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Summary

The expression of type IV pili (Tfp) by Neisseria gonor-

rhoeae has been shown to be essential for natural

genetic transformation at the level of sequence-speci®c

uptake of DNA. All previously characterized mutants

defective in this step of transformation either lack Tfp

or are altered in the expression of Tfp-associated prop-

erties, such as twitching motility, autoagglutination

and the ability to bind to human epithelial cells. To

examine the basis for this relationship, we identi®ed

potential genes encoding polypeptides sharing struc-

tural similarities to PilE, the Tfp subunit, within the N.

gonorrhoeae genome sequence database. We found

that disruption of one such gene, designated comP

(for competence-associated prepilin), leads to a severe

defect in the capacity to take up DNA in a sequence-

speci®c manner, but does not alter Tfp biogenesis

or expression of the Tfp-associated properties of auto-

agglutination, twitching motility and human epithelial

cell adherence. Indirect evidence based on immuno-

detection suggests that ComP is expressed at very

low levels relative to that of PilE. The process of DNA

uptake in gonococci, therefore, is now known to require

the expression of at least three distinct components:

Tfp, the recently identi®ed PilT protein and ComP.

Introduction

Natural transformation plays a central role in horizontal

exchange of genetic information for many bacterial species

of medical, environmental and industrial interest. Although

the potential selective advantages of this form of genetic

exchange remain open to debate, its biological signi®cance

is attested to by the widespread distribution of this property

throughout eubacterial species. Further evidence of its rele-

vance can be found in studies of selected Gram-positive

species which indicate that competence for transformation

is a highly regulated and environmentally responsive event

that involves the co-ordinated expression of many genes

(Dubnau, 1997). The situation is even more complex in

Gram-negative species in which the presence of an outer

membrane appears to acts as a barrier not only to trans-

location of the uptake machinery to the cell surface, but

also to the import of DNA. Despite much work, natural

transformation remains one of the most poorly understood

forms of DNA metabolism because the molecules directly

engaged in DNA binding and uptake have yet to be identi-

®ed in any species.

Neisseria gonorrhoeae, the Gram-negative aetiological

agent of gonorrhea, is one of large number of mucosal

pathogens of man that express competence for natural

transformation. Transformation in neisserial species is

particularly important to genetic exchange and diversity

because it accounts for all cell-to-cell transmissions of

chromosomal loci (Catlin, 1982). Gonococcal mutants

incapable of expressing Tfp are reduced over a 1000-

fold in their capacity to be transformed for chromosomal

markers (Drake and Koomey, 1995; Freitag et al., 1995;

Tùnjum et al., 1995). Recent work has shown that the

defect in these mutants is at the level of DNA uptake,

to date the earliest de®nable step in the transformation

pathway (Wolfgang et al., 1998). In light of these ®ndings,

a strong correlation appears to exist between Tfp expres-

sion and the initial phase of the transformation process.

Recently, de®ned mutations at the gonococcal pilT locus

have been shown to lead to gross defects in DNA uptake,

although Tfp in these backgrounds appear quantitatively

and qualitatively normal (Wolfgang et al., 1998). These

mutants do, however, show a concurrent defect in the

expression of twitching motility (Wolfgang et al., 1998), a

non-¯agellar-mediated form of surface translocation that
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has been proposed to be a consequence of pilus retraction

(Bradley, 1980).

The potential signi®cance of the association between

gonococcal Tfp and DNA uptake is strengthened consider-

ably by the knowledge that transformation mutants in Bacil-

lus subtilis, Haemophilus in¯uenzae and Acinetobacter sp.

strain BD413 that fail to express orthologues of Tfp biogen-

esis components are also blocked at the step of DNA binding

anduptake (Dubnau,1991; Tombetal., 1991; Porstendorfer

et al., 1997; Link et al., 1998). However, Tfp have not been

detected in B. subtilis or H. in¯uenzae, although compe-

tence mutants of Acinetobacter sp. strain BD413 retain

expression of apparently normal Tfp.

Tfp biogenesis in Pseudomonas aeruginosa requires

expression of the pilus subunit (PilA) as well as multiple

proteins that possess a hydrophobic N-terminus character-

istic of prepilin-like proteins (Alm and Mattick, 1997). The

competence machinery of B. subtilis and the type II secretion

systems of Gram-negative bacteria likewise utilize multiple

prepilin-like molecules (Pugsley, 1993a; Dubnau, 1997;

Pugsley et al., 1997). To determine whether gonococci

possess prepilin-like molecules in addition to PilE, the pilus

subunit, the nearly completed DNA sequence of the gono-

coccal genome, was examined for the presence of open

reading frames (ORFs) sharing identity to the N-terminus

of the PilE prepilin protein. We report here the existence of

gonococcal ORFs whose deduced polypeptides bear strik-

ing similarities to type IV prepilins and demonstrate that

one corresponds to a gene designated comP, whose pro-

duct is dedicated to transformation and functions in DNA

uptake. Furthermore, we identify the comP gene product

in both Escherichia coli and N. gonorrhoeae using anti-

bodies raised against a synthetic peptide based on its

primary structure, and we provide evidence that this mole-

cule is expressed at low levels.

Results

Identi®cation of type IV prepilin-like ORFs in the

FA1090 genome sequence database

The ®rst 50 residues of unprocessed PilE were used to probe

the gonococcal genome sequence database assembled

at the University of Oklahoma for the presence of related

ORFs. Using the TBLASTN algorithm (Altschul et al., 1990),

three ORFs with what appeared to be signi®cant related-

ness to the query sequence were found (Fig. 1). Further

inspection showed that two of these hits were located at

the beginning of extended ORFs (ORFA and ORFB) with

a reasonable likelihood of corresponding to expressed pro-

teins. In the case of ORFC, the DNA sequence beyond that

encoding the residue corresponding to 29 of unprocessed

PilE was not available. In the context of this report, the

studies described will focus on ORFB.

