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The product of the pilQ gene is essential for the
biogenesis of type IV pili in Neisseria gonorrhoeae
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Summary

The product of the Nelsseria gonorrhoeae omc gene
possesses reglons homologous to those tound in
members of a protein superfamily that are assoclated
with the translocation of proteins and DNA-protein
complexes across the outer membrane. Amongst its
protein homologues, Om¢ has higher overall homol-
ogy to PilQ, which is required for type IV pilus expres-
sion in Pseudomonas aeruginosa, and QrfE, which is
required for sequence-specific DNA uptake by Haemo-
philus influenzae. The function of Ome, howaver, is
unknown and gonococcal omc mutants have not
been described. We constructed gonococcal mutants
expressing truncated forms of the protein, and found
that these mutants are severely defective for bath
pitus expression and competence for natural transfor-
mation. To be consistent with pre-existing pilus gene
nomenclature, we have redesignated the gene pilQ
instead of ome, and its product, PilG instead of Omc.
The MS11 gene was sequenced and found to differ
from the DNA sequence reported for that of another
gonacoccal strain; these differences were associated
with a repeated DNA element, suggesting a genetic
basis for structural variation in PIlQ. The results also
show that PilQ™ mutants are distinct from previously
described gonococcal pilus-assembly mutants and
P. aeruginosa PilG~ mutants by virtue of their expres-
sion of rare pilus filaments. Taking these data into
account, PilQ is proposed to function in the terminal
steps of organelle biogenesis by acting as a pilus
channel or pore.

Introduction

The expression of pili by Neisseria gonorrhoeae, the cau-
sative agent of gonnorhoea, appears to be of paramount
importance to the ability of the organism to infect its
human host. Evidence for the critical role of gonococcal
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pili can be found in the invariable recoveries of piliated
organisms from primary cultures, the failure of non-
piliated mutants to cause urethral infection in male volun-
teers (Swanson and Koomey, 1989) and the capacity of
these structures to undergo antigenic variation {Swanson
et al, 1987, Haas and Meyer, 1986; Virji er al., 1983).
High-frequency antigenic variation of the pilin subunit
appears to preclude the efticacy of pilus-based vaccines
and may be responsible for the inability of gonococcal
infection to engender a protective immune response.
Based on the conserved structural features of its pilin sub-
unit protein, gonococcal pili are included in a rapidly
expanding family of related fimbrial appendages termed
type IV pili. Pili of this type are expressed by a number of
other significant Gram-negative human pathogens as well
as commensal species capable of causing opportunistic
infection. The former group includes Neisseria meningiti-
dis (Hermadsan et al, 1978), Vibric cholerae (Shaw and
Taylor, 1990) and enteropathogenic Escherichia coli
(Giron et al, 1991), and, like the case in gonococci,
these related pili appear to act as colonization factors.
Gonococcal pili appear to promote infectivity by mediating
attachment to mucosai epithelium (Swanson, 1973; Heck-
els, 1989; Rudel et al, 1992). Pilus expression is also
correlated with other phenctypes which may be relevant
1o host-parasite biology including competence for trans-
tormation (Seifert et al,, 1990; Zhang et al., 1992), bacter-
ial autoagglutination (Swanson et al., 1971), and twitching
motility (Swanson, 1978), which is a non-flagellar based
form of movement across solid surfaces. The basis for
the associations between these phenotypes and piliation
is not well understood.

We have focused on studies directed toward under-
standing the mechanisms of gonococcai pilus biogenesis
with the rationale that such efforts might lead to a clearer
understanding of pilus structure and function, and the iden-
tification of new targets for chemotherapeutic or immuno-
prophylactic intervention. In past studies, domains and
residues of the pilin subunit itself that are required tor
pilus assembly have been delineated (Zhang et al., 1892,
Kaomey ef al., 1991). More recently, a single genococeal
gene cluster was shown to carry three genes, pilD, pilfF
and pilG (Lauer et al., 1993), whose products are essen-
tial for pilus assembly (Freitag et al., 1995; Tenjum et ai.,
1995). These genes encode a pre-pilin peptidase, a
soluble protein with consensus nucleotide binding motits
and a polytopic membrane protein of unknown activity
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respectively. Protein homologues of each of these have
previously been shown to be components of the Type il
sacretion system which encompasses the processes of
two-step export of toxins and hydrolases by Gram-
negative organisms (Pugsley, 1993}, type IV pilus assem-
bly (Nunn et al., 1990) and DNA uptake in Bacillus subtilus
(Albano ef al., 1989).

The products of the gonococcal pilus assembly genes
we have characterized to date are all predicted to be locai-
ized to the cytoplasm or the cytoplasmic membrane. A
110kDa protein, PIlC, that copurifies with the gonococcal
pilin subunit and its corresponding gene have been identi-
fied {Jonsson et al., 1991) and mutants failing to express
PitC were reported to have a significant reduction in pili-
ation. Although it was claimed that PIC fractionated as
an outer membrane protein, it is difficult to envision what
role it serves since neither the gene sequence nor its
derived primary structure has been published or sub-
mitted to standard databases. By characterizing non-
piiated transposon insertion mutants of P. aeruginosa,
Martin et al. (1993) identified the pilus assembly gene
pilQ and found that the predicted amino acid sequence
of PilQ showed homology to the plV/PulD/YscC protein
superfamily (Huang et al.,, 1992). Members of this family
possess N-terminal signal sequences, share seguence
relatedness in a ~200-amino-acid span at their C-termini,
and function in protein-export processes across the cuter
membrane (Salmond and Reeves, 1993). Surprisingly,
these translocation events involve widely disparate sub-
strates including filamentous phage, type 1V pilin/pili,
toxins and hydrolases (Type Ii secretion; Pugsley, 1983)
and proteins lacking typical signal sequences (Type Il
secretion; Michiels and Cornelis, 1991).

