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Eighty percent of Neisseria gonorrhoeae strains and some Neisseria meningitidis strains encode
a b7-kb gonococcal genetic island (GGI). The GGI was horizontally acquired and is inserted in
the chromosome at the replication terminus. The GGl is flanked by direct repeats, and site-
specific recombination at these sites results in excision of the GGl and may be responsible
for its original acquisition. Although the role of the GGl in N. meningitidis is unclear, the GGl in
N. gonorrhoeae encodes a type IV secretion system (T4SS). T4SS are versatile multi-protein
complexes and include both conjugation systems as well as effector systems that translocate
either proteins or DNA-protein complexes. In N. gonorrhoeae, the TASS secretes single-stranded
chromosomal DNA into the extracellular milieu in a contact-independent manner. Importantly,
the DNA secreted through the T4SS is effective in natural transformation and therefore
contributes to the spread of genetic information through Neisseria populations. Mutagenesis
experiments have identified genes for DNA secretion including those encoding putative structural
components of the apparatus, peptidoglycanases which may act in assembly, and relaxosome
components for processing the DNA and delivering it to the apparatus. The T4SS may also play
a role in infection by N. gonorrhoeae. During intracellular infection, N. gonorrhoeae requires
the Ton complex for iron acquisition and survival. However, N. gonorrhoeae strains that do not
express the Ton complex can survive intracellularly if they express structural components of
the T4SS. These data provide evidence that the T4SS is expressed during intracellular infection
and suggest that the T4SS may provide an advantage for intracellular survival. Here we review
our current understanding of how the GGI and type IV secretion affect natural transformation
and pathogenesis in N. gonorrhoeae and N. meningitidis.
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INTRODUCTION

Neisseria gonorrhoeae (gonococcus, GC) and Neisseria menin-
gitidis (meningococcus, MC) are both exclusively pathogenic
to humans, causing the sexually transmitted disease gonorrhea
and bacterial meningitis respectively. Approximately 80% of
gonococcal strains carry a genomic island called the gonococ-
cal genetic island (GGI; Dillard and Seifert, 2001). Recently, this
island was also identified in some strains of N. meningitidis,
although it has not been found in any of the commensal Neisseria
species (Dillard and Seifert, 2001; Snyder et al., 2005). In N.
gonorrhoeae, the GGI is 57 kb in size and is integrated into the
gonococcal chromosome at the replication terminus (Dillard
and Seifert, 2001; Hamilton et al., 2005).

Sequence characteristics of the GGI indicate that, like many
other genomic islands in bacteria, the GGI was horizontally
acquired (Hacker and Kaper, 2000; Hamilton et al., 2005). The
G + C content of the GGI is 44%, significantly lower than the 51%
average for the sequenced N. gonorrhoeae genomes. Dinucleotide
frequencies also vary between the GGI and the core genome (Karlin,
1998; Hamilton et al., 2005). Additionally, horizontally acquired
genetic islands are often flanked by short direct repeats (Hacker and
Kaper, 2000). The GGI is flanked by copies of the dif site, and site-
specific recombination at these sites may have resulted in the initial

acquisition of the island (Hamilton et al., 2005; Dominguez et al.,
2011). The GGI also differs from the core genome in the number
of DNA uptake sequences (DUS) it contains. The DUS is required
for DNA uptake during natural transformation and is present at
an average frequency of one DUS per every 1.1 kb in neisserial
genomes (Goodman and Scocca, 1988; Smith et al., 1999). In N.
gonorrhoeae strain MS11, the GGI contains only six copies of the
DUS, while the 57-kb region flanking the GGI contains 53 copies
(Hamilton et al., 2005). Together, these observations suggest that
the GGI was likely horizontally acquired and has stably integrated
into the gonococcal chromosome.

Genetic islands often encode genes important for pathogenesis,
metabolism, or ecological fitness and therefore may provide their
host species with selective advantages (Hacker and Kaper, 2000;
Gal-Mor and Finlay, 2006). The role of the GGI in meningococci
remains unclear, but in gonococci, it has been shown that the GGI
encodes a type IV secretion system (T4SS) that secretes DNA into
the extracellular environment (Dillard and Seifert, 2001; Hamilton
etal.,2005). Both N. gonorrhoeae and N. meningitidis are naturally
competent, and the DNA secreted by the T4SS is effective for natural
transformation in gonococci (Dillard and Seifert, 2001; Hamilton
and Dillard, 2006). Therefore, the GGI-encoded T4SS contributes
to horizontal gene transfer within Neisseria populations.
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The role of the GGI in gonococcal pathogenesis is less clear, and
several studies have investigated whether the presence of the GGI is
correlated with different disease types. The mere presence of the GGI
does not correlate with any particular disease presentation. The GGI
was identified at a similar frequency in gonococcal strains isolated
from women with either symptomatic or asymptomatic infection
(Wuetal, 2011). The GGI is also present at similar frequencies in
low-passage clinical isolates causing both pelvic inflammatory dis-
ease and local infection. However, the GGI is variable at the traG/
atlA locus, and certain versions of the GGI have been correlated with
disseminated gonococcal infections (DGI; Dillard and Seifert, 2001).
TraG is a predicted T4SS protein, while AtlA is one of two peptidog-
lycanases encoded by the genetic island (Dillard and Seifert, 2001;
Hamilton et al., 2001, 2005; Lawley et al., 2003; Kohler et al., 2007).
Early work identified an allele of traG that included the sac-4locus,
a locus that had previously been implicated in serum-resistance
(McShan etal., 1987; Nowicki et al., 1997; Dillard and Seifert, 2001).
The sac-4 allele of traG is not present in all GGI variants, however,
and the presence of the at/A gene is also variable (Dillard and Seifert,
2001).Ina survey of low-passage clinical isolates, atlA and the sac-4
allele of traG were each correlated with isolates causing DGI (Dillard
and Seifert, 2001). These observations suggest that some versions
of the GGI may be correlated with an increased ability of N. gonor-
rhoeae strains to cause systemic infection.