The genome sequence database was derived from

strain FA1090, although the majority of work carried out

on gonococcal Tfp biology has used strain MS11 or its

derivatives. To study the potential relevance of ORFB, oligo-

nucleotide primers derived from the FA1090 sequence were

used in PCR to amplify the ORFB-containing locus from

strain N400 (an MS11 derivative expressing the recA6

allele). Direct DNA sequencing of the 0.9 kb PCR product

revealed that the N400 locus was identical to the FA1090

sequence except for a few single base substitutions. It

is not clear whether these differences re¯ect true poly-

morphisms or errors in the reported database sequence.

Characterization of ORFB and ¯anking regions

The N400 ORFB was predicted to encode a 149 residue

polypeptide with a pI of 9.5 and molecular weight of

16.8 kDa (Fig. 2A). When used in a BLASTP search of the

GenBank databases (Altschul et al., 1997), it was seen to

possess the highest degree of identity to the Tfp subunits,

including PilA of P. aeruginosa, pilins of Moraxella species

and Eikenella corrodens, FimA of Dichelobacter nodosus

and gonococcal PilE (Fig. 2B). The domains shared by

these molecules were limited to the N-terminus. The pri-

mary basis for discrimination between this family of mole-

cules and the prepilin-like molecules engaged in type II

secretion systems was the presence of tyrosine residues

at �24 and �27, which have been implicated in pilin sub-

unit±subunit interaction (Watts et al., 1983). Examination

of the sequences immediately upstream of ORFB failed to

reveal any obvious similarities to characterized promoters

or ribosome binding sites. Based on its prepilin-like struc-

ture and ®ndings detailed below, ORFB was designated

comP (for competence associated prepilin).

To determine which genes and ORFs might be linked to

comP, the DNA sequence from FA1090 encompassing

this locus was used in a BLASTX search of the GenBank data-

bases (Altschul et al., 1997). Surprisingly, the hits with the

highest likelihood of representing signi®cant identities were
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Fig. 1. The gonococcal strain FA1090 genome sequence database
contains three type IV prepilin-like ORFs. The TBLASTN (Basic logic
alignment search tool) algorithm was used to search the database
for ORFs with signi®cant homology to the N-terminal 50 amino
acids of unprocessed PilE. Hits with signi®cant identity to the query
sequence are shown, with (�) indicating conserved residues.
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not to comP. Instead, an ORF downstream of it (designated

ORF2), which was highly related to a large family of cyto-

sine-speci®c methylases (data not shown) was identi®ed.

In addition, an upstream ORF (designated DORF1), which

shared identity with the C-terminus of the B. subtilis

ComEA protein (Fig. 3), was found (Inamine and Dubnau,

1995).

Mutagenesis of comP reveals its role in natural

transformation

A recombinant plasmid containing the comP locus and

¯anking sequences was created by use of an in situ cloning

technique (Fig. 4). The resulting plasmid pMW2 carried

the region represented by the original PCR product plus

2.6 kb 38 of comP. As a ®rst approach to constructing gono-

coccal mutants altered at this locus, this plasmid was sub-

jected to transposon mutagenesis, and the precise sites of

insertion were determined by DNA sequencing. Their

locations are indicated in Fig. 5. An additional mutation

was created by insertion of an ermC gene cassette at a

unique AseI site. These mutations were then introduced

into strain N400 by transformation.

Alterations in gonococcal Tfp expression invariably lead

to perturbations in patterns of growth that are most easily

revealed as changes in colony morphology (Swanson and

Barrera, 1983). None of the mutants constructed here had

any discernible changes in this phenotype (data not shown).

When examined for their competence for natural transfor-

mation, however, those mutants with insertions mapping

in the comP ORF had a greater than 10 000-fold reduction

in transformability, whereas two mutants with insertions

mapping 58 of it had transformation ef®ciencies reduced

to 15% and 0.02% of wild type (Fig. 5, Table 1). It appeared

that the comP product was required for transformation and

that the effects of the two upstream mutations could be

attributed to polarity on comP expression. It is worth noting

that the mTnerm128 insertion, mapping to the C-terminus

of the comP ORF led to a complete transformation defect,

whereas the mTncm31 insertion, mapping 7 nucleotides

38 of the ORF had no effect. It is also interesting that

the mTnerm16 insertion, mapping within the segment of
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Fig. 2. The predicted primary structure of the ORFB (ComP) polypeptide shows the highest degree of identity to Tfp subunits.
A. Predicted primary sequence of the ORFB (ComP) polypeptide. Cysteine residues capable of forming a pilin-like disulphide loop are boxed.
Asterisks indicate tyrosine (Y) residues implicated in pilin subunit±subunit interaction. Underlined residues (58±77) represent the sequence of
a synthetic peptide used for generating polyclonal antiserum.
B. N-terminal alignment of ORFB (ComP) and prepilins. An arrow represents the processing site of the prepilin proteins and predicted
processing site of ORFB (ComP). Identical residues are boxed.

Fig. 3. The predicted amino acid sequence of a partial ORF,
designated DORF1, located upstream of comP, shares identity with
the C-terminus of B. subtilus ComEA. An alignment of DORF1 and
the C-terminus of ComEA is shown. Arrows indicate the site of
transposon insertions in DORF1. The sequence shown in bold has
been reported to be essential for ComEA function (DNA binding
and uptake) and identical residues are boxed.
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DORF1 (Figs 3 and 5, Table 1), related to the C-terminal

domain of B. subtilis ComEA, had no in¯uence on trans-

formability, because deletion mutations in the correspond-

ing region of the B. subtilis gene result in a transformation

defect at the level of DNA binding (Inamine and Dubnau,

1995).

Identi®cation of the comP gene product in E. coli

To assess whether comP encoded a polypeptide and

whether it corresponded in size to that predicted from the

nucleotide sequence, a PCR-generated DNA fragment

encompassing the comP ORF and the sequences immedi-

ately 58 to it was cloned into the T7 promoter plasmid pT7-6.