Most members of the plV/PulD/YscC protein supet-
family have been identified by genetic studies, and rela-
tively little is known about their cellular localization and
function. Notable exceptions to this situation can be
found in studies of 11 pIV and PulD (required for pullula-
nase secretion), which have shown that a significant
proportion of these molecules fractionate with the outer
membrane (d’Enfert et al, 1989; Brissette and Russel,
1990). MxiD (a homologue required for secretion of the
Shigella invasion-plasmid antigens} is found in the
detergent-insoluble membrane fraction suggesting that it
too is localized, in part, to the outer membrane (Allaou
et al., 1993). In addition to their carboxy-terminal shared
sequence identities and predicted amphipathic p-sheet
conformations, many of the homologues induce the psp
operon when expressed in E. coli (Russel and Kasmier-
czak, 1993; Possot et al.,, 1992). As this response can be
triggered by other membrane-perturbing stimuli (Brissette
et al., 1980; Carison and Silhavy, 1993), it was proposed
that the homologues might activate psp expression in a
similar manner (Russel and Kazmierczak, 1993). Clues

as to the functions of the homologues are most clearly
found in the filamentous phage assembly/secretion system
where it has been demonstrated that the conserved
carboxy-terminal domain of plV mediates its insertion
into the membrane (Russel and Kasmierczak, 1993) and
that, in that milieu, plV is capable of forming a homo-
muitimer composed of 10-12 subunits (Kazmierczak et
al, 1994). Furthermore, non-functional plV missense
mutants altered at a highly conserved residue in the
carboxy-terminal domain (P375) fail to multimerize
despite their membrane localization (Russel, 1994). On
the basis of these data, it was proposed that multimerized
piV {(and by analogy, similar structures composed of its
homoalogues) might form a gated channel or pore through
which substrates are translocated.

Martin et al. (1993) noted that the derived primary struc-
ture of Pseudomonas aeruginocsa PilQ protein was most
related to that of the gonococcal Ome (Quter membrane
protein-macromolecular complex) protein, a polypeptide
not previously recognized as belonging to the plV/PulD/
YscC superfamily. These two proteins are 30% identical
and blocks of similarity are distributed across their entire
lengths. Omc was originally characterized as an abundant
gonococcal outer membrane protein with a propensity to
form homo-multimers of 10-12 monomers that could be
dissociated onfy after reduction and alkylation (Newhalt
et al., 1980). Interest in Omc as a gonococcal vaccine com-
ponent was fostered by the observations that it appeared
to account for 10% of the outer membrane protein mass
{Newhall et al., 1980}, that it was conserved in strains of
diverse origin, and that it was suceptible to iodination
{Hansen and Wilde, 1984) and proteolysis (Tsal et al,
1989) in whole cells. The omc gene was subsequently
cloned and sequenced but the function of Ome has yet to
be determined (Tsai et al,, 1989). Given these cumulative
findings, we asked whether Omc might be a gonococeal
pilus-assembly factor. in this study, we have constructed
gonococcal mutants expressing truncated forms of this
protein and show that the mutants are grossly deficient
in pilus expression and fail to display pilus-associated
phenotypes. In light of these results, and to be consistent
wtih pre-existing pilus gene nomenclature, we have rede-
signated the omc gene, pilQ, and its product, PilQ.

Results

Cloning, expression and sequencing of the MS511
pilG gene in E. coli

Fragments of the piiQ gene (previously designated omc)
have been cloned from Gc strain 2686, but attempis at
cloning the complete gene intact were unsuccessful
(Tsai et al, 1989). Primers based on the 2686 pilQJ gene
sequence were used 1o genarate a 1 kb fragment carrying
the 3’ end of the gene by polymerase chain reaction (PCR)

© 1995 Blackwell Science Ltd, Moleculer Microbiology, 18, 975-986
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Fig. 1. Detection of PilQ expression in whole-cell lysates of E. coii
clones. Lanes: 1, N. gonorrhioeae N400, 2, HB101/pCF1; 3, HB101/
pBE7; 4, HB101/pAEB; and 5, HB101/pADS. Note that pBE7
contains only the 3’ end of piiQ and serves as a negative control.
The relative migration of PilQ monomers (75 kDa) is denoted by the
arrowhead. Gonococcal PilQ} polyclonal antiserum was used at
1:1000 dilution. The relative mobilities of molecular mass standards
are shown in kDa.

of genomic DNA from strain N4Q0, which is the MS11 vari-
ant used in our studies. After sequencing to confirm that it
represented the 3’ end of the gene, the PCR product was
used as a DNA probe to identify pilQ-containing E. coli
clones in an MS11-derived genomic cosmid library. Three
of the four probe-positive clones grew poorly and when
whoie-cell lysates were examined by immunoblotting with
PilQ antibodies, the poor growth phenctype correlated with
expression of an immunoreactive species co-migrating
with gonococcal PilQ {Fig. 1). Restriction mapping of the
cosmid DNAs showed that the probe-positive, antigen-
negative clone carried only the 3’ end of the pilQ gene,
while the others contained the complete piiQ gene and
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upstream sequences. The levels of immunoreaciive antigen
varied in the three positive clones and differences in other
reactive species were nated. Given the polyclonal nature
of the antiserum, it is not clear whether these other differ-
ences correspond to degraded forms of PilQ, other gono-
coccal proteins encoded by the cosmids, ar E. coli proteins
induced in response to pilQ expression. The poor growth
phanotype also correlated with changes in the cell mor-
phology as seen by the formation of chains of elongated
cells {data not shown).

