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Abstract

Approximately 80% of Neisseria gonorrhoeae and 17.5% of Neisseria meningitidrs clinical
isolates carry a ~59 kb genomic island known as the gonococcal genetic island (GGI). About half
of the GGI consists of genes encoding a type 1V secretion system (T4SS), and most of these genes
are clustered in a ~28 kb region at one end of the GGI. Two additional genes (parA and parB) are
found at the other end of the island. The remainder of the GGI consists mostly of hypothetical
proteins, with several being identified as DNA binding or processing proteins. The T4SS genes
show similarity to those of the F-plasmid family of conjugation systems, with similarity in gene
order and a low but significant level of sequence identity for the encoded proteins. However,
several GGIl-encoded proteins are unique from the F-plasmid system, such as AtlA, Yag, and
TraA. Interestingly, the gonococcal T4SS does not act as a conjugation system. Instead, this T4SS
secretes sSDNA into the extracellular milieu, where it can serve to transform highly competent
Neisseria species, thereby increasing the transfer of genetic information. Although many of the
TASS proteins are expressed at low levels, this system has been implicated in several cellular
processes. The secreted ssSDNA is involved in the initial stages of biofilm formation, and the
presence of the T4SS enables TonB-independent intracellular survival of N. gonorrhoeae strains
during infection of cervical cells. Other GGI-like T4SS have been identified in several other a.-, B-
and -y-Proteobacteria, but the function of these GGI-like T4SSs is unknown. Remarkably, the
presence of the GGl is related to resistance to several antibiotics. Here we describe our current
knowledge about the GGI and its unique ssDNA-secreting T4SS.
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1 The gonococcal genetic island (GGI)

Neisseria gonorrhoeae is the etiological agent of the disease gonorrhea, which according to
estimates of the World Health Organization infects over 100 million people annually (World
Health Organization 2012). In the majority of cases, gonorrhea is an uncomplicated mucosal
infection, but if left untreated gonorrhea can cause severe complications like pelvic
inflammatory disease, infertility, neonatal conjunctivitis, septic arthritis, blindness and
disseminated gonococcal infections (Unemo 2015; Hill et al. 2016). The type IV secretion
system (T4SS) of Neisseria gonorrhoeae is the only known T4SS that secretes sSDNA into
the extracellular milieu (Dillard and Seifert 2001; Hamilton et al. 2005). The secreted
sSDNA serves to transform highly competent Neisseria species and is involved in the initial
stages of biofilm formation (Dillard and Seifert 2001; Hamilton and Dillard 2006; Zweig et
al. 2014). The T4SS is encoded on the 59-kb gonococcal genetic island (GGI), a genetic
island found in approximately 80% of N. gonorrhoeae and 17.5% of N. meningitidis clinical
isolates (Dillard and Seifert 2001; Hamilton et al. 2005; Snyder et al. 2005; Woodhams et al.
2012) (GenBank accession #CP003909.1). The GC-content of the GG, at 44%, is
significantly lower than the GC-content of the gonococcal chromosome with 51% (Hamilton
et al. 2005). Its DNA sequence varies in dinucleotide frequencies and contains a deviant
number of DNA-uptake sequences (DUS) in comparison to the rest of the chromosome
(Hamilton et al. 2005; Spencer-Smith et al. 2016). The DUS is a 10 or 12 bp sequence that is
specific to a subset of species in the Neisseriaceae and occurs throughout their genomes
(Goodman and Scocca 1988; Ambur et al. 2007). DNA containing this sequence is
preferentially taken up during natural transformation, thus favoring uptake of DNA from
closely related species over foreign DNA (Goodman and Scocca 1988). On the gonococcal
chromosome, DUS occur approximately once every 1.1 kb, whereas only 6 DUS are present
on the 59-kb GGI (Hamilton et al. 2005) (Figure 13.1). Thus, the GGI is most likely
horizontally acquired. Both sides of the GGI are flanked by direct repeat sequences, a
consensus difA site and an imperfect difB site that harbors 4 mismatches compared to the
consensus site (Hamilton et al. 2005). difsites, found in the replication terminus region of
most sequenced bacterial genomes, are recognized by the recombinase XerCD to resolve
plasmid or chromosome dimers during replication (Blakely et al. 1993; Carnoy and Roten
2009; Castillo et al. 2017). Moreover, XerCD-mediated recombination was found to be
exploited by some mobile genetic elements like the cholera-toxin encoding bacteriophage
CTXg that integrates via XerCD into the Vibrio cholerae chromosome (Huber and Waldor
2002). A XerCD-mediated integration and excision of the GGI was previously reported
(Hamilton et al. 2005; Dominguez et al. 2011). Under laboratory conditions, excision of the
GGl occurred once every 108 cells during growth for 18 hours. Replacement of difB by
another consensus diifA site increased its excision rate to once every 102 cells (Dominguez et
al. 2011). Recently, it was shown that excision of the GGI follows a tightly controlled
interaction between XerCD and FtsK, where XerD binding to d/ifB might favor a particular
conformation of XerD that causes the excision of the GGI to occur only rarely (Fournes et
al. 2016).