Samples of cells containing the vector control and comP

construct grown with and without T7 RNA polymerase

induction were then examined by immunoblotting using

polyclonal rabbit serum raised against a synthetic peptide

representing residues 58±77 of ComP (Fig. 2A). As seen

in Fig. 6, two proteins with approximate molecular weights

of 16 000 and 15 800 were detected in the uninduced

comP constructs. After T7 RNA polymerase induction, the

levels of these two species were increased and a third

reactive species with a molecular weight of <13 900 was

detected. Because previous studies of PilE expression in

E. coli have shown that type IV prepilins are susceptible

to cleavage by endogenous prepilin peptidase activitie(s)

(Koomey et al., 1991; Francetic et al., 1998), it appears

that the doublet species corresponded to unprocessed

and processed ComP. The appearance of the much faster

migrating form after induction presumably represents a

proteolytic breakdown product.

Prepilin processing of ComP appears to be required

for full function

Type IV prepilins and prepilin-like molecules require pro-

cessing by members of the PilD family of peptidases for

function. Mutagenesis studies have shown that the pre-

sence of a glycine at position ÿ1 of the prepilins (relative

Q 1999 Blackwell Science Ltd, Molecular Microbiology, 31, 1345±1357

Fig. 4. In situ cloning of comP and ¯anking
sequence. Plasmid pMW1 was integrated onto the
gonococcal chromosome resulting in a duplication
of the comP locus. A clone of the comP locus
containing 2.6 kb of additional downstream sequence,
designated pMW2, was generated by digesting
genomic DNA from this strain with Ava I followed by
intramolecular ligation and transformation into E. coli.

Fig. 5. Physical map of the gonococcal comP locus and mutations. Transposon insertions are indicated by circles (precise position of
insertions are available from authors). X, Transposon insertions that resulted in a 10 000-fold reduction in transformation frequency;
W, insertions that had no effect on transformation. The circle ®lled with horizontal lines represents a transposon insertion that resulted in
a sixfold reduction in transformation frequency (15% relative to the wild-type strain), whereas the circle with vertical lines represent an
insertion causing a 5000-fold reduction in transformation frequency (0.02% relative to the wild-type strain).
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to the cleavage site) is critical for cleavage and thus func-

tion (Strom and Lory, 1991). For example, a substitution of

serine for glycine at this position in gonococcal PilE blocks

processing and Tfp expression (Koomey et al., 1991).

Given the presence of the consensus cleavage motif in

ComP (Fig. 2B) and its apparent ability to be processed

in E. coli (Fig. 6), we asked what effect a substitution of

serine for glycine at the ÿ1 position might have on compe-

tence for transformation. The codon at this position was

changed from GGG to TCC by site-directed mutagenesis,

and the altered allele was introduced into N400 using a

non-selective transformation technique. The ComP Gÿ1 to

Sÿ1 substitution mutant, designated MW117, was defective

in transformation. However, it showed a transformation

pro®ciency that was 2% of that seen for the wild-type

strain (Fig. 7, Table 1), a level that was still 200-fold higher

than what was found for the comP ORF insertion mutations.

To examine the basis for residual transformability seen in

this background, a frameshift mutation and a nonsense

mutation were engineered separately into the adjacent

phenylalanine codon. N400 transformants carrying these

secondary alterations in the context of the original serine

substitution (strains MW118 and MW119 respectively)

showed transformation defects identical to those found for

the comP ORF insertion mutants (Fig. 7, Table 1). These

results suggest that prepilin processing of ComP is required

for full function with regard to competence for natural

transformation.

The transformation defect of comP mutants is at the

level of DNA uptake

Natural transformation involves sequential events in which

DNA is taken up into a DNase-resistant state, translocated

across the membranes, processed and integrated into the

Q 1999 Blackwell Science Ltd, Molecular Microbiology, 31, 1345±1357

Table 1. N. gonorrhoeae strains used in this
study with genotypes/phenotypes. Relevant DNase-resistant Transformation

Straina genotype DNA uptakeb (%) efficiencyc (%) Reference

N400 recA6d 100 100 Tùnjum et al. (1995)
GF2 pilF ::mTnerm < 5 < 0.01 Freitag et al. (1995)
MW101 DORF1::mTnerm16 100 100 This work
MW102 DORF1::mTnerm22 30 15 This work
MW103 mTncm64 < 5 0.02 This work
MW104 comP ::mTnerm23 < 5 < 0.01 This work
MW105 comP ::mTnerm117 < 5 < 0.01 This work
MW106 comP ::mTnerm58 < 5 < 0.01 This work
MW107 comP ::mTnerm104 < 5 < 0.01 This work
MW108 comP ::mTnerm111 < 5 < 0.01 This work
MW109 comP ::mTnerm128 < 5 < 0.01 This work
MW110 mTncm31 100 100 This work
MW111 mTncm28 ND 100 This work
MW112 mTncm15 ND 100 This work
MW113 mTncm3 ND 100 This work
MW114 ORF2::mTnerm20 ND 100 This work
MW115 ORF2::mTncm21 ND 100 This work
MW116 comP ::ermC ND < 0.01 This work
MW117 comPGÿ1 ! S < 5 2 This work
MW118 comPGÿ1 ! S, F1fs < 5 < 0.01 This work
MW119 comPGÿ1 ! S, F1Opal < 5 < 0.01 This work
MW120 pilE::comP ND 100 This work

a. N400 is a derivative of MS11 that carries the inducible recA6 allele. All mutants used in this
study were constructed in N400.
b. Values are relative to the wild-type parent strain and represent cell-associated DNA that
becomes protected from DNase I treatment.
c. Values represent the frequency of transformation to nalidixic acid resistance relative to wild
type.
d. recA6 is an IPTG-inducible allele of recA (Seifert, 1997).