DNA fragments containing overlapping but incomplete
parts of the pifQ gene were subcioned from cosmid pAES
onto high-copy-number plasmids and the entire nucleo-
tide sequence of the MS511 gene was determined. The
pilQ open reading frame (ORF) encodes a polypeptide
with a molecular weight of 77 590 and an isoelectric point
of 9.75. The N-terminal domain has characteristics typical
of signal sequences, and the first residue of the mature
polypeptide has been shown to be the glycine at residue
25 {Hansen and Wilde, 1984). Comparison of the pilQ
nucleotide sequences from strains MS11 and 2686
revealed remarkable differences with significant conse-
quences for PilQ structure (Fig. 2). The MS11 allele con-
tains three additional single nucleotides (inserted after
nucleotide positions 500, 503 and 676 of the sequence
from strain 2686) and a unique block of 24 nucleotides
(inserted after nucleotide position 597 of the sequence
from 2686). Consequently, this 204 bp region of the MS11

Ms1il AAAGCCGCECLTGCCGCACCGGCAAAACAACAGGCTGCCCCACCGTTTACCGAGTCCGTAGTATCCATATCCGCA
K A AP A A P A KOQQAAAPVFTESV V S V S A

2686 AAAGCCGCGC TGT GCACCGGCAAAACAACAGGCTGCCGCACCGTTTACCCAGTCCGTAGTATCCGTATCCGCA

K A A L

R T G K T™T TG CRTV Y RV R &I R IR

Ms11 CCGTTCAGCCCGGCAAMACAACAGGCAGCGGCATCGRC GCOACACCGGCAAAACAAACCAAT
P F 8 P A K Qg @ A A A S A K Qg QA ATUPAI KQTN

2686 CCGTTCAGCCCGGCAAAACAACAGGCAGCGGCAT
T VvV Q9 P &G KT TG 8 G

CGGCAARACAAACCAAT
G K T N Q

*

MS11 ATCGATTTCCGCAAMGACGGCAAMAATGCCAGCATTATCGAATTGGCGCECATTGGGU TTTGCLGGGCAGCCCGAC
I 0D FR KDOG X XNAGITIELAATLTGT FHAZGHQUPTD

2686 ATCGATTTCCECAAAGACGGCAAAAATGCCGECATTATCGRATTGGCGGCATTGECCTTTGC GGGCAGCCCGAC
Y R F P Q R R Q K CQRHYRTIOGOGG I CGUL C a Q P D

Fig. 2. Alignment of the pilQ nucleotide sequence segments from N. gonorrhoeae strains MS11 and 2686 (Tsai et al., 1989) which utilize
alternative reading frames. Nucleotide position numbers and repetitive elements (denoted by dashed arrows) are indicated above the DNA
sequence. Three additional single nucleotides and a unique block of 24 nuclectides within the MS11 gene are underined with coresponding
gaps inserted in the 2686 gene 1o maintain alignment. The derived amina acid sequences from each gene are shown below the DNA
sequence, with conserved residues that flank the divergent region shown in bold type (MS11 residues 140-214). The MS11 pilQ sequence
appears in the EMBL /GenBank/DDBJ Nucleotide Sequence Data Libraries under the accession number U40596,

@ 1995 Blackwell Sciance Ltd, Meolecular Microbiclogy, 1B, 975-988
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allele utilizes an alternative reading frame from that of
strain 2686. Examination of the unigue 24 bp block pre-
sent in the MS11 allele (position 1774—1797) revealed
that it was composed of a 16 bp nucleotide repeat present
at positions 1684—1699 and 1750—-1765 and an 8bp
sequence that bridges it to a fourth subrepeat that
contains 11 of the 16 nuclectides (position 1798—1808).
These four nucleotide repeat elements are all in the
same reading frame and encode the residues PAKQQAA
(residues 146-152 and 168-174), AKQQAA (residues
177-187) and PAKQ (residues 184—187). Direct sequenc-
ing of PCR products encompassing this region generated
from gencmic DNA revealed no differences from that
derived for the plasmid ciones, ruling cut the possibility

that the MS11 allele differences were a result of rearrange-
ments arising during cloning in E. coli.

Construction of FPiiQQ~ mutants

Defined lesions in pilQ were made in cloned DNAs in E.
coli, by transposon mutagenesis using a mini-Tnerm
element and insertion of an ermC gene cassette. Three
transposon-insertion mutants, predicted to disrupt the
conserved carboxy terminal domain of PilQ, and one
which mapped 3’ of the ORF, were selected for further
study (Fig. 6). DNA sequencing showed that the precise
sites of insertion were situated in the codons for mature
residues L399 (pGQ1), D447 (pGQ4), and K560 (pGQ5),

Fig. 3. Transmission electron micrographs of N. gonorrhoeae strains: a, N400; b, GQ1; ¢, GQ3; d, enlargement of N400 pilus filaments fram
{a); e and 1, enlargement of rare GQ1 pilug filaments from (b); and g, enlargement of rare GQ3 pilus filaments from (c). Arrowheads in (a—c)
denote the location of pilus filaments enlarged in {d—g). Magnification 31500 {a~c).