THE GGI ENCODES A TYPE IV SECRETION SYSTEM

The GGI contains 62 open reading frames, and many of these genes
are homologous to T4SS genes (Hamilton et al., 2005; Figure 1).
T4SSs have been identified in many Gram-negative and Gram-
positive bacteria, and include both conjugation systems as well as
effector systems that translocate proteins or DNA—protein com-
plexes (Christie, 2001; Alvarez-Martinez and Christie, 2009). The
F-plasmid conjugation system of E. coli and the VirB/D T4SS of
Agrobacterium tumefaciens are among the best characterized. A.
tumefaciens uses the VirB/D system to secrete both proteins and
oncogenic T-DNA directly into a plant cell, leading to the forma-
tion of crown gall tumors (Zhu et al., 2000). Many human patho-
gens also encode T4SSs that are involved in pathogenesis including
Bordetella pertussis, which secretes pertussis toxin using a T4SS,
and Legionella pneumophila, which secretes numerous effectors
important for intracellular survival in macrophages (Shrivastava

and Miller, 2009; Hubber and Roy, 2010). Expression of the cag T4SS
in Helicobacter pylori results in the secretion of the virulence factor
CagA as well as increased NF-kB activation in host cells mediated
by Nod1 detection of peptidoglycan fragments (Viala et al., 2004;
Backert and Selbach, 2008).

The GGI encodes 23 proteins with significant similarity to T4SS
proteins, most of them contained in the first 28 kb of the island
(Figure 1). Many of these genes show similarity to genes from the
E. coli F-plasmid conjugation system, and the order of the genes
in the GGI is highly similar to the IncF family of conjugative plas-
mids (Hamilton et al., 2005). There are several notable differences
in gene organization between the GGI and the F-plasmid conju-
gation system, however, including ltgX, which encodes a pepti-
doglycan transglycosylase similar to the geneX product (Orf169)
from F-plasmid, as well as traD and tral, which encode the putative
coupling protein and the relaxase, respectively (Frost et al., 1994;
Hamilton et al., 2005). In the GGI, ltgX is the first gene in a pre-
dicted operon that contains the majority of the T4SS genes, while
tral and traD are transcribed divergently (Hamilton et al., 2005;
Figure 1). Interestingly, the relaxase encoded by the GGI is not
phylogenetically related to the IncF family of relaxases but clusters
instead with the IncH family of relaxases that includes relaxases
from many integrative conjugative elements and genetic islands
(Salgado-Pabén et al., 2007; Garcillan-Barcia et al., 2009).

In addition to the T4SS homologs, the GGI encodes 39 open
reading frames, several of which are homologous to hypothetical
genes (Hamilton et al., 2005). Some of these open reading frames
do show sequence similarity to DNA-binding or processing pro-
teins in sequence databases, including two DNA methylases (Ydg
and YdhA), a helicase (Yea), a topoisomerase (TopB), and a single-
stranded binding protein (Ssb; Hamilton et al., 2005). This region of
the GGI has not been investigated as much as the region encoding
the T4SS genes. However, this region might be a good place to look
for as-yet unidentified protein substrates of the T4SS, additional
unknown genes for T4S, or other factors that have caused the GGI
to be maintained in 80% of gonococcal strains.

THE GONOCOCCAL T4SS SECRETES CHROMOSOMAL DNA

The gonococcal T4SS secretes chromosomal DNA into the extracel-
lular environment in a contact-independent manner (Dillard and
Seifert,2001). Addition of DNasel to the culture medium blocks the

exp2 ydbA ydcA ydd ydeB ydg ydhA  ydi

yda  ydbBydcB ydeA ydf ydhB
FIGURE 1 | Map of the gonococcal genetic island (GGI) from
N. gonorrhoeae strain MS11. The GGl in N. gonorrhoeae strain MS11 is

57 kb and is inserted in the chromosome at the dif site. The GGl encodes
many homologs of type IV secretion system genes (red), as well as 33 genes
of unknown function (white). There are six genes encoding homologs for
DNA-binding or processing proteins (gray). In this map, traA is colored white
despite encoding a homolog for the conjugative pilin subunit because it is
not required for DNA secretion. The genes for the lytic transglycosylase AtIA

yaa traD tral yaf Q) yag t;aLtraK traB traV traC ybe tralU  trbC ybi traN ycb  traH fraG  atlA 7xp !
difB Itht IA trakE dshC traW trbl traF ych cspA
ra