Close homologs of the GGI have also been identified in Nefsseria meningitidis. The GGIs in
N. meningitidis vary in size and carry a number of different mutations compared to the GGI
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from N. gonorrhoeae (Woodhams et al. 2012). The GGIs of some meningococcal strains
accumulated up to eight mismatches within difB and exhibit deleterious mutations likely
rendering their T4SS inactive (Dominguez et al. 2011; Woodhams et al. 2012). It was
hypothesized that these GGIs degraded over time but that the high number of mutations
within difB prevented loss of the GGI in past generations (Dominguez et al. 2011). The
meningococcal strain 01/241471 carries four mutations in ¢/fB and mutations in genes that
were shown to be essential for sSSDNA secretion in N. gonorrhioeae (Woodhams et al. 2012).
Interestingly, excision of the GGI could be observed in this strain, albeit at a frequency even
lower than in N. gonorrhoeae. Nevertheless, some meningococcal strains harbor GGI
variants that seem to encode an intact T4SS. However, the meningococcal T4SS seems not
to secrete sSDNA nor does it confer Ton-independent intracellular survival as its gonococcal
counterpart (discussed below). No connection could be observed between the presence of the
T4SS and the infection process (Woodhams et al. 2012).

The GGI of N. gonorrhoeae strain MS11 comprises at least 65 ORFs of which 19 ORFs
show similarity to genes of the £. coli F-plasmid T4SS, with a low but significant level of
sequence similarity for encoded proteins and a conserved gene order (Hamilton et al. 2005)
(Figure 13.1). The majority of those genes are encoded within the first 27.5 kb of the GGl,
the region between yaaand ych, from which many genes were shown to be essential for
ssDNA secretion (Hamilton et al. 2001, 2005; Pachulec et al. 2014). The origin of transfer
(oriT) was identified between the yafand /tgX genes (Salgado-Pabén et al. 2007). The expl-
difB region encodes at least 38 ORFs of which several show homology to DNA processing
and modifying proteins, including SsbB, TopB, Yea, and CspA. However, most of the genes
encode proteins with an unknown function, and only parA and parB encoded within the
expl-difBregion are essential for ssDNA secretion (Hamilton et al. 2005; Pachulec et al.
2014).

2 Related type IV secretion systems

2.1 The T4SS encoded in the GGI shows homology to the F-plasmid encoded T4SS

The yaa-ychregion encodes mostly proteins that show homology with T4SS proteins
(Hamilton et al. 2005; Pachulec et al. 2014). The /fgX-ychregion encodes mainly proteins
involved in the formation and stabilization of the mating pair complex and proteins involved
in the assembly of the pilus (Hamilton et al. 2005). Although the GGl-encoded T4SS does
not act in conjugation and does not lead to mating pairs, we will use this terminology for
comparison to homologous systems. The genes coding for 13 proteins in this region (TraL,
TraE, TraK, TraB, TraV, TraC, TraW, TraU, TrbC, TraN, TraF, TraH and TraG) are ordered
in the same orientation as in the £. coli F-plasmid (Hamilton et al. 2005). The gene encoding
the peptidoglycan transglycosylase LtgX is oriented in a different direction, but represents a
functional homolog of Orf169 of the F-plasmid encoding a lytic transglycosylase (Hamilton
et al. 2005; Kohler et al. 2007). Phylogenetic analysis shows that most of these proteins are
associated with mating pair formation (MPF) complexes of the MPFg family (Pachulec
2010). Several proteins encoded within the /fgX-ychregion, e.g. Yag, DsbC, Ybe, Ybi, Ycb,
AtlA and Ych are not present in the F-plasmid. Close homologs of the TraA pilin and of
Trbl, the protein that circularizes pilin subunits are not found in the F-plasmid, but are found
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in T4SSs that contain an MPF complex that belongs to the MPF+ family (Eisenbrandt et al.
1999; Hamilton et al. 2005; Jain et al. 2012). A functional analysis has shown that neither
TraA and Trbl, nor Ybe, Ybi, Ycb, or Ych are essential for sSDNA secretion, but all proteins
with homology to proteins encoded on the F-plasmid are essential (Hamilton et al. 2001,
2005; Pachulec et al. 2014). Remarkably, although not found in the F-plasmid, AtlA, Yag,
and DsbC encoded in this region are required for DNA secretion (Hamilton et al. 2001,
2005; Pachulec et al. 2014). The yaf-yaa region encodes the relaxase Tral and the coupling
protein TraD together with the small hypothetical proteins Yaf and Yaa (Pachulec et al.
2014). Tral belongs to the MOB family of relaxases, and in phylogenetic analyses, the
coupling protein TraD also clusters together with other coupling proteins that are always
encoded closely to a relaxase of the MOBy family (Garcillan-Barcia et al. 2009; Pachulec et
al. 2014). Furthermore, synteny is conserved for these relaxases and coupling proteins, as
well as Yaa, a small hypothetical protein with 4 putative transmembrane domains (Pachulec
et al. 2014). The fourth protein in this operon, Yaf, shows only little homology to other
proteins (Hamilton et al. 2005; Pachulec et al. 2014). Thus, the T4SS encoded in the GGl is
composed of a mating pair formation complex related to the MPFg family, a mobilization
region related to the MOBy family, and contains a pilin and pilin circularization machinery
most often found associated with the MPF family (Hamilton et al. 2005; Garcillan-Barcia
et al. 2009; Pachulec 2010; Pachulec et al. 2014).