© 1995 Blackwell Science Ltd, Molecular Microbiology, 18, 975—986



while the fourth insertion (pGQB) was 45 bp downstream of
the termination codon. pGQ6 was modified so as to carry a
frameshift mutation in piQ within the codon for mature resi-
due D421, by filling in the 5’ overhang of DNA linearized at
a single Clal restriction site, followed by intramolecular
ligation {creating pGQ3). A sixth mutatiocn was constructed
by insertion of an ermC gene cassette into this same Cla}
site (creating pGQ2). These mutations were then moved
onto the chromosome of strain N40O by transformation, as
described in the Experimental procedures. After ensuring
the correct introduction of the mutations by Southern
hybridization and that no changes in pilE (the pilin subunit
gene) had been incurred during the process, pilus expres-
sion and associated phenotypes were assessed.

Characterization of pilus exprassion and associated
phenotypes in PilQ™ muiants

All mutants in which the integrity of the pilQ CRF was com-
promised were deficient in autoagglutination, a property
closely associated with pilus expression, These pheno-
typic alterations in patterns of growth were manifested as
a flat, spreading colony type on solid media, and the fail-
ure to aggregate in liquid cultures. Transformants arising
from introduction of the downstream transposon-insertion
mutation had growth characteristics indistinguishable from
that of N400. In the case of erythromycin-resistant trans-
formants arising from pGG3, two approximately equally
represented populations were found, differing in auto-
agglutination phenotypes. The non-autoagglutinating trans-
formants were shown 1o correspond to those in which the
linked pilQ frameshift mutation had been crossed into the
genome, while those which were phenotypically unaltered
had only incorporated the downstream transposon insertion.
When examined by transmission electron microscopy
(TEM), cells of strains N400 and GQ6 were associated
with abundant levels of pili that were often present as dis-
crete bundles of laterally aggregated filaments, while all
PpilQ mutants were devoid of pilus filaments (Fig. 3). How-
ever, careful examination revealed that rare pilus filaments
could be reproducibly detected on grids of all of these
mutants. The filaments seen in the mutants were identical
in diameter, average length and morphology to those found
in the wiid-type strain and, in scme instances, were also
sean to aggregate laterally. In view of this finding, we re-
examined pilD, pilF and piiG mutants previously character-
ized as lacking pili (Tenjum et al., 1995; Freitag et al.,
1995), but could find no evidence for rare filaments in
these specimens. It therefore appeared that the rare pilus
filaments were unique to pilQ defects and were not a
general property of gonococcal pilus-assembly mutants.
Previous studies have shown that non-piliated mutants
are dramatically reduced in competence for natural trans-
formation and that pilus expression appears 1o be required

© 1995 Blackwell Science Ltd, Molecular Microbiology, 18, 975—986
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Fig. 4. Detection of pilin antigen in whole-cell lysates (top panef)
and concentrated culture supernatants (bottom panel) from
wild-type and mutant gonococcal strains by immunoblotting. The
filtter was reacted with a polycional antiserum raised against purified
N400 pili. Lanes: 1, GQ1; 2, GQ4; 3, GQ5; 4, GARZ; 5, GQ3; 6,
GQ6; and 7, N40O. The relative mobilities of mature (pre-pilin
peptidase-processed) pilin and S-pilin are denoted by the asterisk
and the arrowhead, respectively. The relative mobilities of molecular
mass standards are shown in kDa.

for this property (Seifert ot al., 1990; Zhang et al,, 1992;
Tenjum et al.,, 1995; Freitag et al., 1995). However, anti-
genic variants with relatively low levels of pili are trans-
formable at frequencies equivalent to those seen for
extensively piliated strains (Gibbs ef al., 1989). Given
that competence for transformation appears to be a sensi-
tive marker for piliation, we examined the relative compe-
tence of N400, GQ6 and the isogenic pifQ mutants. All
mutants that were dramatically reduced in pilus expres-
sion had over a 1000-fold reduction in their tfransformation
competence (Table 1), levals which are equivalent to that
found for non-piliated mutants resulting from defects in
expression of the pilin subunit as well as from pilD, pilF
and pilG gene mutations. Aiso, as similarly found for
these other classes of assembly mutants, the transfor-
mants recovered in the PilQ™ background retained their
defective-pilus phenctype. This finding appeared to rule

Tabie 1. Phenotypic characteristics of N. gonorrhoeae N400 and
RIIQ  mutants.

Strain Pili® Pilin/S-pilin® % Natural competence®
N400 + —{= 100

[cle) —* ++ <0.1

GQ2 —* 4 <0.1

GQ3 —* ++ <01

GQ4 —* ++ <Q0.1

GQ5 —* ++ <0.1

GQ6 + —f— 100

a. Determined by transmission electron microscopy. * rare pilus fila-
ments cbserved.

b. Detection in the supernatant by Western blotting with anti-pilin anti-
bodies.

c. Determined using the DNA transformation assay under recA-
induced conditions.
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out the possibility that the pilus filaments assaociated with
PilQ mutants reflected the presence of rare piliated rever-
tants within that population.