Fig. 6. Detection of ComP expression in E. coli. Plasmid-encoded
comP was expressed from the T7 promoter and detected in
whole-cell lysates immunoblotted and probed with anti-ComP
rabbit polyclonal serum raised against a synthetic ComP peptide.
Samples used were from E. coli strain BL2 carried either the pT7-6
vector control or pT7-comP, which expresses comP from the T7
promoter, grown in the absence (lanes 1±2) or presence (lanes
3±4) of T7 RNA polymerase. Lane 1, pT76; lane 2, pT7-comP ;
lane 3, pT7-6; lane 4, pT7-comP.
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genome. Because a defect at any one of these steps could

account for the diminished transformation capability of

comP mutants, a DNA uptake assay was used to assess

the immediate fate of transforming DNA in these back-

grounds. Approximately 4% of a radioactively labelled

PCR product containing the neisserial 10 bp uptake

sequence was taken up into a DNase-resistant state by

the wild-type strain N400 as well as by a selected subset

of insertion mutants that display normal values for trans-

formability (Table 1). In contrast, all but one of the inser-

tion mutants with reduced transformability had values of

cell-associated, DNase-resistant DNA that were below

the limits of detection of the assay (<5%). The one excep-

tion was strain MW102, which took up DNA into a DNase-

resistant state at a level which was 30% of that seen in the

wild-type strain. This mutant that carries a transposon

insertion upstream of the comP ORF had a transformation

pro®ciency which was 15% of that seen in the wild-type

strain (Table 1). This particular insertion mutation appears

to reveal a linear relationship between the level of trans-

formability and the capacity to take up DNA into a DNase

inaccessible state.

ComP is dispensable for normal Tfp expression,

autoagglutination, twitching motility and adherence

for human epithelial cells

Because gonococcal mutants de®cient in Tfp biogenesis

show transformation defects remarkably similar to those

Q 1999 Blackwell Science Ltd, Molecular Microbiology, 31, 1345±1357

Fig. 7. Alteration of the predicted prepilin processing site of ComP
results in a transformation defect. The primary structure of the
predicted ComP prepilin processing site is shown for the wild-type
strain (N400) and site-speci®c mutants. The effects of these
mutations on transformation frequency relative to the wild-type
strain are indicated. An arrow indicates the predicted prepilin
processing site. Strain MW117 carries a missense mutation at
position 6 (ÿ1 relative to the processing site) of ComP, resulting in
serine for glycine substitution. MW118 carries the missense
mutation at position 6 and a frameshift mutation in the adjacent
codon (�1), whereas MW119 carries a nonsense (Opal) mutation
at position 7 (�1) in addition to the missense mutation.

Fig. 8. Transmission electron micrographs of wild-type and comP mutant strains of N. gonorrhoeae show no quantitative of qualitative
differences in pilus expression.
A. N400 (wild type).
B. GF2 (pilF ::mTnerm, non-piliated control).
C. MW101 (DORF1::mTnerm16).
D. MW104 (comP ::mTnerm23).
E. MW110 (mTncm31).
F. MW117 (comPGÿ1 ! S).
Magni®cation 90 000 ´.
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seen in comP mutants, we asked whether Tfp expression

was detectably altered by the mutations at this locus.

When negative-stained preparations of whole cells were

examined by electron microscopy, no differences in gross

®lament morphology or abundance were apparent between

the wild-type strain and any of the mutants (Fig. 8). As a

complementary approach, the status of pilin and other pro-

teins that co-purify with Tfp in these backgrounds was

assessed. Silver staining of representative preparations

of puri®ed Tfp and associated molecules fractionated by

SDS±PAGE failed to detect any differences (Fig. 9), as

did immunoblotting of whole-cell lysates from these strains

using pilus-speci®c antibodies (data not shown). Based on

these results and the limits of resolution in the techniques

used, ComP does not in¯uence Tfp expression.

Piliated mutants failing to express functional forms of

the PilT protein are defective in transformability, twitching

motility, and show increased autoagglutination. The trans-

formation defect in this class of mutants was shown to be

at the level of sequence-speci®c DNA uptake (Wolfgang et

al., 1998), the same step at which piliated comP mutants

are defective. Based on this similarity, comP mutants

were examined microscopically for the expression of twitch-

ing motility and in all cases, zones of spreading cells at the

periphery of colonies were seen. Even when examined at

higher resolution with the more sensitive slide culture tech-

nique, cell movement was indistinguishable from that seen

for the isogenic wild-type strain. In addition, comP mutants

showed no alteration in autoagglutination, as assessed

by colony morphology and aggregate formation in broth

culture, when compared with an isogenic wild-type strain

(data not shown).

Rudel et al. (1995) have presented data to suggest that

the association of PilC with pili is essential for DNA uptake.

As detected by silver staining, no differences in the level or

migration of PilC were seen in any of the mutants construc-

ted here (Fig. 9). Because the capacity of piliated gono-

cocci to adhere to epithelial cells provides an indirect

readout of both pilin and PilC functionality, this phenotype

was examined in the comP strains. As seen in Fig. 10, the

levels of adherence and the patterns of bacterial binding

to primary human corneal epithelial cells were identical

to that of the wild-type parent strain. In addition, adherent

bacteria were recovered and no difference in viable counts,

compared with wild type, were detected (data not shown).

Thus, despite their defect in DNA uptake, comP mutants

are unaltered in other Tfp-associated phenotypes.

Q 1999 Blackwell Science Ltd, Molecular Microbiology, 31, 1345±1357

Fig. 9. Pilin and pilus-associated polypeptides are not altered in
comP mutants. Silver staining of puri®ed pilus preparations
analysed by SDS±PAGE. Lane 1, N400; lane 2, MW101
(DORF1::mTnerm16); lane 3, MW104 (comP ::mTnerm23); lane 4,
MW110 (mTncm31); lane 5, MW117 (comPGÿ1 ! S); lane 6, GF2
(pilF ::mTnerm , non-piliated control).