yea yeb yecB yedB

yecA yedA yee

yegA y’eh topB ssb yfa yfb  yfd yfeA parB parA

yegB yfeB difA

and the putative peptidoglycan binding protein Yag are colored red because
they are required for DNA secretion in gonococci even though they are not
similar to known T4SS genes in other systems. The sequences of traA, traG,
and atl/A are variable between strains. The GGI contains six copies of the
DNA uptake sequence (DUS, white and black triangles), significantly fewer
copies than the flanking 57 kb of chromosomal DNA. A putative origin of
transfer (oriT) has also been identified in the intergenic region between the
yaf and ltgX genes (stem-loop).
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transfer of a genetic marker during co-culture, indicating that the
secreted DNA is exposed to the extracellular environment and is not
directly transferred between cells (Dillard and Seifert, 2001). Based
on the susceptibility of the secreted DNA to different nucleases, it
was determined that the DNA secreted by the gonococcal T4SS is
single-stranded and blocked at the 5" end (Salgado-Pabén et al.,
2007). We hypothesize that the DNA remains bound to the relaxase
at the 5" end, as is the case for many other T4SSs (Young and Nester,
1988; Pansegrau et al., 1990). Although it is likely that the relaxase
remains bound to the 5" end of the secreted DNA, we currently have
no direct evidence for protein secretion through the gonococcal
T4SS. However, the secretion of proteins is highly probable. In fact,
one model regarding DNA-secretory T4SSs is that they are actually
protein secretion machines in which associated DNA comes along
for the ride (Hazes and Frost, 2008). The contact-independent secre-
tion of DNA by gonococci is unique among characterized T4SSs.
Although B. pertussis secretes pertussis toxin directly into the extra-
cellular environment, all other characterized T4SSs that transport
DNA secrete it directly into a recipient or host cell (Cascales and
Christie, 2003; Alvarez-Martinez and Christie, 2009).

Measurement of the transfer of a genetic marker from a donor
to a recipient strain in co-culture has been used to identify some of
the genes required for T4S in gonococci (Dillard and Seifert, 2001;
Hamilton et al., 2001; Figure 2A). In this co-culture assay, wild-type
donor strains are compared to donor strains with putative T4SS
genes mutated. The donor strains also carry a chloramphenicol
resistance (Cm®) marker and a mutation in either recA or pilT
to ensure that they cannot also act as recipients in transforma-
tion. The donors are then co-cultured with a recipient strain that
carries a spectinomycin resistance (Sp*) marker. After a period of
2—4 hours, bacteria from the co-culture are plated to enumerate
Cm?® Sp* colonies. Co-culture with a donor carrying a mutation in
a T4SS gene such as traG results in between 50 and 500-fold fewer
Cm® Sp* transformants than co-culture with a wild-type donor
(Figure 2B; Dillard and Seifert, 2001; Hamilton et al., 2001).

Gonococcireadily undergo autolysis, and it was previously assumed
that DNA released by autolysis was the primary source of DNA for
natural transformation (Hamilton and Dillard, 2006). However, in the
co-culture assay described above, most of the transformation occurs
during log-phase growth, suggesting that DNA donation by T4S is
independent of autolysis (Dillard and Seifert, 2001). Indeed, various
measures of autolysis indicate that T4SS mutants are not defective
in autolysis. Cell viability is comparable between T4SS mutants and
wild-type cells, and T4SS mutants release similar levels of both RNA
and the cytoplasmic protein chloramphenicol acetyltransferase (CAT)
compared to wild-type cells (Dillard and Seifert,2001; Hamilton et al.,
2005; Kohler etal.,2007). Furthermore, even if co-culture transforma-
tion is allowed to progress into stationary phase when autolysis occurs,
DNA transfer occurs at a much higher frequency with a wild-type
donor compared to a T4SS mutant donor (Dillard and Seifert, 2001).
Thus, although DNA released by autolysis can contribute to transfor-
mation, DNA donation by the T4SS is independent of autolysis and
appears to work better for transformation. It is unclear why this should
be the case. Single-stranded DNA and double-stranded DNA trans-
form gonococci with similar efficiency (Stein, 1991). Perhaps proteins
bound to the secreted DNA encourage its uptake or its recombination
during natural transformation.

Little is known about the regulation of DNA secretion in
gonococci, and the GGI does not encode homologs of the regu-
latory factors that have been described for F-plasmid (Frost et al.,
1994; Hamilton et al., 2005). Recently, however, it was shown
that DNA secretion is increased in gonococci producing type IV
pili, and that this increased secretion is due in part to increased
expression levels of the relaxase Tral and the coupling protein
TraD (Salgado-Pabon et al., 2010). Because tral and traD are
divergently transcribed from the majority of the T4SS genes,
differential regulation of these genes may allow regulation of
DNA secretion (Salgado-Pabén et al., 2010). In gonococci, type
IV pili are involved in DNA uptake as well as mediating host
attachment and twitching motility (Swanson, 1973, 1978; Biswas
etal., 1977).Itis unclear why DNA secretion should be associated
with piliation. One hypothesis is that DNA secretion may occur
in response to signals released by piliated gonococci indicating
the presence of competent members of the population (Salgado-
Pabon et al., 2010).

THE PROTEINS OF THE GONOCOCCAL T4SS

We propose a model of T4S in gonococci based on the similarity
of the proteins encoded by the GGI with homologs from other
characterized T4SSs (Figure 3). The T4SS proteins contained in the
GGI fulfill several functions for T4S, including DNA processing,
recruitment to the secretion apparatus, structural components of
the apparatus, and possible pilus assembly.