Pilin expression, processing and localization in PilQ~
mulants

Diverse mutations leading to an inability to assemble gono-
coccal pili or to diminished levels of piliation have been
linked to altered pilin processing and localization. Pilus-
assembly defects invariably lead to the formation of S-
pilin (truncated pilin lacking the 39 N-terminal residues pre-
sent in mature pilin), some of which is recovered in culture
supernatants, while the remainder is cell associated (Frei-
tag et al,, 1995; Koomey et al,, 1991; Tenjum ef al., 1995).
With this in mind, we used immunoblotting to assess the
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Fig. 5. Detection of PilQ antigen in whole-cell lysates (fop and
middle panels) and concentrated culture supernatants (bottom
panel) from wild-type and mutant gonococcal strains by
immunoblotting. The whole celi and concentrated supernatant
samples correspond to 50 ul and 250 pl of the liquid culture,
respectively. The filter was reacted with a polyclanal antisarum
raised against PilQ purified from strain 2686. Lanes: 1, GQt; 2,
GQ4; 3, GQS5; 4, GQ2; 5, GA3; 6, GAB; and 7, N400. The relative
mobility of wild-type PilQ {75 kDa) is denoted by the arrowhead. The
relative mobilities of molecular mass standards are shown in kKDa.

status aof pilin expression in pilQ mutants. Although the
amounts of pilin antigen detected were equivalent in all
cases, the pafterns of pilin species found were identically
altered in the mutants (Fig. 4). The predominant pilin
form in mutant whole-cell lysates migrated with a rela-
tive mobility characteristic of pre-pilin peptidase (PilD)-
processed subunits, findings similar to those seen in
other assembly mutants (Koomey ef al,, 1991; Tenjum et
al., 1995). Whole-ceil lysates of PilQ mutants also con-
tained species of pilin antigen co-migrating with S-pilin
found in other assembly mutants but were present at
lower levels than in the latter mutants (data not shown).
immunablotting of concentrated culture supernatants con-
firmed that all pi/Q mutants elaborated S-pilin, but pilin anti-
gen migrating at the position of the predominant species
seen in the mutant-cell lysates was also found in the cul-
ture supernatants. This finding was again in contrast to
results from other assembly mutants where pilin in this
form has not been detected. In this way, the levels of
mature, intact pilin in culture supernatants appeared to
coincide with the presence of rare pilus filaments. In sum-
mary, PilQ™ mutants are distinguished by (i) the release of
mature, intact pilin into culture supernatants, and {(ii) their
reduced capacity to retain S-pilin in association with cells.

PilQ expression and localization

Immunoblotting with rabbit antibodies raised against puri-
fied PilQ from strain 2686 was employed 1o examine the
expression of PilQ in N400 and the pilQ mutants. The pre-
dominant form seen in cell lysates of the wild-type strains
migrated with a molecular mass of 75kDa, a finding in
agreement with the predicted molecular mass for PilQ.
Newhall and colleagues (1980} originally suggested that
gonococeal PilQ exists as a homo-multimer with a molecu-
lar mass of 800 kDa, which cnly enters standard polyacryl-
amide gels upon reduction and alkylation. In agreement
with this, detectable levels of antibody-reactive material
are found at the position of the electrophoresis stacking
wells in immuncblots of wild-type samples (Fig. 5, top
panel). Minor reactive polypeptides were also seen, the
most apparent of which were two with molecular masses
of 27 and 30kDa. The 75kDa form and antigen-containing
material in the stacking gel were missing in each of the
pilQ mutants and in its place were new fragments whose
migration corresponded 1o the sizes of truncated RilQ
species predictad to be encoded by the defective alleles.
Increased levels of the 27 and 30kDa reactive poly-
peptides were also present in the mutants. Two other
lines of evidence support the idea that the 27 and 30kDa
polypeptides, and the other minor species, represent pro-
cessed (degraded) forms derived from the N-terminal
domains of PilQ: (i) identical patierns are seen for all of
these strains when rabbit antibodies raised against

€ 1995 Blackwell Science Ltd, Molecuiar Microbioiogy, 18, 975-086
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Fig. 6. Physical map of the inserts from relevant
plasmids used in this study. The thin and thick
striped segments of the pi/@ ORF correspond to the

EcoR1 rClal Pstl regions that are moderately and highly conserved in
—-Lr WMM—-—-—L the pIV/ YscC/PulD protein superfamily. The stippled
- segment denotes the region encompassing the
PZ ZQ o altered reading frames found for strains MS11 and
2686 (see Fig. 2). Positions of restrictions sites are
noted, as are sites of m-Tnerm transposon insertions.
p4 The vector for the pGQ series of plasmids is pHSS6.
pQ9
pGQ1 ' y
pGQ4 "
pGQ5
pGQ6 L
AClIal ’
GQ3
e
pGQ2

recombinant meningococcal PilQ expressed in E. coli
are used (data not shown); and (ii) they are not present
in gonococcal mutants with mutations in the 5’ end of
piQ (S. Drake and M. Koomey, in preparation).

The expression of defective forms of PilQ had a pro-
found influence on the cellular localization of the truncated
polypeptides themselves. Immunoblotting of the soluble
proteins present in concentrated culture supernatants of
the mutants revealed patterns that were indistinguishable
from that seen in the whole-cell lysates, while culture
supernatants of the wild-type strains revealed barely per-
ceptible levels of the 75, 27 and 30kDa species. Based
on the relative intensities seen with equivalent proportions
of cells and supernatants from cultures, we estimate that
20% of the total PilQ antigen in the mutants is shed in an
extracellular, soluble form.

The mast striking finding from these immunoblot experi-
ments is the dramatic increase in the levels of PilQ antigen
in the mutants as indicated by the comparative intensities
of the multiple bands in the mutants versus what is seen
in the wild-type strains. A simple explanation for this may
be that it reflects a redistribution of PilQ antigen which is
normally retained in the stacking gel. However, afkylation/
reduction treatment {leading to a loss of antigen from that
position in wild-type sarples) results in only a moderate
increase in levels of the 75kDa species that does not
equal the antigen levels seen in the mutants (data not
shown).