Fig. 10. Adherence of genetically de®ned
gonococcal mutants to human corneal
epithelial cells.
A. N400 (wild type).
B. GF2 (pilF ::mTnerm, non-piliated control).
C. MW101 (DORF1::mTnerm16).
D. MW104 (comP ::mTnerm23).
E. MW110 (mTncm31).
F. MW117 (comPGÿ1 ! S).
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Construction of a gonococcal strain that overexpresses

mature ComP

Based on the result found using the E. coli expression

system, we examined whole-cell lysates derived from

gonococcal strain N400 and the isogenic comP mutants

by immunoblotting using the same anti-peptide rabbit

serum. However, a ComP-speci®c signal (unique to the

wild-type strain but missing or altered in the mutants)

could not be detected. Similar inconclusive results were

found when puri®ed Tfp samples from those same strains

were tested by immunoblotting (data not shown). Given

the possibility that the epitopes recognized by the anti-pep-

tide serum might be masked or otherwise inaccessible

when the molecule was expressed in gonococci, the

immunoblotting experiments were repeated with rabbit

polyclonal serum generated against a puri®ed fusion pro-

tein, in which the maltose-binding protein (MBP) was trans-

lationally fused to ComP. As with the anti-peptide serum, no

ComP-speci®c signal could be detected in either whole-

cell lysates or puri®ed Tfp samples (data not shown).

The simplest explanation for these ®ndings was that

ComP might be expressed at low levels in gonococci. To

examine this possibility and insure that the antisera did

indeed react with ComP synthesized in gonococci, we

developed a means for overexpression of the molecule in

that background. To achieve this, we adapted the technique

previously used by Nunn and Lory (1993) to overexpress

the export prepilins XcpT-W by fusing the transcriptional

and translational signals present in the highly expressed

pilE (pilin subunit gene) to the comP ORF. The pilE gene

promoter, ribosome binding site and ®rst seven residues

of the PilE ORF were translationally fused to the ComP

phenylalanine residue predicted to be the mature N-termi-

nal residue following prepilin peptidase processing (Fig.

11A). The plasmid pMW3 carrying this gene fusion was

then integrated into the gonococcal genome at the comP

locus creating strain MW120. The genetic organization of

the comP locus of this strain is shown in Fig. 11B. When

examined by immunoblotting using either form of ComP

antibodies, this strain expressed a strongly reactive poly-

peptide whose mobility was identical to that found for the

molecule when expressed in E. coli (Fig. 11C). Immunoblot-

ting of lysates containing decreasing amounts of MW120

cells mixed with a constant amount of wild-type cells

revealed that ComP could be detected out to a dilution

end point of greater than 1:500. If the antigenicities and

basic properties of the mature molecules derived from

both the normal and hybrid alleles are equivalent, the

level of ComP expressed in a wild-type strain is, in fact,

extremely low. We then examined the capacity of strain

MW120 to undergo genetic transformation and found it

to be indistinguishable from the wild-type parent for this phe-

notype (Table 1). Taken together, these ®ndings indicate

that overexpression of mature ComP as a hybrid protein

does not have a discernible effect on transformability.

Discussion

There is an increasing awareness of the distribution of

natural transformation systems among Gram-negative

organisms and the importance of this means of genetic

exchange to genome variability and polymorphism. Despite

this situation, very little is known about the components

required for the earliest events of transformation in these

species, that being the binding of DNA and its uptake

across the outer membrane. In the past few years, N.

gonorrhoeae has become a particularly intriguing model

system because mutants defective in Tfp biogenesis are

blocked in transformation at the step of uptake of DNA

into a DNase-resistant state (Wolfgang et al., 1998). In

this system, the uptake process requires the expression

of a relatively well-characterized surface organelle. None-

theless, expression of these appendages is not suf®cient

for DNA uptake because pilT mutants that fail to take up

DNA retain piliation (Wolfgang et al., 1998). The ®ndings

here for comP mutants further validate that conclusion.
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Fig. 11. Construction of a gonococcal strain that overexpresses the
mature ComP protein.
A. The ComP overexpressing plasmid pMW3 was constructed by
fusing the highly expressed pilE gene to the ComP ORF as
described in the Experimental procedures.
B. Chromosomal organization of the comP locus in the
overexpressing gonococcal strain.
C. Detection of the mature processed ComP protein in gonococci.
Whole-cell lysates of gonococcal strains were analysed by
immunoblotting with anti-ComP rabbit polyclonal serum generated
against a synthetic ComP peptide. Lanes 1, N400 (wild type); lane
2, MW104 (comP ::mTnerm23); lane 3, MW120 (pilE::comP ).
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A remarkably consistent theme in natural genetic trans-

formation is the involvement of prepilin-like molecules and

sets of orthologues thought to be required for morpho-

genesis of a polymeric structure related to Tfp. As noted

elsewhere (Wolfgang et al., 1998), the major point to be

resolved is whether Tfp themselves are engaged directly

in DNA uptake or whether other molecules that parasitize

the biogenesis pathway to achieve proper localization or

activation are responsible. It has been previously shown

that all gonococcal mutants that are transformation defec-

tive at the level of DNA uptake fail to express Tfp or are

altered in at least one Tfp-associated property, such as

adherence for epithelial cells, twitching motility or auto-

agglutination (Wolfgang et al., 1998). In the case of comP

mutants, however, no alterations other than the inability

to take up DNA could be found. This would be consistent

with the pathway parasitism model noted above because

one could reasonably envision that ComP might require

the Tfp biogenesis factors to form a structure. Thus, mutants

in any of the ancillary molecules would lack not only Tfp

but also a putative ComP structure. This is almost certainly

true in the case of mutants lacking functional PilD, because

it is the sole active prepilin peptidase found in gonococci

(Freitag et al., 1995).