2.2 GGl-like T4SS are widely spread

By searching the available genomes on the absynte website (http://archaea.u-psud.fr/
absynte/), several regions were identified which encode T4SS systems showing homology
and synteny of their MPF complex components, their pilin and their pilin circularization
machinery to the T4SS encoded on the GGI. Here we refer to these systems as GGI-like
TASSs (Pachulec et al. 2014). Most of the organisms containing a GGI-like T4SS belong to
the group of B-proteobacteria. GGI-like T4SSs were also identified in a- and -y-
proteobacteria where most of these T4SSs are encoded on the chromosome. Alcaligenes
denitrificans, Acidovorax JS42 and N. aromaticivorans contained both a chromosomally
encoded and a plasmid encoded GGI-like T4SS (Pachulec et al. 2014).

In close proximity of the GGI-like T4SS genes, relaxases and coupling protein genes could
be identified. Several systems contained a relaxase of the MOBy family (Tral), with a
related coupling protein (TraD) and a small membrane protein (Yaa). Other systems were
identified where the GGI-like MPF proteins were found together with a relaxase and a
coupling protein linked to the MOBE family (Pachulec et al. 2014). This observation
suggests that relaxases of the MOBy and MOBE families both function together with GGI-
like MPFg systems. The parA-exp1 region was only found associated with the GGI-like
TA4SS of Neisseriaceae, suggesting that in the other systems the ParA/ParB system is not
important for DNA transport (Pachulec et al. 2014). Moreover, no specific site of insertion
into the chromosome could be determined for other GGI-like sequences. Remarkably, genes
encoding proteins with homology to the Exp1l protein are present in most of the GGI-like
TASSs. Expl is a small protein with a signal sequence, which was identified in a mini-
TnphoA screen for gonococcal proteins that were exported out of the cytoplasm (Boyle-
Vavra and Seifert 1995; Dillard and Seifert 1997). An exp knock-out mutant was still able
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to secrete sSDNA, suggesting that the gene is not involved in the secretion of DNA
(Pachulec et al. 2014).

3 DNA secretion provides donor DNA for natural transformation

The N. gonorrhoeae TASS secretes sSDNA into the extracellular space in a contact
independent manner (Dillard and Seifert 2001; Hamilton et al. 2005). No protein effectors or
dsDNA have been identified as a substrate of this system. The secreted DNA is hypothesized
to be cleaved by the relaxase Tral at the or/7, a region of the GGI located between the
divergent yafand /fgX promoters (Salgado-Pabdn et al. 2007). ssDNA is then shuttled across
both the inner and outer membrane and into the extracellular space, where it has been shown
to be 5’ protected and susceptible only to 3” ssDNA-specific DNases (Salgado-Pabon et al.
2007). Neisseria spp. are naturally transformable; N. gonorrhoeae is able to take up and
recombine DNA into its chromosome during all stages of growth (Sparling 1966). When co-
cultured, the ssDNA output by donor strains of N. gonorrhoeae containing a functional T4SS
can be taken up and chromosomally incorporated by competent recipient cells (Dillard and
Seifert 2001; Hamilton et al. 2001). High-frequency DNA release and transformation of
recipient cells is T4SS-dependent; GGI* donor strains yield up to 500-fold more
transformants than donors with mutated T4SS genes that are deficient in DNA secretion
(Dillard and Seifert 2001; Hamilton et al. 2001; Pachulec et al. 2014). This process is also
dependent on natural transformation. A pi/T mutant, which lacks the ability to retract its
type IV pili and therefore is unable to take up DNA, could not act as a recipient (Kohler et
al. 2013).

