D.S., Cohen, .R., Norins, L.C., Schroeter, A.L., and
Reising, G. (1968) Neisseria gonorthoeae |l. Colonial

i1 1995 Blackwell Science Lid, Molecular Microbiology, 16, 451-464



variation and pathogenicity during 35 months in vifro. J
Bacteriol 96: 596-605.

Koga, T., Ishimoto, K., and Lory, S. (1993) Genetic and
functional characterization of the gene cluster specifying
expression of Pseudomonas aeruginosa pili. Infect Immun
61: 1371-1377.

Koomey, J.M., Gotschlich, E.C., Robbins, K., Bergstrem, S.,
and Swanson, J. (1987) Effects of recA mutations on pilus
antigenic variation and phase transitions in Neisseria
gonorrhoeae. Genetics 117: 391-398.

Koomey, J.M., Bergstrem, S., Blake, M., and Swanson, J.
(1991) Pilin expression and processing in pilus mutants of
Neisseria gonorrhosae: critical role of Gly-1 in assembly.
Mol Microbiol 5: 279—287.

Lauer, P., Albertson, N.H., and Koomey, M. (1993) Con-
servation of genes encoding components of a type IV pilus-
assembly/two-step protein export pathway in Neisseria
gonorthoeae. Mol Microbiol 8: 357 -368.

Meyer, T.F., Billyard, E., Haas, R, Storzbach, S., and So, M.
(1984) Pilus genes of Neisseria gonorrhoeae chromosomal
organization and DNA sequence. FProc Nail Acad Sci USA
81: 6110~-6114.

Meyer, T.F., Gibbs, C., and Haas, R. (1990) Variation and
control of protein expression in Neisseria. Annu RHev
Microbiol 44: 451—-477.

Nassif, X., Beretti, J.-L., Lowy, J., Stenberg, P., O'Gaora, P.,
Pteifer, J., Narmark, S., and So, M. (1994) Roles of pilin
and PIIC in adhesion of Neisseria meningitidis to human
epithelial and endothelial cells. Prac Natl Acad Sci USA 91:
3769-3773.

Nunn, D.N, Bergman, S., and Lory, 5. (1990) Products of
three accessory genes, pilB, pilC, and pilD, are required for
bicgenesis of Pseudomonas aeruginosa pili. J Bacteriol
172: 2811-2918.

Pasloske, B.L., Finlay, B.B., and Paranchych, W. (1985)
Cloning and sequencing of the Pseudomonas aeruginosa
PAK pilin gene. FEBS Leit 183: 408—412.

Perry, A.C.F., Nicholson, I.J., and Saunders, J.R. (1988)
Neisseria meningitidis strain C114 contains silent truncated
pilin genes that are homologous to Neisseria gonorrhosae
pil sequences. J Bacteriol 170: 1691-1697.

Potts, W.J., and Saunders, J.R. (1988) Nucleotide sequence
of the structural gene for class | pilin from Neisseria
meningitidis: homologies with the pilE locus of Neisseria
gonorthoeae. Mol Microbiol 2: 847—-6563.

Projan, S.J., Monod, M., Narayanan, C.S., and Dubnau, D.
(1987) Replication properties of pIM13, a naturally
accurring plasmid found in Bacillus subtilis, and of its
close relative pES, a plasmid native to Staphylococcus
aureus, J Bacteriol 169: 5131-5139.

Pugsley. A.P. (1993) The complete general secretory path-
way in Gram-negative bacteria. Microbiol Rev 57: 50—108.

Pugsley, A.P., and Reyss, I. (1990) Five genes at the 3" end
of the Kiebsiella pneumoniae pulC operon are required for
puliulanase secretion. Mol Microbiol 4: 365-379.

Rao, M.J.L., and Argos, P. (1986) A conformational
preference parameter to predict helices in integral
membrane proteins. Biochim Biophys Acta 869: 197-214.

Rudel, T., van Putten, J.P.M., Gibbs, C.P., Haas, R., and
Meyer, T.F. (1992) Interaction of two variable proteins (PIlE
and PIlC) required for pilus-mediated adherence of

ic 1965 Blackwell Sclence Ltd, Molecular Microbiology, 16, 451-464

Pilus biogenesis in pathogenic Neisseria 463

Neisseria gonorrhoeae to human epithelial cells, Mol
Microbiol 6: 3439-3450.

Sambrook, J., Fritsch, E.F., and Maniatis. T. (1989) Molecular
Cloning: A Laberatory Manual, 2nd edn. Cold Spring
Harbor, New York: Cold Spring Harbor Laboratory Press.

Sandkvist, M., Morales, V., and Bagdasarian, M. (1993) A
soluble protein required for secretion of cholera toxin
through the outer membrane of Vibrio cholerae. Gene
123: 81-86.