The above scenario would not, however, readily explain

the DNA uptake defect found in mutants failing to express

functional forms of PilE, the pilus subunit. Perhaps, PilE

and ComP do in fact form a composite structure. Alter-

natively, this situation may be similar to the case in P. aeru-

ginosa, where mutants in the pilA gene, encoding the Tfp

subunit, were recently shown to be partially defective in

protein export. It was further demonstrated that PilA was

capable of forming heterodimers with XcpT, one of the

four prepilin-like molecules required for the export path-

way (Lu et al., 1997). It is plausible then that gonococcal

PilE might in¯uence ComP function by virtue of a similar

interaction.

The ®ndings here are reminiscent of those made for the

comP gene required for genetic transformation in Acineto-

bacter sp. strain BD413 and predicted to encode a prepilin-

like molecule (Porstendorfer et al., 1997). Although comP

mutants in that species were unaltered in expression of

pilus ®bres characteristic of Tfp, they were found to be

defective at the level of DNA binding. Attempts to de®ne

a defect in gonococcal competence mutants at this step

of transformation are complicated because it has been

reported that DNA binding is not sequence-speci®c (Rudel

et al., 1995) and that non-piliated mutants still bind DNA

(although they do not take it up into a DNase-resistant

state) (Biswas et al., 1977). Itwould be premature to assume

that ComP functions similarly in each of these species,

especially because the competence of Acinetobacter Tfp

mutants has not been examined. A second ®nding made

here, which has a relationship to competence systems in

other species, is the linkage between gonococcal comP

and an upstream partial ORF that bears striking resem-

blance to the corresponding domain of the ComEA protein

of Bacillus subtilis. Mutants in comEA are defective in DNA

binding and based on the C-terminal sequence similarities

with other DNA binding proteins, ComEA has been pro-

posed to be an integral part of the DNA-binding apparatus

(Inamine and Dubnau, 1995). It was somewhat surprising

then that the gonococcal mutant with an insertion disrupt-

ing the integrity of the conserved motif within the ORF

showed no transformation defect. More work is required

to determine whether this ORF is actually expressed as

a polypeptide and whether the region 58 of this sequence

encodes a contiguous ORF sharing identity with the

equivalent N-terminal segment of ComEA. Currently, the

sequence of this region is not yet identi®able within the

gonococcal genome database.

It is particularly noteworthy that the comPGÿ1 ! S allele-

containing strain retained partial transformability and DNA

uptake pro®ciency. Substitution of the glycine residue at

the ÿ1 position (relative to the cleavage site) in the pilin

subunits of N. gonorrhoeae and P. aeruginosa results in

the inability to be cleaved by PilD and blocks Tfp expres-

sion, whereas the presence of glycine at this position of

prepilin-like PulG is absolutely required for processing

and secretion of pullulanase (Pugsley, 1993b). The ability

to detect partial function of the comPGÿ1 ! S allele may

re¯ect the exquisite sensitivity of the transformation assay,

which as shown here can quantitatively discriminate over

a 10 000- to100 000-fold range. We envision that low levels

of mature ComP might be expressed from the comPGÿ1 ! S

allele by virtue of residual activity of PilD for the missense

polypeptide or perhaps even by translational misincor-

poration of glycine at this position of the molecule. For-

mally, one cannot rule out that non-processed ComP may

in fact retain some functionality. Nonetheless, if the former

model were true, ComP would have to function at extremely

low concentrations, which would be consistent with the ®nd-

ing that wild-type ComP appears to function at levels below

that detectable by standard immunoblotting techniques. In

this context, it is important to note that genetic data have

de®ned an essential role for the prepilin-like molecule PilV

in P. aeruginosa Tfp biogenesis, although expression of

pilV mRNA could not be detected (Alm and Mattick,

1995). In both instances, it will be of considerable interest

to reconcile how prepilin-like molecules can play essential

roles in Tfp-related biology when present at such low levels

relative to that of the corresponding pilin subunit. The dis-

covery that ComP can be expressed at levels equivalent

to that of the pilin subunit (as a fusion protein) without dis-

rupting the process of DNA uptake creates a unique oppor-

tunity to explore the relationship between Tfp and the early

events of genetic transformation. Although strains expres-

sing the PilE::ComP hybrid protein cannot be considered
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physiologically normal, they do make it possible to deter-

mine whether processed ComP can form a pilus or visible

surface organelle, to assess what in¯uence PilE might

have on ComP localization or stability and examine what

alterations might be seen when other components of

the gonococcal Tfp biogenesis machinery are absent or

altered.

In summary, the current gonococcal genome sequence

database and molecular genetics were used to identify the

comP gene and its product as a critical factor in the DNA

uptake phase of competence for natural transformation.

Having established that the gonococcal sequence-speci®c

DNA uptake pathway requires at least the expression of

Tfp, the PilT protein and ComP, it is clear that any compre-

hensive model for the mechanisms behind this process

must account for the roles of each. Our ongoing studies

are focused on identifying and understanding the complex

interactions that exist between these essential components.

These studies may be relevant not only to the early steps of

genetic transformation but also to the two other avenues for

horizontal gene transfer based on recent ®ndings. First, the

thin pili of IncI1 conjugal plasmids, required for liquid mat-

ing, belong to the type IV family of pili (Kim and Komano,

1997). Secondly, Tfp are required for lysogenic conversion

of Vibrio cholerae by a ®lamentous phage encoding cholera

toxin (Waldor and Mekalanos, 1996). How these highly

related, surface organelles contribute to such diverse

forms of DNA translocation across the outer membrane

remains to be seen.