4 Secreted DNA affects biofilm formation

In addition to the role of secreted DNA in the transfer of genetic information, other roles,
such as acting as a nutrient source or as an important structural component of biofilms have
been suggested (For review see: Vorkapic et al. 2016). At the onset of biofilm formation, the
initially planktonic bacteria attach reversibly to the surface and start to produce an
extracellular matrix of polymeric substances, which results in their irreversible attachment to
the surface (Dunne 2002). These polymeric substances can consist of exopolysaccharides,
secreted proteins, membrane vesicles or extracellular DNA. For many bacteria, including V.
gonorrhoeae, it was demonstrated that extracellular DNA is an important component of the
biofilm (Steichen et al. 2011; Zweig et al. 2014; Vorkapic et al. 2016). Growth of N.
gonorrhoeae MS11 biofilms in a medium containing Exonuclease I, which specifically
degrades ssDNA, delayed biofilm formation in its initial phases (Zweig et al. 2014).
Strongly delayed biofilm formation was also observed in a AtraB strain (MS11A4traB), which
is impaired in sSDNA secretion in comparison with its parental strain (Pachulec et al. 2014;
Zweig et al. 2014). Restoration of the AtraB strain with traB (MS11AtraB::traB) resulted in
biofilm formation comparable to the MS11 parental strain. This result demonstrates that the
sSDNA secreted by the T4SS plays an important role in the initial phases of biofilm
formation (Zweig et al. 2014).
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5 The T4SS functions in tonB-independent iron uptake

N. gonorrhoeae must acquire iron from its environment to survive. During infection of the
iron-deplete female lower genital tract, this is accomplished by upregulating expression of
genes related to iron scavenging from host transferrin and lactoferrin (e.g. tbp, /bp, fop) and
other iron-regulated genes (West and Sparling 1985; McClure et al. 2015). These scavenging
proteins rely on TonB, as demonstrated during intracellular infection and replication within
MEZ180 cervical epithelial cells (Hagen and Cornelissen 2006). However, Zola et al. reported
that an . gonorrhoeae mutant lacking the fonB gene is able to survive intracellularly during
infection of ME180 cervical cells, provided that it has a GGI with intact structural
components of the T4SS (Zola et al. 2010). This phenotype is independent of the ability of
N. gonorrhoeae to actively take up or secrete DNA, as tested by assaying intracellular
growth of gonococcal strains lacking pi/T or the non-structural GGI genes parA, traD, and
tral (Zola et al. 2010). The mechanism of iron uptake for these mutants is unknown, as is the
role of the T4SS in this process. However, the implication that the T4SS machinery can
affect bacterial survival independent of DNA secretion opens an intriguing series of new
questions for future investigation.

6 Presence of the GGI correlates with antibiotic resistance

N. gonorrhoeae elaborates different surface-exposed components such as type IV pili and
opacity proteins which frequently undergo phase- and antigenic variation allowing for
efficient evasion of the host immune system (Hill et al. 2016). Moreover, the ability to
rapidly exchange DNA, mutations and a high recombination rate promote spread of
resistances against various antimicrobials, which is a major health concern. The only option
left for first-line monotherapy of gonorrhea is the use of third-generation cephalosporins,
although treatment failures have already been reported (Unemo 2015). Recently, first-line
dual-therapy of uncomplicated gonorrhea infections has been introduced in several high-
income countries, and has been successful thus far (Unemo 2015).

In a 2016 study, a significant positive correlation between the presence of the GGI and
resistance to a variety of common antimicrobials was found (Harrison et al. 2016).
Investigators mined whole genome sequencing data for antimicrobial resistance (AMR)
determinants from 289 gonococcal isolates from which MIC (minimal inhibitory
concentration) values against several antimicrobials were available. With the mined data,
genotypic AMR datasets were generated comprising predictions about the resistances of
strains to certain antimicrobials, which were then compared to the reported MIC values, if
available. For instance, cefixime resistance was predicted and found in 56% of the GGI*
strains, but only in 4% of the GGI~ strains. 74% of the GGI* strains were predicted to be
resistant to Ciprofloxacin compared to 33% of the GGI™ strains. The mechanisms governing
this association are unknown, however possibilities include increased horizontal gene
transfer due to the presence of the T4SS, activity of the putative YdbB-YdcA toxin-antitoxin
system, or competition somewhere during the evolutionary history of N. gonorrhoeae
between plasmids and the GGI prior to its chromosomal insertion that could have altered
resistance phenotypes (Harrison et al. 2016).
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7 Characterized components of the T4SS apparatus

7.1 Tral

Several components encoded within the GGI have been characterized. Here we describe
what is currently known about these components (Figure 13.2).