Co-culture
transformants

R
+ ﬂ S » ﬂ
SpRCmR
WT for T4SS
Few or no
+ » SpR CmR
transformants

A Donor

Recipient

T4SS mutant

WT donor

traG donor

FIGURE 2 | The gonococcal T4SS secretes chromosomal DNA active in
natural transformation. (A) To assay for DNA secretion, a donor strain that is
either wild-type (WT) or mutant for various T4SS genes is grown in co-culture
with a recipient strain. The donor strain carries a chloramphenicol resistance
marker (CmF), while the recipient is marked with spectinomycin resistance
(Spf). The donor strain also carries a mutation in either pilT or recA to render it
transformation-deficient and to ensure that it cannot act as a recipient.
Following co-culture, bacteria are plated to double-selective plates to
enumerate the number of Cm® Sp* transformants. (B) Co-culture with a
wild-type donor yields significantly more Cm? Sp® colonies (left) compared to
co-culture using a traG mutant donor (right).
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FIGURE 3 | Model of type IV secretion in gonococci. Predicted functions can
be assigned to many of the proteins encoded by the GGl based on their
similarity to other characterized type IV secretion system proteins. The putative
partitioning proteins ParA and ParB may bring the DNA to the apparatus. Tral
nicks the DNA at the origin of transfer (oriT), and a helicase, possibly Yea,
unwinds it. The relaxase likely remains bound to the 5" end of the DNA and pilots
it to the secretion apparatus, where it may dock with the putative coupling
protein, TraD. The putative ATPase TraC and the mating-pair stabilization homolog
TraG likely contribute to the inner membrane pore. Periplasmic proteins such as
Yag, TraW, TraF, TraH, and AtlA are likely involved in apparatus assembly or in
making localized breaks in the peptidoglycan layer. The DNA is then secreted
through the transmembrane apparatus, the core proteins of which are predicted
to beTraB, TraK, and TraV. TraN may form part of the outer membrane pore. The
DNA is secreted into the extracellular environment. Proteins such as
single-stranded binding protein (Ssb) may also be secreted, but there is no
evidence as-yet for protein secretion by the gonococcal T4SS. OM, outer
membrane; PG, peptidoglycan; IM, inner membrane.

DNA PROCESSING AND RECRUITMENT
The proteins responsible for DNA processing and recruiting to
the secretion apparatus have been well-studied in other T4SSs. In
gonococci, DNA secretion likely begins when the DNA is brought
into proximity of the T4SS machinery for processing. The GGI
encodes homologs for both ParA and ParB, the partitioning pro-
teins required for proper segregation of chromosomal and plasmid
DNA during cell division (Leonard et al., 2005). In A. tumefaciens,
a ParA-like protein (VirCl1) is involved in localizing the T-DNA to
the T4S apparatus for secretion (Leonard et al., 2005; Atmakuri
et al., 2007). In the GGI, ParA, and ParB are separated from the
majority of the T4SS genes by approximately 30 kb (Hamilton
et al., 2005; Figure 1). However, ParA is essential for DNA secre-
tion in gonococci, and a point mutation in the putative Walker box
abolished DNA secretion (Hamilton et al., 2005). We hypothesize
that ParA and ParB are required for bringing chromosomal DNA
to the secretion apparatus where it can be processed by the relaxase.
Relaxases bind to and nick double-stranded DNA at a specific
sequence known as the origin of transfer (oriT; Grinter, 1981). The
reaction is mediated by one or two catalytic tyrosines and can result
in the covalent attachment of the relaxase to the 5" end of the DNA
(Pansegrau et al., 1990). Previously characterized relaxases contain
three motifs: the catalytic tyrosines, a motif facilitating DNA—
protein interactions, and a histidine-rich motif involved in metal
coordination (Pansegrau etal., 1994). Like most characterized relax-
ases, two tyrosines have been identified in gonococcal Tral that are
required for efficient DNA secretion (Y93 and Y201). Mutation of
Y93 completely blocks DNA transfer, while mutation of Y201 results
in an intermediate level of transfer (Salgado-Pabén et al., 2007).

However, the GGI-encoded Tral differs significantly from
other previously characterized relaxases. Point mutations alter-
ing the histidine-rich motif of N. gonorrhoeae Tral do not affect
DNA secretion, suggesting that this motif may not be required
for T4S in gonococci (Salgado-Pabon et al., 2007). N. gonorrhoeae
Tral also differs from other relaxases by the presence of an HD
phosphohydrolase domain. HD phosphohydrolase domains can
sometimes coordinate metals, and some mutations in this region
of gonococcal Tral result in diminished DNA secretion, suggest-
ing that this domain may be fulfilling the role of the histidine-rich
motif (Salgado-Pabén et al., 2007). Finally, N. gonorrhoeae Tral is
distinguished from other characterized relaxases by the presence
of an N-terminal hydrophobic region. This hydrophobic region
is predicted to form an amphipathic helix, and it has been shown
that this region enables Tral to associate with the cell membrane
(Salgado-Pabon et al., 2007).

DNA processing by the relaxase occurs at a specific sequence
known as the oriT. A single putative oriT was identified within the
GGI between the genes yaf and ItgX (Figure 1) that exhibits many
of the characteristics of previously characterized oriT sequences.
The sequence contains an inverted repeat and is located near the
relaxase gene in an A-T rich region between divergent promoters
(Lanka and Wilkins, 1995). An insertion disrupting this sequence
reduced DNA secretion, while introduction of the inverted repeat
region elsewhere on the chromosome restored DNA secretion. This
result suggests that the oriT is located within the GGI between yaf
and tgX and that this region contains the only oriT on the gono-
coccal chromosome (Salgado-Pabén et al., 2007).

Once the DNA has been processed by the relaxase, the nucleo-
protein complex must be targeted to the T4SS for secretion. This
function is provided by coupling proteins — inner membrane
ATPases that are widely conserved among T4SSs and couple the
recognition of the substrate with the energy production neces-
sary for translocation (de Paz et al., 2010). The GGI encodes the
putative coupling protein TraD, and deletion of traD diminished
DNA secretion (Salgado-Pabon et al., 2010). Thus, in a model of
gonococcal T4S, it is likely that ParA and ParB bring the DNA to
the secretion apparatus where it is processed by Tral at the oriT
contained on the chromosome within the GGI. We hypothesize
that, as is the case for Hfr transfer in E. coli, the DNA would then
be unwound by a helicase, possibly Yea, prior to secretion, and
strand-replacement synthesis would regenerate the chromosome
in the donor cell (Willetts and Wilkins, 1984). Since only one oriT
is present, it is predicted that this region would be secreted first
followed by the rest of the chromosome, with secretion of the chro-
mosome proceeding in a unidirectional manner until the oriT is
reached again.