Sanger, F., Nicklen, S., and Coulson, A.R. (1977) DNA
sequencing with chain terminating inhibitors. Proc Nat!
Acad Sci USA 74: 5463-5467.

Seifert, H.S., Ajioka. R.S., Parachuri, D., Heffron, F., and So,
M. (1991) Shuttle mutagenesis of Neisseria gonorrhoeae:
pilin null mutations lower DNA transformation competence.
J Bacteriol 172: 40486,

Shaw, C.E., and Taylor, R.K. (1990) Vibrio cholerae Q395
fcpA pilin gene sequence and comparison of predicted
protein structural features to those of type 4 pilins. Infect
Immun 58: 3042-3049.

Stephens, D.S.. and McGee, Z.A. (1981) Attachment of
Neisseria meningitidis to human mucosal surfaces:
influence of pili and type of receptor cell. J Inf Dis 143:
525-532.

Strom, M.S., Nunn, D.N., and Lory, S. (1991) Multiple roles of
the pilus biogenesis protein PilD: involvement of PilD in
excretion of enzymes from Pseudomonas aeruginosa. J
Bacteriol 173: 1175—-1180.

Strom, M.S., Nunn, D.N.,, and Lory, S. (1993) A single
bifunctional enzyme, PRilD, catalyzes cleavage and N-
methylation of proteins belonging to the type IV pilin
family. Proc Natl Acad Sci USA 90: 2404—-2408.

Swanson, J. (1973) Studies on gonococcus infection V. Pili;
their role in attachment of gonococci to tissue cuiture cells.
J Exp Med 137: 571-589.

Swanson, J. (1978) Studies on gonococcus infection XII.
Colony color and opacity variants of gonococci. Infect
Immun 19: 320-331,

Swanson, J., Bergstrom, S., Robbins, K., Barrera, O., Corwin,
D., and Koomey, M. (1986) Gene conversion invelving the
pilin structural gene correlates with pilus + — pilus- changes
in Neisseria gonorrhoeae. Cell 47: 267-276.

Swanson, J., Kraus, 8.J., and Gotschlich, E.C. (1971) Studies
on gonococcous infection. [. Pili and zones of adhesion: their
relation to gonococcal growth patterns. J Exp Med 134:
886-906.

Swansaon, J., Robbins, K., Barrera, O., Corwin, D., Boslego,
J., Ciak, J., Blake, M., and Koomey, M. (1987) Gonococeal
pilin variants in experimental gonorrhoea. J Exp Med 165:
1344-1357.

Tinsley, C.R., and Heckels, J.E. (1986) Variation in the
expression of pili and outer membrane protein by Neisseria
meningitidis during the course of meningococcal infection.
J Gen Micrebiol 132: 106—113.

Toenjum, T., Caugant, D.A., and Bovre, K. (1992) Differentia-
tion of Moraxella nonliquefaciens, M. lacunata. and M.
bovis by using multilocus enzyme electrophoresis and
hybridization with pilin-specific DNA probes. J Clin
Microbiol 30: 3099-3107.

Tanjum, T., Weir, S., Bovre, K., Progulske-Fox, A., and
Marrs, C.F. (1993) Sequence divergence in two tandemly



464 T. Tonjumn, N. E, Freitag, E. Namork and M. Koomey

located pilin genes of Eikenella corrodens. Infect Immun
61: 1909-1916.

Virji, M., Saunders, J.R., Sims, G., Makepeace, K., Maskell,
D., and Ferguson, D.J.P. (1993) Pilus-facilitated adherence
of Neisseria meningitidis to human epithelial and endo-
thelial cells: modulation of adherence phenotype occurs
cancurrently with changes in primary amino acid sequence
and glycosylation. Mol Microbiol 10: 1013—1028.

Weiss, A.A., Johnson, F.D., and Burns, D.L. (1993) Molecular
characterization of an operon required for pertudssis toxin
secretion. Proc Nall Acad Sci USA 90: 2970-2974.

Whitchurch, C.B., Hobbs, M., Livingston, S.P., Krishnapillai,
V., and Matlick, J.8. (1991) Characterization of a
Pseudomonas aeruginosa twitching motility gene and
evidence for a specialized protein export system wide-
spread in eubacteria. Gene 101: 33-44.

Zhang, Q.Y., DeRyckere, D., Lauer, P., and Komey, M.
(1992) Gene conversion in Neisseria gonorhoeae: evi-

dence for its role in pilus antigenic variation. Proc Natl Acad
Sci USA 89: 5366-5370.

i 1985 Blackwell Science Ltd, Molecular Microbiology, 16, 451 -464



Copyright of Molecular Microbiology is the property of Blackwell Publishing Limited
and its content may not be copied or emailed to multiple sites or posted to a listserv
without the copyright holder's express written permission. However, users may print,
download, or email articles for individual use.