Tral of N. gonorrhoeae belongs to the Moby-family of relaxases, which consists of relaxases
often found on large plasmids, genetic islands and integrative conjugative elements
(Garcillan-Barcia et al. 2009). The available information on Moby relaxases is scarce, since
no Moby relaxase has been analyzed biochemically (Garcillan-Barcia et al. 2009). The
general architecture of Moby-relaxases is an N-terminal relaxase domain, followed by a
middle part of unknown function that varies in length among proteins of this family, and a
C-terminal Tral_C_2 domain (formerly known as DUF1528) (Garcillan-Barcia et al. 2009).
A unique feature of Moby relaxases is the presence of two different motifs predicted to be
involved in coordination of divalent metal ions. The first motif is reminiscent of the 3-
histidine motif of Mob relaxases which, due to its different sequence arrangement, was
termed “alternative 3-histidine motif” (Garcillan-Barcia et al. 2009). A second motif is the
HD-hydrolase domain, present in metal-dependent phosphohydrolases (Aravind and Koonin
1998; Salgado-Pabén et al. 2007; Garcillan-Barcia et al. 2009). Surprisingly, amino acid
substitutions in Tral revealed that neither the 3-histidine motif nor the HD-hydrolase motif
had an influence on ssDNA secretion, which leaves their physiological role unclear
(Salgado-Pabdn et al. 2007). Moreover, it was shown that Y93, one of three conserved
tyrosines in Tral, is essential for DNA secretion suggesting a role in the DNA transfer
process. Since the secreted DNA in N. gonorrhoeae was shown to be 5’ protected from
DNase treatment, it is assumed that Tral remains bound to the DNA (Salgado-Pabon et al.
2007). Gonococcal Tral and a small subset of closely related relaxases contain a
hydrophobic N-terminus, which suggests its association to the cellular membrane (Salgado-
Pabon et al. 2007). Secretion assays showed that the hydrophobic N-terminus is essential for
ssDNA secretion, but its function is not yet known (Salgado-Pabdn et al. 2007).

7.2 TraA and Trbl

Pilin proteins assemble into the pilus fiber, which facilitates attachment of donor and
recipient cells in conjugation systems and might also form a conduit for substrate secretion
(Babic et al. 2008; Cabezdn et al. 2015; Costa et al. 2016). The GGI encodes TraA, a pilin
homolog and Trbl, which shows homology to the serine protease involved in the
circularization of the pilin subunit of the RP4 plasmid (Eisenbrandt et al. 1999, 2000;
Hamilton et al. 2005). Sequence comparison of the DNA-secreting MS11 strain with other
N. gonorrhoeae GGI™ strains showed that the sequence of the f7aA gene of MS11 comprises
a frameshift mutation resulting in a truncation of the last 14 amino acids of TraA (Jain et al.
2011). Only when the full length gonococcal TraA was expressed in Escherichia coli, it was
processed to a 68-amino acid long circular peptide exclusively by the leader peptidase LepB
and Trbl. First, TraA is co-translationally inserted into the inner membrane, which is
followed by cleavage of the N-terminal signal sequence by LepB. Then, Trbl cleaves three
residues at the C-terminus resulting in a covalent intermediate of Trbl with TraA, which
eventually leads to the circularization of the TraA pilin (Jain et al. 2011). Mutagenesis
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studies of Trbl showed that the conserved Lys-93 and Asp-155 residues are essential.
However, mutagenesis of the putative catalytic Ser-52 did not influence circularization.
Mutagenesis of other serine residues could not identify a catalytic serine, indicating that Trbl
either contains redundant catalytic serine residues or does not employ the serine-lysine dyad
mechanism seen in other systems (Jain et al. 2011). Deletion of neither #aA nor &b/ in
MS11 affected DNA secretion (Pachulec et al. 2014). This shows that the DNA-secreting
MS11 strain expresses a defective pilin subunit, which is not processed and most likely is
not assembled into a pilus, and shows that neither the pilin protein nor pilus assembly is
required for DNA secretion into the medium.

The single-stranded DNA binding protein SsbB is encoded within a genetic cluster present
in several genetic islands of different proteobacteria (Jain et al. 2012). This cluster encodes,
next to SsbB, the ParA and ParB partitioning proteins, the TopB topoisomerase and four
conserved hypothetical proteins. Deletion of ssbB did not affect DNA secretion nor marker
transfer, suggesting no function for SsbB in DNA secretion (Jain et al. 2012). Since the
cluster is conserved, it might play a role in maintenance of the genetic islands. Biochemical
characterization of SsbB showed that it forms stable tetramers that bind ssDNA with high
affinity. The minimal ssDNA binding frame of an SsbB monomer is 15 nucleotides, whereas
it is 70 nucleotides for two SsbB tetramers (Jain et al. 2012).