TRANSMEMBRANE APPARATUS

Following processing and recruitment, the DNA substrate must
pass through the T4SS apparatus, which forms a continuous chan-
nel across the inner and outer membranes (Fronzes et al., 2009a).
The inner membrane pore likely consists of the ATPase TraC, the
coupling protein TraD, the mating-pair stabilization protein TraG,
and the N-terminal domain of TraB. Mutations in both traG and
traD result in reduced DNA secretion, supporting the idea that
these proteins may contribute to the T4SS apparatus in gonococci
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(Hamilton et al., 2001; Salgado-Paboén et al., 2010). The traG gene
is highly variable between strains. In addition to the sac-4 allele of
traG that is correlated with isolates causing disseminated infection,
an allele of traG followed by a putative endopeptidase-encoding
gene eppA has also been identified (Dillard and Seifert, 2001; Kohler
et al., 2007). The function of TraG in T4S in gonococci remains
unclear.

Our understanding of the structural biology of the core T4SS
apparatus has greatly increased with the first cryo-electron tomog-
raphy and crystal structures of a core T4SS apparatus from the IncN
conjugative plasmid pKM101 (Chandran et al., 2009; Fronzes et al.,
2009D). In these structures, the core T4S complex was composed
of 14 copies each of the pKM101 homologs of TraK, TraV, and
TraB (Chandran et al., 2009; Fronzes et al., 2009b). TraK homologs
belong to a family of secretin-like proteins, while TraV homologs
are lipoproteins required to stabilize the secretin. TraK and TraV
homologs have been localized to the outer membrane in many
other T4SSs and form a heterodimer linked by disulfide bonds
(Baron etal., 1997; Harris et al., 2001). TraK and TraV also interact
in gonococci, and we predict that these proteins also contribute to
the outer membrane pore of the gonococcal T4SS (Hackett et al.,
2008). In the crystal structure from pKM101, a two-helix bundle
in the C-terminal domain of the TraB homolog was found to cross
the outer membrane and was surface-exposed, making it the first
characterized protein to insert in both the inner and outer mem-
branes (Chandran et al., 2009). The two-helix bundle is conserved
in gonococcal TraB, and we predict that this portion of TraB may
also be surface-exposed (our unpublished observation).

Because N. gonorrhoeae and N. meningitidis can only be found
within human hosts, it is noteworthy that any surface-exposed pro-
teins in the T4SS could be exposed to the immune system of the
host. Predicted surface-exposed proteins include TraK and TraB, as
well as the protein TraN, which plays a role in stabilizing interac-
tions between mating-pairs in E. coli F-plasmid (Lawley et al.,2003).
Since gonococci secrete DNA in a contact-independent manner, the
formation of mating-pairs is unnecessary, and it is unclear what
role TraN might be playing in gonococci. However, mutation of
traN greatly reduces DNA secretion in gonococci, indicating that
TraN is required for T4S (Hamilton et al., 2005). Many surface-
exposed proteins in Neisseria undergo high-frequency antigenic
or phase variation, including the opacity proteins, pilin, and porin
(Stern et al., 1986; Gibbs et al., 1989; Fudyk et al., 1999; Hill and
Davies, 2009). However, based on eight sequenced gonococcal
genomes that contain the GGI as well as sequence data from two
additional gonococcal strains, predicted surface-exposed T4SS
proteins such as TraN, TraK, and TraB show only minor sequence
differences between strains, suggesting that these proteins may be
rare conserved surface proteins in Neisseria (GenBank accession no.
CP001050 and http://www.broadinstitute.org/annotation/genome/
neisseria_gonorrhoeae/GenomesIndex.html; Hackett et al., 2008).

PILUS ASSEMBLY

Type IV secretion systems such as E. coli F-plasmid or the A. tumefa-
ciens VirB/D system construct conjugative pili (Kado, 2000; Lawley
etal.,2003). The importance of the conjugative pilus in DNA trans-
fer is unclear, although several models have been proposed. An
early model proposed that the pilus could serve as a conduit for

the DNA to travel between donor and recipient. Alternatively, the
retraction of the pilus could facilitate close contact between the
donor and recipient and allow the direct transfer of DNA (Kado,
2000). An interesting new hypothesis suggests that the pilus may
help the donor cell to “sample” the surrounding environment for
potential recipients (Silverman and Clarke, 2010). The GGI encodes
ahomolog for the pilin subunit TraA (Figure 1). The traA sequence
is variable, with both a short allele and a long allele present in
Neisseria strains, and the GGI in the gonococcal strain MS11 con-
tains the short allele (Jain et al., 2008; Llosa et al., 2009). We predict
that the longer allele encodes the full-length pilin protein, while the
short allele may encode a pilin that cannot be assembled. However,
TraA is not required for T4S in gonococci, since deletion of traA has
no effect on DNA secretion (Immel et al., 2003). If the role of the
conjugative pilus is to facilitate close contact between a donor and a
recipient cell, then a pilus may not be necessary for gonococcal T4S
since the DNA is secreted into the extracellular environment and
the donor does not require contact with the recipient for natural
transformation.