Experimental procedures

Cloning of comP

The region encompassing DORF1 and all of comP was PCR
ampli®ed with Vent DNA polymerase (New England Biolabs)
from strain N400 (a derivative of MS11) using primers comP-
58 (58-GGAATTCGGCGGTAAACATCAATGCG) and comP-
38 (58-CGGATCCATGCACCATAAATCCACGG) derived from
the FA1090 sequence. The primers contained the EcoRI and
BamHI restriction sites, are underlined. The resulting 950 bp
PCR product was digested with EcoRI and BamHI and force
cloned into the polylinker of pUP6 to yield pMW1. pUP6 is
a derivative of the shuttle mutagenesis/integration vector
pHSS6 (Seifert et al., 1990), which carries two gonococcal
DNA uptake sequences inserted into the EcoRI site. The
uptake sequence carrying fragment was generated by hybrid-
izing two oligonucleotides, up-link 1 (58-AATTCGCCGTCTG-
AATATCTTTCAGACGGC) and up-link 2 (58-AATTGCCG-
TCTGAAAGATATTCAGACGGCG). The resulting fragment
has EcoRI-compatible 58 overhangs but reconstitutes only a
single EcoRI site such that it can still be used for cloning.
Gonococcal uptake sequences are in bold and underlined
nucleotides reconstitute a single EcoRI half-site. DNA sequ-
encing was performed to identify clones in which the fragment
was positioned between the reconstituted EcoRI site and the
proximal Not I site.

In situ cloning and mutagenesis of the comP locus

Strain N400 was transformed with pMW1 and whole-plasmid
integration was selected for on Gc agar plates containing
50 mg mlÿ1 kanamycin. The resulting transformants carry
a duplication of comP. To clone additional sequences 38 of
comP, in situ cloning was performed as outlined in Fig. 4.
Genomic DNA was prepared from the gonococcal comP
duplication strain and digested to completion with Ava I,
which cleaves at a unique restriction site in the pUP6 polylin-
ker. A second Ava I site was predicted to occur 3.5 kb down-
stream of the site of vector integration based on analysis of
the strain FA1090 sequence. The digested genomic DNA
was ligated and transformed into E. coli strain HB101 and
transformants selected on kanamycin (50 mg mlÿ1). The
resulting clones were found to be 5.8 kb, corresponding to a
3.5 kb fragment of genomic sequence and the 2.3 kb pUP6
vector. One such clone was designated pMW2. Transposon
mutagenesis was performed on pMW2 as described pre-
viously (Seifert et al., 1990). Transposon insertions were iso-
lated, sequenced, and transformed into the gonococcal
strain N400 as previously described (Freitag et al., 1995).

DNA sequencing

To ensure that no changes had occurred in the pilin subunit of
the gonococcal mutants used in this study, pilE genes were
sequenced and compared with the wild type. This was accom-
plished by amplifying pilE by PCR from chromosomal DNA
using Vent DNA polymerase and primers Gc-PCI (58-CT-
CGAATTCCGACCCAATCAACACAC-38) and Gc-PCIV (58-
GCGGCCGTGGAAAATCACTTACCG-38). The plus strand
of the resulting PCR product was sequenced using primers
Gc-B (58-ACCCTTATCGAGCTGATG-38) and Gc-C (58-GTTA-
AAGAGGTTGAAGTT-38). The minus strand was sequenced
using primers Gc-PCIV (58-GCGGCCGTGGAAAATCACTT-
ACCG-38) and Gc-F (58-GGATGCCACGCCGGC-38).

PCR products and plasmids were sequenced using the
Thermo Sequenase radiolabelled terminator cycle sequenc-
ing kit (Amersham Life Science) according to the manufac-
turer's protocol.

Measurement of transformation frequency and DNA

uptake

Transformation assays were carried out as previously des-
cribed using 1 mg mlÿ1 plasmid pSY6 DNA (Stein et al.,
1991). Transformants were selected on Gc agar containing
1 mg mlÿ1 nalidixic acid. DNA uptake was assessed using a
32P-labelled PCR fragment that carried two copies of the Gc
DNA uptake sequence. The source of the PCR template
and the radiolabelling procedure have been described pre-
viously (Wolfgang et al., 1998). Uptake assays were perfor-
med by adding 300 ng of 32P-labelled PCR product to 1 ml
suspensions containing 109 colony-forming units of Gc supple-
mented with 7 mM MgCl2. Suspensions were tumbled for
30 min at 378C, placed on ice and DNase I added to a ®nal con-
centration of 100 mg mlÿ1 and incubated for 5 min. Cells were
washed 4´ in 1 ml of ice-cold Gc broth and counted in 3 ml of
scintillation cocktail in a Beckman LS3801 liquid scintillation
counter.
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T7 expression of comP in E. coli

comP was PCR ampli®ed from the wild-type strain using pri-
mers comP-T7-58 (58-CGGGATCCGGTGCTGCCTGCGG-38)
and comP-T7-38 (58-AACTGCAGATCCACGGCTAAAGAT-
AATTGGG-38). The primers containing the BamHI and Pst I
restriction sites are underlined. The PCR product was digested
with BamHI, cloned into the T7 expression vector pT7-6
(Tabor and Richardson, 1985), digested with Sma I and
BamHI to produce pT7-comP. The Pst I site was not used
because of the presence of a second Pst I site in the PCR frag-
ment. Expression of comP in E. coli under the control of the
T7 RNA polymerase was carried out as described (Tabor
and Richardson, 1985).

Construction of ComP prepilin processing mutants

Site-speci®c mutations were generated by PCR. Mutagenesis
primers were designed to overlap a unique Ase I site located
16 bp 38 of the ComP ÿ1 glycine codon. These primers were
used in combination with the primer comP-58 to generate
PCR fragments corresponding to the 58 region of comP. PCR
fragments were digested with EcoRI and Ase I and used to
replace the EcoRI/Ase I fragment of pMW1. Primer comP-
Gÿ1S-38 (58-CTGATATTAATTCAACCAGCGTAAAGGACC-
GATTATCAGTCATT-38) changes the ÿ1 codon from GGG
to TCC resulting in a Gÿ1 to S substitution. Primer comP-
F1fs-38 (58-CTGATATTAATTCAACCAGCGTAAGGACCGA-
TTATCAGTCATT-38) causes a Gÿ1 to S change and deletes
a nucleotide from the �1 codon causing a reading frameshift.
Primer comP-F1Opal-38 (58-CTGATATTAATTCAACCAGC-
GTTCAGGACCGATTATCAGTCATT-38) results in a Gÿ1 to
S substitution and changes the �1 phenylalanine codon from
TTT to TGA, resulting in an Opal nonsense mutation. Under-
lined nucleotides represent the Ase I (ATTAAT) site and a
newly created AvaII (GGACC) restriction site. Bold nucleotides
represent altered codons. The altered alleles were introduced
into the wild-type strain by a non-selective transformation pro-
cedure as previously described (Gunn and Stein, 1996). Incor-
poration of the site-speci®c mutations onto the gonococcal
chromosome was veri®ed by the presence of a new Ava II
restriction site in PCR products generated from the comP
locus followed by DNA sequencing.