7.4 TraK, TraV, TraB: The core complex

The core complex of the gonococcal T4SS is comprised of TraB, TraK, and TraV (homologs
of VirB10, VirB9, and VirB7 of plasmid pKM101, respectively) (Chandran et al. 2009;
Ramsey et al. 2014). These gonococcal proteins have limited sequence homology to their F-
plasmid counterparts (between 23% and 29%) but exhibit robust similarity in their
interactions and cellular localization. Both TraK and TraB have been shown to localize to
the outer membrane, and TraK has been shown to interact with TraV by bacterial two-hybrid
assay (Ramsey et al. 2014). These findings are in alignment with those of the F-plasmid
system as well as the VirB/D4 system of Agrobacterium tumefaciens (Chandran et al. 2009).

Native expression levels of gonococcal TraK and TraB are low, such that they are
undetectable by western blot. Thin-section electron microscopy and immunogold labeling of
TraK further corroborated this finding, revealing that TraK could only be observed in a
subset of cells (Ramsey et al. 2014). Due to the low expression levels, a more detailed
structural characterization of the core complex is challenging.

7.5 AtlA, LtgX, EppA, and Yag — peptidoglycan-related proteins

AtlA is a homolog of bacteriophage lambda endolysin (gpR), an enzyme that destroys the £.
coli cell wall during the lytic stage of lambda infection (Dillard and Seifert 1997). Purified
AtlA has a lytic transglycosylase activity and degrades peptidoglycan (Kohler et al. 2007).
TA4SSs often utilize a lytic transglycosylase, and it is assumed that these enzymes serve to
make a localized break in the peptidoglycan to allow assembly of the T4SS apparatus
(Dijkstra and Keck 1996; Baron et al. 1997). This is in accordance with the finding that AtlA
is required for DNA secretion by N. gonorrhioeae (Dillard and Seifert 2001).
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Some gonococcal strains lack atf/A and instead carry the gene egpA. EppA is an M23-family
metallopeptidase capable of degrading peptidoglycan. The purified enzyme was
demonstrated to digest peptidoglycan by cutting peptide crosslinks (Kohler et al. 2013).
Interestingly, strains carrying egpA instead of at/A do not secrete DNA (Kohler et al. 2013).

The E. coliF-plasmid carries a gene for a lytic transglycosylase encoded by orf169
(Manwaring et al. 1999). N. gonorrhioeae encodes a homolog of Orf169 named LtgX.
Deletion of /fgX results in loss of DNA secretion (Kohler et al. 2007). It is not clear why
gonococci would need two peptidoglycan-degrading enzymes for DNA secretion.

The gene just downstream of /fg.Xis yag (Hamilton et al. 2005). Yag has an OmpA-like
domain that has been found in other proteins to bind to peptidoglycan. An in-frame deletion
of yagresulted in a loss of DNA secretion, and this phenotype could be complemented by
expression of yag from a distant locus on the chromosome (Pachulec et al. 2014). Thus, we
predict that Yag binds to peptidoglycan at the site of the T4SS’s passage through the cell
wall, and might bind the apparatus to the wall or otherwise facilitate T4SS assembly.

7.6 ParA and ParB

parA and parB encode a pair of partitioning proteins and are essential for T4SS-dependent
DNA secretion in N. gonorrhoeae (Hamilton et al. 2005; Pachulec et al. 2014). Gonococcal
ParA is a member of the ParA/MinD ATPase family within the P-loop GTPase superfamily,
a superfamily of proteins characterized by a deviant Walker A box containing two conserved
lysine residues (Lutkenhaus 2012; Roberts et al. 2012). A point mutation in the Walker A
box of gonococcal ParA diminishes DNA secretion, demonstrating dependence on the
ATPase function of ParA for function of the T4SS (Hamilton et al. 2005). ParA proteins play
an important role in spatial organization of plasmids, chromosomes, and protein complexes
in many other systems and employ two distinct approaches to do so (Atmakuri et al. 2007;
Lutkenhaus 2012; Roberts et al. 2012). One mechanism, employed by the MinCDE system
in E. coli, involves oscillation of protein(s) to identify the middle of the cell. The other
mechanism, termed the “landmark mechanism”, uses a protein that is anchored to a specific
location within the cell as a guide by which all the other proteins and the substrate of interest
are positioned in relation (Lutkenhaus 2012).

In Agrobacterium tumefaciens, which possesses a VirB/D4 T4SS that injects tumor inducing
T-DNA into the cells of its plant host, the partitioning proteins VirC1 (ParA homolog) and
VirC2 (ParB homolog) have been shown to form a complex and direct the localization of the
relaxosome and T-DNA complexes to the cellular poles where the T4SS machinery is
located. It is thought that this system utilizes the landmark mechanism wherein VirC1 and
VirC2, along with VirD1, form a complex at the pole and then recruit the relaxase VirD2 and
substrate DNA to initiate transfer (Atmakuri et al. 2007).