THE GGI IN N. MENINGITIDIS

When the GGI was first identified in N. gonorrhoeae, attempts were
also made to detect the GGI in a panel of symbiotic Neisseria species
and N. meningitidis using PCR or low-stringency Southern blotting
for traG and atlA. However, traG and atlA are variable in the GGI,
and it was not detected (Dillard and Seifert, 2001). The GGI was
also absent in the genome sequences for meningococcal serotype
A and B strains that had been published. Thus, it was unexpected
when versions of the GGI were identified in meningococci in 2005
(Snyder et al.,2005). Snyder et al. (2005) used meningococcal chro-
mosomal DNA to probe a microarray containing a single oligonu-
cleotide for each gene in the GGI. Six meningococcal strains were
found to have the GGI, and three island types were represented
among the strains. No meningococcal strain had a GGl identical to
that of gonococcal strain MS11, and three of the strains had large
deletions of T4SS genes. The variant GGIs were found in serotype
H, W-135,and Z strains. Although it appears the GGI is not present
in most strains of N. meningitidis, it will be interesting to learn
what portion of the meningococcal population carries a version
of the GGI and whether it is present in strains from sequence types
common in invasive disease or symbiotic colonization.

Recently, a draft genome from meningococcal strain 0275, which
contains the GGI, has become available (GenBank accession no.
AM889138). Analysis of the sequence shows that the GGI from
this strain is 64 kb and differs from the GGI in N. gonorrhoeae
strain MS11 in several ways (Figure 4). The GGI in 0275 contains
the long allele of traA, a variant allele of traG, and the putative
endopeptidase-encoding gene, eppA. Each of these variations is
also present in some gonococcal strains. Additionally, a deletion
from within traD results in the truncation of traD, and difB being
contained within the traD coding region. Another significant dif-
ference is the presence of an insertion of IS1655 just after the start
codon of traK. Analysis of the inserted sequence did not reveal a
possible ribosome binding site or in-frame start for the interrupted
traK (our unpublished observation). As a result of the insertion
in traK and deletion in traD, it is unlikely that 0275 is capable of
making a functional T4SS or secreting DNA.
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FIGURE 4 | Map of the GGI from N. meningitidis strain 0275. The GGl in
o275 is 64 kb and differs in several ways from the GGl in N. gonorrhoeae
MS11. Insertions in the €275 GGl are indicated by inverted triangles, with the
text above the triangle indicating both the size of the insertion as well as the
identity of the sequence, if known. Two insertions showed similarity to
hypothetical genes from N. gonorrhoeae, N. meningitidis, N. mucosa, and N.
flava (hyp). If no sequence is indicated above a triangle, the insertion is not
similar to any sequence in GenBank. Genes that are significantly different
from homologs in the GGI of N. gonorrhoeae MS11 are indicated by red and
gray diagonal lines. In 0275, a deletion in traD results in the truncation of traD,

traLV , el
traD tral yafja yag | traKtraB traV traC  ybe traU  trbC ybi traN ycb  traH fraG  eppA 7

traW trbl trafF ych1 cspA
4
h edB
(2.5y ll)(b) (3}1 6bp) (18bp)(330bp) (30 bp)

-exp2 ydbyych ydyydeBug ydhA ydi  yea yeb ecBudB yeg,

yecA yedA yee

topB ssb yfa yfb  yfd yfeA panarA

\ | i
yegB yoh 72 bp yfeB difA
deletion

and difB is contained within the traD coding region. This GGI contains the
long allele of traA, and IS 7655 is inserted just after the start codon of traK. A
truncated allele of traG is present followed by the hypothetical endopeptidase
eppA (also found in some gonococci). There is a deletion of exp7. The 275
GGl also has an insertion of partial DNA polymerase V subunit umuC at ydbB
and an insertion of partial yedB at yedA. A small deletion upstream of ssbis
indicated by parentheses. DNA uptake sequences (DUS) are indicated by
small black or white triangles. In addition to the four DUS indicated in the
figure, two DUS are located in the inserted sequences (black triangles over
the inserted sequence).

Based on the sequence of the GGl in 0275 and the hybridization
studies of Snyder et al. (2005), it appears that several of the menin-
gococcal GGIs are degrading, acquiring deletions and insertions. It
is unlikely that they encode functional secretion systems. However,
three of the GGIs identified in meningococci do carry most of the
T4SS genes and might yet produce a functional T4SS (Snyder et al.,
2005). It is unclear whether these secretion systems would func-
tion for DNA secretion as the T4SS does in gonococci. None of the
meningococcal GGIs carry atlA, which encodes a peptidoglycanase
essential for DNA secretion in gonococci (Dillard and Seifert, 2001;
Kohler et al., 2007). One of the three mostly intact GGI variants
has parB deleted, a gene which would be expected to be required
for DNA secretion, since a functional ParA is required (Hamilton
etal.,2005). Contrary to what was reported by Snyder et al. (2005)
in their hybridization studies, PCR analysis and sequencing data
indicate that all of the meningococcal GGIs do encode ParA (our
unpublished observation). It is possible that these T4SSs may have
some function other than DNA secretion. They could secrete pro-
teins, or the apparatus might serve an adhesive function, as was seen
for a T4SS in Bartonella (Vayssier-Taussat et al., 2010).