Discussion

The biogenesis of the gonacoccal pilus colonization factor
‘and other type IV pili requires the function of a large
number of gene products. In this paper, we report the
characterization of the piQ gene and gene product from
N. gonorrhoeae strain MS11, and demonstrate that

© 1995 Blackwell Science Lid, Molecuiar Microbiology, 18, 975-086

gonococcal mutants expressing truncated PilQ polypep-
tides are severely compromised in the elaboration of pili
and are deficient in pilus-associated phenotypes. The find-
ings provide prima facie evidence that gonococcal PilQ is
functionally as well as structurally related to members of
the plv/YscC/PulD superfamily that are essential compo-
nents of systems in which diverse protein substrates are
translocated across bacterial membranes. Cross-linking
studies have shown that plV exists as a homo-multimer,
probably composed of 10—12 subunils (Kazmierczak ef
al., 1994). To our knowledge, gonococcal PilQ is the only
other homologue for which the existence of multimers
has been demonstrated and, interestingly, the PilQ mul-
timer has also been estimated to be composed of 10—12
subunits. Studies of plV mutants specifically altered in C-
terminal residues that are highly conserved amongst the
homotogues indicate that this preserved domain is
involved in p!V multimerizaticn and that plV mulimeriza-
tion is essential for phage assembly/secretion (Russel,
1994). The defects in pilus biogenesis found for the gonoe-
coccal mutants comply with those observations whereby
the structural integrity of the conserved C-terminal domain
of PilQ is essential for function. There is, however, no
direct evidence that differentiates between whether the
high-molecular-weight PilQ antigen detected within the
stacking gel represents a discrete-sized, functional oligo-
mer or merely an aberrant aggregation of the protein.
The increased levels of truncated PilQ antigens observed
in the mutants do not appear to reflect a simple redistribu-
tion of antigen retarded at the stacking-gel interface in wild-
type strains. Although it may, in part, resuit from an actual
increase in piQ gene expression (transcription) in this
background, the curious and poorly understood behaviour
of the protein itself raises serious caveats to data interpre-
tation. For example, one cannot discern whether all the
PilQ antigen in wild-type strains enters the gel and is
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detectable by immuncblotting or whether a significant por-
tion is lost or unrecoverable for technical reasons. It is
worth noting, nonetheless, that increased levels of anti-
gen, its degradation and release in soluble form, are
intrinsic properties of PilQ™ mutants and not simply conse-
quences of disrupted pilus assembly, because none of
these are detected in uncharacterized non-piliated mutants
(Hansen and Wilde, 1984) or in pilE, pilD, pilF or pilG
mutants (S. Drake and M. Koomey, in preparation).

Kazmierczak and colleagues (1994) have proposed that
the plV multimer, and, by analogy, similar structures
formed by the homaologues, could form a gated channet
or pore that couples phage assembly to export or directs
specific protein substrates across the outer membrane.
This model is perhaps more readily appreciated in the con-
text of the more classical Type |l secretion systems, where
the first step entails the localization of toxins and hydro-
lases to the periplasm (mediated by the sec gene
products), while, in the second step, fully formed and
matured periplasmic complexes are translocated across
the outer membrane. In additon t¢ a plV-related protein,
this latter step requires the function of four components
including type IV pseudopilin(s), a pre-pilin peptidase, a
soluble protein with cansensus nucleotide-binding motifs,
and a polytopic inner-membrane protein of unknown
function {Whitchurch et al, 1991; Pugsley, 1992; Lory,
1992). Like these other situations where formation of a
pilus-like organelle is implied but as yet unsubstantiated,
gonococcal pilus expression requires ail of the latter com-
ponents. However, PilQ mutants have unique features that
distinguish them from other gonococeal pilus mutants, the
most remarkable of which is the presence of rare pilus
filaments. This appears to indicate that pilin polymeriza-
tion (assembly) is still occurring in these mutants and
that PIlQ is not necessary for this aspect of pilus bio-
genesis but, rather, may be critical for the extrusion of
pilus filaments. However, if each of these suppositions is
true, how can we reconcile them with the presence of
both soluble, released S-pilin (previously correlated with
assembly defects) and rare extracellular pili in the
mutants?

The precise signal that triggers S-pilin processing is not
known, but it has previously been shown to occur concomi-
tantly with reduced levels of piliation (associated with par-
ticular pilin subunit antigenic variants (Haas et al., 1987
Swanson et al., 1987)) or absolute defects in pilus expres-
sion (Koomey ef al, 1987; 1991; Tenjum ef al, 1995;
Freitag et al., 1995). On the basis of these observations,
we proposed that S-pilin processing represents a default
pathway of pilin degradation that arises as a conseguence
of the absence or decreased rate of assembly. However,
the signal that leads to S-pilin processing may not be aber-
rant subunit polymerization but rather a more generalized
defect in pilus secretion. [n this way, PilQ mutants might

still be polymerizing pilin into filaments which are then
degraded into S-pilin because they are not extruded
from the cell. Unfortunately, this cannot be directly tested
because there are no reagents or techniques which
enable us to distinguish pilin monomers from polymerized
subunits.

If PilQt is, in fact, an essential component of the channel
or pore through which pili are extruded, a number of possi-
bilities might explain the presence of rare, extracellular
pilus filaments in the mutants tested here. The simplest
explanation might be that the truncated PilQ expressed
in the mutants retains some function. However, all mutants
(including those failing to express any part of the con-
served C-terminal domain) fail to form stable multimers
and display the same phenotypes, making this an unfavour-
able explanation. Given the fact that P. aeruginosa
expresses at least two plV/PulD homologues (FilQ and
XepQ (Akrim et al., 1993; Martin et al., 1993), gonococci
might alsc have another homologue which partially sup-
presses the defect in PilQ™ mutants. Still, we favour an
alternative explanation based on previous observations
made in other Type Il secretion systems. In Aeromonas
hydrophila, Erwinia carotovora and P. aeniginosa, muta-
tions that block the second step of the two-step process
lead to a defect in export and accumulation of periplasmic-
located toxins or hydrolases. Even under these condi-
tions, however, readily detectable levels of the toxins or
hydrolases (estimated to be from 1-6% of the total
amaounis) can be detected in culture supernatants (Howard
ef al., 1993; Reeves ef al., 1993; Strom et al,, 1991). A
similar level of ‘leakiness’ in the gonococcal mutants
could well account for the amounts of pili detected in the
PilG™ mutants.