Evidence of ParA proteins working to direct localization and segregation beyond plasmid
DNA is accumulating; VirC1 activity affects the nucleoprotein complex VirD2-DNA, and
“orphan” ParA proteins that lack an identified cognate ParB have been shown to act in
segregating protein complexes (Atmakuri et al. 2007; Roberts et al. 2012). It is reasonable to
think that gonococcal ParAB may be working similarly, with ParA interacting either
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nonspecifically with DNA or binding specific sequence(s) and ParB activating ParA ATPase
activity to both localize the DNA and interact with the relaxase Tral to initiate transfer of the
substrate through the T4SS (Lutkenhaus 2012).

traG is encoded on the third operon of the GGI, in an operon with #raH proximal to the
promoter followed by #aG and at/A, all of which are essential for T4SS-dependent DNA
secretion (Dillard and Seifert 2001; Hamilton et al. 2001; Kohler et al. 2013; Pachulec et al.
2014). It is transcribed at comparable levels to the parA operon, and both of these have
higher transcript levels than the yarfand /tg.X operons (Pachulec et al. 2014; Ramsey et al.
2015). The traH operon is especially interesting because this region of the GGI exhibits
variation between gonococcal strains (Dillard and Seifert 2001; Hamilton et al. 2001;
Salgado-Pabdn 2008; Kohler et al. 2013). Firstly, three “classes” of the #raH operon have
been identified (Dillard and Seifert 2001). There are strains that carry the fraG allele termed
traG1 alongside at/A, which encodes a peptidoglycan lytic transglycosylase (Dillard and
Seifert 1997; Kohler et al. 2007). These strains are able to secrete DNA, as shown with
strain MS11 (Hamilton et al. 2001; Kohler et al. 2013). Other strains have been identified
that contain an allele of fraG with an extra sequence termed sac-4. This allele, named traG2,
is also found accompanied by at/A, and these strains are capable of DNA secretion (Dillard
and Seifert 2001; Kohler et al. 2013). Some groups reported that the sac-4 sequence may be
associated with serum resistance in N. gonorrhoeae (Mcshan et al. 1987; Nowicki et al.
1997), however more recent studies found no relationship between serum resistance
phenotypes and the presence of the sac-4 allele (Dillard and Seifert 2001; Chen et al. 2008).
Interestingly, both at/A and the sac-4 allele of fraG are significantly overrepresented in
disseminated gonococcal infection isolates compared to local infections isolates (Dillard and
Seifert 2001). A third variant, fraG3, has been found that maintains the conserved N-
terminus of the fraG gene, but is shorter than #aG1 and lacks at/A. In place of at/A these
strains possess eppA, followed by a variant of ych, named ych1, and they lack the gene often
found adjacent to ych, expl. These traG3strains are unable to secrete DNA (Dillard and
Seifert 2001; Hamilton et al. 2001; Kohler et al. 2013). Additional variation has been
identified in the exp-cspA-exp2region of the GGI (Salgado-Pabén 2008). These genes are
not essential for DNA secretion, and the source and consequences of these variations are
presently unknown (Pachulec et al. 2014).

In gonococci, TraG localizes to the inner membrane, and it has five transmembrane domains,
putting the N-terminus in the periplasm and the C-terminus in the cytosol (Kohler et al.
2013). Functionally similar T4SS inner membrane proteins include A. tumefaciens \/irB6
and F-plasmid TraG (Kohler et al. 2013). TraGg is hypothesized to form part of the
transmembrane channel that allows substrate passage into the recipient cell (Firth and
Skurray 1992; Frost et al. 1994; Audette et al. 2007). The inability of gonococcal TraG3 to
function for DNA secretion suggests that TraGgg might have more than a structural role
and might affect substrate specificity, possibly by interacting with the coupling protein or the
relaxosome. In the F-plasmid system, there is evidence that TraGg interacts with proteins in
the recipient cell periplasm during conjugation, which would be consistent with the
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hypothesis that TraGgg) may interact with other T4SS proteins to affect T4SS function
(Audette et al. 2007).