THE T4SS ALLOWS TON-INDEPENDENT SURVIVAL OF
GONOCOCCI DURING INTRACELLULAR INFECTION

The Ton complex, consisting of TonB, ExbB, and ExbD, is required
for iron transport into both gonococci and meningococci. Previous
work in gonococci and meningococci established that the Ton com-
plexis required for intracellular survival during epithelial cell infec-
tion (Larson et al., 2002; Hagen and Cornelissen, 2006). However,
Zola et al. (2010) found that gonococcal strain MS11 was able to
survive intracellularly without a functional Ton complex. A strain
of MS11 deleted for the GGI and without a functional Ton complex
was not able to survive intracellular infection. Intracellular survival
could be restored by addition of iron to the medium, confirming
that it was the inability of the bacteria to acquire iron that resulted
in the bacterial death. Experiments using strains with mutations

in individual T4SS genes demonstrated that the T4SS apparatus is
required for Ton-independent survival, but DNA secretion is not
required (Zola et al., 2010). Although the mechanism of survival
is unknown, several hypotheses could explain these results. First, it
is possible that the T4SS secretes an unknown factor that is able to
bind iron so that it can be taken up by gonococci or stimulate the
release of iron sequestered by the host (Figure 5A). Second, iron
could be entering the cell through the T4SS apparatus (Figure 5B).
There are precedents for molecules sneaking in through such appa-
ratuses. Antibiotics and heme can enter gonococci through the
pilus pore in certain pilQ variants (Chen et al., 2004). Also, the
T4SS of L. pneumophila makes the bacteria sensitive to salt in the
medium (Sadosky etal., 1993). The third hypothesis is that the T4SS
could affect gonococcal trafficking within epithelial cells so that
cells expressing the T4SS traffic to an iron-rich niche (Figure 5C).
Other bacteria use T4SSs to interact with and affect host cell traf-
ficking, so it is possible that the gonococcal T4SS is serving a similar
function (Isberg et al., 2009).

THE GONOCOCCAL GENETIC ISLAND AS A MOBILE ELEMENT

The GGI shows evidence of horizontal acquisition from another
bacterial species, and it appears that the bacterium’s own site-
specific recombinase was responsible for incorporating this for-
eign DNA into the genome (Dominguez et al., 2011). The data
from several experiments suggest that the site-specific recombinase
XerCD integrated the GGI into the gonococcal chromosome. The
direct repeats flanking the GGI, difA and difB, are both recognition
sites for XerCD, with difA being a consensus sequence and difB
having four mismatches to the consensus (Hamilton et al., 2005;
Dominguezetal.,2011). The function of XerCD is usually to resolve
chromosomal dimers that arise during replication. During chromo-
some replication homologous recombination can occur between
the daughter chromosomes resulting in the two chromosomes
being linked as a single molecule, a head-to-tail dimer. XerCD
mediates a site-specific recombination reaction that separates the

Frontiers in Microbiology | Cellular and Infection Microbiology

April 2011 | Volume 2 | Article 61 | 6


http://www.frontiersin.org/Microbiology/archive
http://www.frontiersin.org/cellular_and_infection_microbiology

Ramsey et al.

The gonococcal genetic island in Neisseria

FIGURE 5 | Potential methods of Ton-independent iron acquisition. (A) The
type IV secretion system could secrete a factor that either binds iron or
stimulates iron release by the host, thereby facilitating iron uptake by gonococci.
(B) The T4SS apparatus may act as a pore for iron to pass into either the
periplasm or the cytosol. The T4SS pore is represented in a simplified fashion by
the outer membrane protein complex (blue rectangle), the transmembrane
proteins (green rectangle), and the inner membrane protein complex (orange
rectangle). (C) The T4SS could affect gonococcal trafficking within host epithelial
cells so that gonococci expressing a T4SS (diplococcus with green box) go to an
iron-rich niche. OM, outer membrane; PR, periplasm; IM, inner membrane.

chromosomes (Carnoy and Roten, 2009). A similar type of reaction
can occur in a chromosome that carries the GGI. XerCD can act at
the two dif sites to excise the GGI from the chromosome, creating a
circular form of the GGI. However, the reaction can also go in the
opposite direction, and XerCD can integrate DNA into the chro-
mosome if the DNA carries a dif site. This type of integration was
demonstrated for gonococci by cloning the difA site plus 90 bp from
the GGI and transforming the resulting plasmid into a gonococcal
strain that did not carry the GGI. The plasmid integrated into the
chromosome at the dif site (Hamilton et al., 2005). We hypothesize
that the GGI was similarly acquired, that it was introduced into
gonococci as a plasmid, and like some known plasmids (Blakely
etal., 1991), it carried a dif-like site. XerCD could then have inte-
grated it into the chromosome where it became mostly stabilized
through acquisition of mutations at difB.

Mutations at difB and mutation of xerD demonstrated the
involvement of the dif~XerCD system in GGI recombination.
In strain MS11, the GGI was found to be lost from the cells at a

frequency of 10 ° after 18 h of growth. However, if the difB sequence
was mutated to a consensus difA sequence (resulting in the GGI
being flanked by two consensus difA sequences), then the GGI was
lost at a frequency of 107. By contrast, a mutation in xerD pre-
vented GGl loss even in the strain with two difA flanking sequences
(Dominguezetal., 2011). These results suggest that XerD is neces-
sary for GGI excision and loss and that increased similarity of the
GGI-flanking sequences to the XerCD binding sequences facilitates
higher frequency excision and loss of the GGI. The loss of the GGI
from cells in the population indicates that the GGI cannot replicate
on its own, or if it can, it does so poorly. PCR analyses to detect the
GGl asacircle could easily detect the circle in the double difA* strain
but could barely detect the circle in the wild-type strain, and then
only after a high number of amplification cycles (Dominguez et al.,
2011). However, the GGI was easily detected in the chromosome.
Thus, the GGl is nearly always in the chromosome and only rarely
excises to form an extrachromosomal circle.