The derived amino acid sequence of PilQ from strain
MS11 was markedly different from that reported for strain
2686 in the region spanning mature residues 113-186.
These alterations, which arise, in part, from use of an
altered reading frame, have surprisingly negligible effects
on the predicted structural qualities of PilQ except for
reducing the number of cysteine moieties from 10 to 7.
The corresponding region of strain 2686 PilQ was noted
for its overall basic gquality, hydrophilicity and potential for
exposure on the surface of the molecule (Tsai et al,
1989), and these qualities are retained in the MS11 mol-
ecule. The amino acid-repeat segments of PilQ (encoded
by either the MS11 or 2686 alleles) share little similarity
to P. aeruginosa PilQ or the other homologues, nor are
analogous repeat elements readily apparent in correspond-
ing regions of the homologues. The association of the
DNA repeat elements with the sequence discrepancies
does raise the possibility that this region may be a hot-
spot for rearrangements.

Although gonococcal PilQ has generally been portrayed
as a highly conserved molecule, tryptic peptide maps
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have, in fact, documented limited inter-strain heterogene-
ity, and it was proposed that the ‘variation may have
resulted from the gain or loss of a peptide component’ in
the variants versus the reference strain (Hansen and
Wilde, 1984). We envisage two ways in which variation
within this segment of PilQ might preferentially benefit
the organism. The first may be that it represents a form
of antigenic variation, as this part of the molecule has
been proposed 10 be exposed at the cell surface. The
second relates to the fact that, unlike the case in P. aeru-
ginosa pilus expression and the Type Il secretion sys-
tems, gonococcal PilQ must function in the biogenesis of
many different subunits arising by pilin-gene recombi-
nation. As such, structural changes in PilQ might fine-
tune the system to accommodate the large repertoire of
pilins expressed in vivo.

Strains expressing truncated PilQ represent the first
genetically characterized gonococcal competence mutants
that retain expression of pilus filaments. Haemophilus
influenzae is also naturally competent and DNA uptake is
dependent on expression of OrfE (Tomb et al, 1991),
which is a homologue of PilQ, suggesting that these
homologues may serve similar functions in DNA uptake.
Development of competence in H. influenzae is asso-
ciated with the appearance of surface-membrane vesicles
termed transformasomes (Kahn et al, 1983}, but type IV
pili have not been observed in this species.

The findings here strengthen the previously documented
conservation found for pilus-biogenesis components in N.
gonorrhoeae and P. aeruginosa. (Lauer et al,, 1993). How-
ever it is curious that while the other pilus-related proteins
share 45% or greater identity, the two PilQ proteins are
only 30% identical. In spite of this, P. aeruginosa is cap-
able of assembling and extruding gonecoccal pilin. Even
more puzzling is the observation that while the other
assembly components have virtually identical predicted
isoelectric points, P. aesruginosa PilQ has a predicted pl
of 6.4, but that predicted for gonococcal PilQ is 9.8. How-
ever, the pl of gonococcal PilQ determined by isolectric
focusing was determined to be 7.6 (Hansen and
Wilde, 1984). The discrepancies between predicted and
observed pl values for PilQ may reflect some form of
post-translational modification or the presence of tightly
bound ligands that co-purify with the molecule.

in summary, the product of the pilQ gene, PilQ, plays an
essential role in gonococcal pilus expression, and our
findings suggest that PilQ functiens in the terminal steps
of pilus expression rather than in early steps of pilin poly-
merization, perhaps by acting as a channel for organelle
extrusion. Previous studies have concluded that PilQ is
exposed at the cell surface (Newhall et al., 1980) and
comprises 10% of the total cuter membrane protein
mass, but those experiments analysed non-piliated strains
and it will be important to repeat those studies using
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piliated organisms. These and other studies need o be
carried out in order to understand precisely how PilQ
functions in pilus biogenesis and the expression of related
properties, how its structure relates 1o these functions, and
how generally applicable these findings may be to the other
seemingly related outer membrane trafficking processes.

Experimental procedures
Bacterial strains, plasmids, and growth conditions

Bacterial strains, cloning vectors and cosmid clones contain-
ing the pilQ gene are shown in Table 2. Gonococeal strains
were propagated on clear solid GC media at 36°C in 5%
CO, or in media lacking agar that had been pre-incubated
overnight in 5% CO, (Koomey and Falkow, 1987). For exami-
nation of secreted proteins, chemically defined media contain-
ing free amino acids were used as described previously
{Catlin, 1973). £ coli HB101 (Betheseda Research Labo-
ratories) was used in plasmid cloning experiments, and
recombinant strains were grown at 37°C in Luria—Bertani
(LB) medium supplemented with the appropriate antibiotics.
The gonacoecal (strain VD300) genomic cosmid library used
here has been described previously (Koomey and Falkow,
1987).

Table 2. Bacterial strains and plasmids used in this study.