Construction of a MBP::ComP fusion protein

A MBP::ComP hybrid protein was constructed by generating
a translational fusion of MBP to residue 35 of unprocessed
ComP. The sequence corresponding to the C-terminus of
ComP, beginning at the codon for glutamate 35, was PCR
ampli®ed from strain N400 using primers comP-malE-58 (58-
CGGAATTCGAGAAAGCAAAGATAAATGCAGTGC-38) and
comP-malE-38 (58-ACGCGTCGACGAAAACCGCACAAAT-
ACTGAAACAC-38). Underlined nucleotides represent the
EcoRI and Sal I sites. The resulting product was digested
with EcoRI and Sal I and cloned into the polylinker of pMAL-
c2 (New England Biolabs) to produce pMW4. The clone was
veri®ed by DNA sequencing as described. Expression and
puri®cation of the fusion protein was carried out according
to the instructions provided with the pMAL Protein Fusion and
Puri®cation System Kit (New England Biolabs). A polypeptide

of the correct size was puri®ed and detected by SDS±PAGE
and staining with Coomassie brilliant blue (Bio-Rad) as
described (Sambrook et al., 1989).

SDS±PAGE, immunoblotting and silver staining

Procedures for SDS±PAGE and immunoblotting have been
described previously (Freitag et al., 1995). Rabbit polyclonal
antiserum was generated against a synthetic peptide
(LQNGRFKQTSTKWPSLPIKE) corresponding to ComP
amino acid residues 58±77 and to the puri®ed MBP::ComP
fusion protein. The ComP synthetic peptide was synthesized
by the University of Michigan Protein and Carbohydrate
Structure Facility. ComP was detected by immunoblotting
whole-cell lysates of E. coli and Gc using rabbit polyclonal
antibodies and alkaline phosphatase-coupled goat anti-rabbit
antibodies (Tago). Pilus puri®cation and silver staining pro-
cedures have been described previously (Wolfgang et al.,
1998). Stained gels were air dried using the Easy Breeze
gel drying system (Hoefer). Prestained molecular-weight
markers (Gibco BRL) were used as standards.

Characterization of twitching motility

Twitching motility was assessed by direct visualization of cells
at the periphery of colonies observed with a Stereozoom 7
(Bausch and Lomb) stereomicroscope as described (Swan-
son, 1978) as well as by the slide culture method (Darzins,
1993), when cells are inoculated onto Gc agar slices on micro-
scope slides, covered with a coverslip and visualized under a
Zeiss phase microscope using the 40 ´ objective.

Electron microscopy

Colonies of bacteria grown on Gc agar plates (12 h, 378C, 5%
CO2) were gently touched with pioloform-coated grids and air
dried. Grids were subsequently stained with 1% ammonium
molybdate in water for 2 min, rinsed once with water, air
dried, and viewed in a Hitachi HU-11E-1 electron microscope.

Bacterial adherence assay

Primary cultures of human corneal epithelial cells were estab-
lished as described (van Putten and Paul, 1995). For use in
adherence assays, epithelial cells were grown on 12 mm cir-
cular glass or thermanox coverslips in 1 ml of medium. Before
the start of the infection, the medium was replaced with 1 ml of
Dulbecco's modi®ed Eagle medium (DMEM) supplemented
with 5% FCS. Gonococci were grown on Gc agar plates
(14 h, 5% CO2), suspended in tissue culture medium, and
added to the cells (2 ´ 107 per well). After 4±6 h of incubation
(378C, 10% CO2), the infection was stopped by rinsing the
cells three times with 1 ml of Dulbecco's phosphate-buffered
saline (DPBS) to remove unbound microorganisms, followed
by ®xation (at least 30 min, room temperature) in 0.1% glutar-
aldehyde/1% paraformaldehyde in DPBS. Specimens were
stained with crystal violet (0.007% in distilled water) and
bacterial adherence was scored with an Olympus BH-2
microscope.
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Construction of a gonococcal strain overexpressing

mature ComP

An overexpressing comP allele was generated by fusing the
transcriptional and translational signals present in the highly
expressed pilE to the comP ORF. Speci®cally, the pilE gene
promoter, ribosome binding site and ®rst seven residues of
the PilE ORF were translationally fused to the ComP phenyl-
alanine residue predicted to be the mature N-terminal residue
following prepilin peptidase processing (Fig. 11A). This was
accomplished by PCR ampli®cation of the pilE promoter region
and nucleotides coding for the ®rst seven residues of the pre-
pilin of N400 using primers pilE-58 (58-CTCGAATTCCGACC-
CAATCAACACAC-38) and pilE-comP-38 (58-CTGATATTA-
ATTCAACCAGCGTAAAGCCTTTTTGAAGGGTATTC-38).
Primer pilE-58 creates an EcoRI restriction site (underlined).
The 58 end of primer pilE-comP-38 (bold) is complementary
to the comP sequence coding for residues �1 to �8 and over-
laps the Ase I site (underlined). The 38 portion of this primer is
designed to amplify the ®rst seven codons of pilE and the
upstream promoter region. The resulting PCR product was
digested with EcoRI and Ase I and used to replace the
EcoRI/AseI fragment containing the comP 58 region of plasmid
pMW1. The resulting plasmid pMW3 was integrated into the
genome of the wild-type strain N400 to create the genomic
organization depicted in Fig. 11B.
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