It is possible that the ability of the GGI to circularize could allow
it to be transferred to another bacterium. When the GGl is secreted
by the T4SS as part of the chromosome, the oriT within the GGl is
the first region to be secreted, and it is not until the entire chromo-
some has been secreted that the remainder of the GGI is exported.
However, if the GGI excises from the chromosome, then the GGI
could be secreted as a smaller DNA molecule. It would still be dif-
ficult for the GGI to be transferred as this smaller molecule, since
it would need to be taken up in its entirety and re-circularized in
the recipient. The recircularization might not be as unlikely as it
would first seem, however, since relaxases of conjugative plasmids
perform such a reaction in the recipient, and the gonococcal Tral
might do so as well (Garcillan-Barcia et al., 2007).

Itis curious that all gonococci examined have been found to have
the same difB sequence with the same four mismatches compared to
the consensus dif (Dominguez et al., 2011). If the utility of sequence
changes in dif is to stabilize the GGI in the chromosome, why are
the same four changes always present? Different mismatches are
present in N. meningitidis, so it is unlikely that these mismatches
were present in an ancestral Neisseria species that acquired the GGL
Perhaps excision of the GGI could sometimes be advantageous (at
least for GGI propagation if not for N. gonorrhoeae itself), and the
difB sequence is an escape hatch. The GGI would be maintained
and replicated in the chromosome most of the time but occasion-
ally could be excised and transferred.

Unlike the GGI in N. gonorrhoeae, some versions of the GGI
appear to be stuck in N. meningitidis chromosomes and are unable
to excise. The difB2 allele is found in some N. meningitidis strains and
has eight mismatches compared to the dif consensus (Dominguez
et al., 2011). The difB2 sequence appears to have arisen from a
deletion occurring between difB and the fraD coding sequence. It is
unlikely that this dif sequence would function for XerCD-mediated
recombination. The inability of the GGI to excise in these strains
may explain why some N. meningitidis strains maintain a GGI that
is unlikely to produce a functional secretion system.

CONCLUSION

The GGI is a large, horizontally acquired genomic island present
in most strains of N. gonorrhoeae and in some strains of N. men-
ingitidis. As is the case for many horizontally transferred genetic
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islands in bacteria, the origin of the GGI is unknown. However,
since N. gonorrhoeae and N. meningitidis are found exclusively
inside a human host, we hypothesize that the GGI was acquired
from another human colonizer, just as Haemophilus genes have
been found to be acquired by Neisseria (Kroll et al., 1998). The GGI
is not similar to conjugative plasmids found in some gonococcal
strains (Pachulec and van der Does, 2010). In gonococci, the GGI-
encoded T4SS acts to secrete chromosomal DNA. This DNA secre-
tion likely increases DNA transfer in the gonococcal population,
increasing genetic diversity, and creating new recombinants that
may avoid the host immune response. DNA transfer through the
T4SS may also facilitate the spread of antibiotic resistance genes, a
continual problem for the treatment of gonorrhea. The mechanism
of transfer appears similar to that of a conjugation system or Hfr
transfer in E. coli. The chromosome is cut at a single site (oriT)
by a relaxase, Tral, unwound, and transported as a single-strand
through the T4SS, with DNA at the oriT transferred first, followed
by the rest of the chromosome in an ordered fashion. An important
difference between the gonococcal T4SS and conjugation systems
is that in gonococci, DNA is secreted into the surrounding milieu
and is not transferred directly from cell to cell. It is likely that the
T4SS also transports other substrates in addition to DNA, such as
proteins, but none have yet been identified.

There are many unanswered questions regarding the role of the
gonococcal T4SS in host—pathogen interactions. It is clear from the
TonB experiments that the T4SS is expressed when gonococci are
intracellular. However, the T4SS may be expressed at other times
during infection as well, and it is unclear what impact the T4SS
might have on gonococcal pathogenesis or biology under these
conditions. For example, the fact that certain forms of the GGI are
correlated with disseminated infections may suggest that thereis a
role for T4S during systemic infection. Although secreted protein

effectors have not yet been identified, it is easy to imagine that such
effectors might be involved in host immune modulation, intra-
cellular trafficking, nutrient acquisition, or other functions that
enable gonococci to be so well-adapted for life in a human host.
Regardless of whether the T4SS secretes proteins in addition to a
DNA-—protein complex, however, any transported substrates will
necessarily come in contact with host cells and may affect gonococ-
cal infection. The secreted DNA could possibly be recognized by
pattern recognition receptors, thereby inducing an inflammatory
response. Additionally, the secreted DNA may affect binding or
other interactions of gonococci with each other or with host cells.

Dissecting the role of T4S in gonococcal pathogenesis is an
important topic for ongoing research, and as we continue to develop
tools for studying the T4SS in the pathogenic Neisseria, such as
antibodies to T4SS proteins and strains with regulated expression
of the T4SS genes, we will be better able to address this question.
The role of the GGI in N. meningitidis also remains a mystery
and an important topic of investigation. In some meningococcal
strains, the GGl is a scrap-heap of mutated genes. In other strains,
many of the T4SS genes are intact, but genes needed for DNA
secretion are missing. In these cases, it is still possible that the T4SS
in meningococci may secrete proteins or that the T4SS may have
some other role in infection. Understanding how the GGl is affect-
ing both Neisseria populations and the function of the individual
cell will lead us to a better understanding of N. gonorrhoeae and
N. meningitidis horizontal gene transfer and pathogenesis.
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