Strain/Plasmid Relevant characteristics Source

N. gonorrhosae strain

N4Q0 Derived from VD300, Contains Freitag et al.
the recAé6 allele (IPTG (1995)
inducible)

Gt pilQ::m-Tnerm at position 2516°  This work

GQ2 pilQ::ermC (using Clal site at This work
position 2578

GQ3 pilQ frameshift mutation at This work
2578>°

GQ4 pilQ=:m-Tnerm at position 2661°  This work

GQs pil@::m-Tnerm al position 300t°  This work

GQ6 pilQ:m-Tnarrm at position 3455°  This work

Plasmid

pAES Cosmid clone. Contains the This work
complete pilQ gene

pCFI Cosmid clone. Contains the This work
complete pilQ gene

pADS8 Cosmid clone. Contains the This work
complete piQ gene

pBE7 Cosmid clone. Contains the 3’ This work
end of pilQ gene

pBluescript SK+  Cloning vector Stratagene

pQa 1.3kt EcoRI pilQ fragment in This work

. pBSK

pQ9 1.6kb Pstl pilQ fragment in This work
pBSK

pGQ series Derived from 1.6kb Pstl This work

fragment in pHSS6

a. VD300 is a MS11 derivative (Koomey et al., 1987).

b. Derived by transformation using pGQ plasmid DNAs (Fig. 6).
Nucleotide sequence positions correspond to those in EMBL/Gen-
Bank/DDBJ Nucleotide Sequence Dala Libraries under accession
number U40596.

¢. Contains downstream m-Tnerm insertion at position 3465.
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General protocols

Gonococcal mutants were constructed primarily by shuttle
mutagenesis using the minitransposon m-Tnerm (a derivative
of Tn3) as described by Seifert et al. (1986). The precise sites
of insertion were determined by DNA sequencing with primer
Tn3L (5'-CTCATGACCAAAATCCC-3') that is complemen-
tary to sequences at one end of the transposon. These and
other mutations were introduced into N400 by transformation
using linearized plasmid DNAs and selection for erythromycin
resistance as detailed in Tanjum etal. (1995). The N400 strain
harbours the racA6 allele in which the recA gene is under the
control of an inducible tac/ac promoter (Freitag et al., 1995).
For transformation, RecA expression and recombination func-
tions were transiently induced in this background by IPTG
addition to a final concentration of 200ugmi~ " at the same
time at which transforming DNA was added.

PCR using N400 genomic DNA and the primers PilQ1 (5"
ACGTACCTTGGGATCAGGCTTTGG-3') and PilQ2 (5'-CG-
GTTGTCCCCCTGAAACCAGTCG-3') was employed to gen-
erate the 1.3kb pilQ-specific DNA probe which was used to
screen the cosmid library by means of colony hybridization.
DNA sequencing of the pilQ locus was performed by the
dideoxy chain-termination method using a modified form of
T7 DNA polymerase (Sequenase 2.0, United States Bio-
chemicals). A 1.3kb EcoRl, and a 1.6kb Pstl fragment were
derived from cosmid clone pAE8 and subcloned into pBlue-
script SK+ (Stratagene), creating pQ4 and pQ9. The com-
plete sequence of both strands of pQ4 and pQ9 was
determined using standard vector-based and customized oli-
gonuclectide primers. To confirm the nucleotide sequence
for the segment of the N400 pi!Q gene differing from that of
strain 2686, a 700bp (position 310-1095) DNA fragment
was generated by PCR using genomic DNA from N400 and
the primers 82 (5-GCCGATCCTCTGTTGAGC-3') and S3
(6-CGCTGGCAACAATGTTCA-3'). The nucleotide seguence
of this fragment, as well as the complete pilE {pilin subunit-
encoding) gene of each mutant, was determined by thermo-
cycle sequencing using CircumVent polymerase (New England
Biolabs) and customized oligonucleotide primers. DNA and
protein sequence data were compiled and analysed by com-
puter using both the macvecTor 3s (International Biotech-
nologies Inc) and the University of Wisconsin Genstics
Computer Group (UWGCG) software packages (Devereux et
al, 1984).

Gonococcal competence assay

Competence for natural transformation of gonococcal strains
was assessed, as detailed, using chromosomal DNA from
spontaneous rifampin- and naladixic acid-resistant mutants
of VD300 (Zhang et al., 1992). RecA expression and recombi-
nation functions were transiently induced by the addition of
IPTG to a final concentration of 200pgmi~* at the same
time at which transforming DNA was added (see above).

TEM

Electron microscopy samples were prepared by placing
carbon-coated Formvar 3.05mm grids (Tousimas Research
Corp.) onto individual bacterial colonies which had been

propagated for 16h. Grids were air-dried for 10min then
floated on a drop of 0.25% sodium phosphotungstic acid
(NaPT) pH7.0 for 30s and again air-dried. Grids were
examined using a Philips CM-10 Transmission Electron
Microscope.

SDS-PAGE and immunoblotting

Detection of pilin and PilQ in whole-cell lysates and concen-
trated culture supernatants was performed using rabbit poly-
clonal pilin-specific antibodies raised against N4QO pili (lot 2-
66, used at a 1:1000 dilution} and rabbit polyclonal PilQ-
specific antibodies (provided by C. Wilde Ill, used at a
1:1000 dilution). Antigen detection was carried out using
alkaline-phosphatase-coupled goat anti-rabbit immunoglobu-
lin antibodies (Tago Inc.) and a colorimetric alkaline phos-
phate substrate. Conditions for sample preparation, SDS—-
PAGE, selectroblotting and antigen detection have been
described previously {Blake et al., 1984). Pre-stained molecu-
lar mass protein standards were employed, obtained from
Diversified Biotech and Gibco-BRL.
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