8 Transcriptional regulation

8.1 Operon structure

Analysis of the mRNA transcripts of GGI genes focused mainly on the regions that contain
genes involved in DNA secretion. These analyses identified at least 5 different operons: the
yaf-yaa operon, the /fgX-traF operon, the traH-ych operon, the ssbB-yegA operon and the
parA-yfaoperon (Hamilton et al. 2001, 2005; Kohler et al. 2007; Salgado-Pabén et al. 2007;
Jain et al. 2012; Pachulec et al. 2014) (Figure 13.1). The yaa-yafoperon contains genes for
the relaxase Tral and for the coupling protein TraD. The operon is divergently transcribed
from the /tgX-traF operon leaving an intergenic region between yafand /fgX of 630 bp
which comprises the promoters for yarfand /tgX as well as the oriT (Salgado-Pabon et al.
2007; Pachulec et al. 2014; Ramsey et al. 2015). #raD, tral and yaa are conserved among
GGl-like T4SS, with the exception of yafwhich is, apart from N. gonorrhoeae, only found
in the GGlI-like T4SS of N. meningitidis and N. bacilliformis (Pachulec et al. 2014).
Mutation of yafhad no effect on DNA secretion, whereas deletion of yaaresulted in a 7-fold
increase of secreted DNA. Interestingly, mutation of yaa results in an increase of transcript
levels of the genes tral, traD, ltgX, traH and parA, representing all four GGI operons
containing genes essential for DNA secretion. However, the mechanism by which mutation
of yaaincreases the secreted DNA levels remains unknown (Pachulec et al. 2014). The /fgX-
traF operon contains 14 of the essential 21 genes, of which the majority encode for structural
components of the T4SS (Salgado-Pabén et al. 2007; Pachulec et al. 2014). The traH-ych
operon encodes four genes including the variable #raG and a gene for the lytic
transglycosylase AtlA, which was not found in other GGI-like T4SS (Dillard and Seifert
2001; Pachulec et al. 2014). In the genetic region close to the difB site, only the parA and
parB genes are essential for DNA secretion (Pachulec et al. 2014). They are located at the
beginning of the parA-yfa operon. This is followed by another operon from ssbB to yegA
(Jain et al. 2012). This parA-yegA operon structure seems in part conserved; it is often
found at the borders of large genetic islands like the PAGI-3(SG), PAGI-2(C) and c/c-like
genetic islands found in Pseudomonas aeruginosa and other organisms (Larbig et al. 2002).

8.2 Transcript levels and sRNAs

Targeted qRT-PCR studies have provided a transcriptional profile of the GGl, specifically for
the four operons containing genes for DNA secretion (Salgado-Pabén et al. 2010; Pachulec
et al. 2014; Ramsey et al. 2015). The P ,roperon, comprised of yaf, tral, traD, and yaa,
produces low transcript levels as determined by qRT-PCR of the #ra/and traD genes
(Salgado-Pabdn et al. 2010; Pachulec et al. 2014; Ramsey et al. 2015). Overexpression of
this operon using a strong ermC promoter increased DNA secretion above wild type levels,
but only in non-piliated gonococci (Salgado-Pabon et al. 2010). The P g, x promoter has
extremely low expression levels as measured by /fgX and fraK transcript levels (Pachulec et
al. 2014; Ramsey et al. 2015). These transcript levels have been consistently reported to be
lower than those of the P,,roperon, and #aK levels are shown to be significantly lower than
those of #al (Pachulec et al. 2014; Ramsey et al. 2015). Alteration of both P zrand P x to
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consensus promoter sequences increased transcription and protein levels from these
promoters, as measured by qRT-PCR of fra/and traK mRNA and western blotting for Tral
and TraK proteins (Ramsey et al. 2015). The gonococcal strain with these consensus
promoters exhibited variable DNA secretion with a non-significant trend of increased DNA
secretion over the wild type strain (Ramsey et al. 2015). Transcript levels for all three genes
under control of Py have been reported to be significantly higher than those of fra/and
traK (representing the yafand /tgX operons), with traH having the most robust expression,
followed by at/A, and finally traG (Ramsey et al. 2015). This result may indicate that the
traH promoter is stronger than P ,rand P x; although not all transcription initiation events
are able to transcribe the entire operon. In addition to the P promoter, another promoter
has been reported immediately upstream of a#/A, which would explain its increased
transcript levels over fraG (Remmele et al. 2014). The final operon of the GGI that contains
genes essential to DNA secretion depends upon the parA promoter (Hamilton et al. 2005;
Pachulec et al. 2014). Expression of this operon is more robust than that of the P ,cand P x
operons, and transcripts are at least as abundant as those on the fraH operon, if not more so
(Pachulec et al. 2014; Ramsey et al. 2015).

The N. gonorrhoeae transcriptome has also been assessed by Remmele et af. for the GGI*
strain MS11 using differential RNA-Seq methods. This study mapped three of the four
transcripts for TASS genes but did not detect a transcript for the /fgX operon, the latter was
likely below the detection limit in this study. Furthermore, in the RNA-Seq study, seven
antisense transcripts were detected among the T4SS genes (Figure 13.1). Three of these
SRNAs are internal to coding sequences (fraV/ ybi, and parB), three overlap the beginnings
of genes (fraD, traA, parA) and one overlaps with ybe, trbl, and fralW. The functions of these
antisense transcripts are not known, but it is reasonable to assume that they may decrease
transcript stability for the T4SS genes or decrease T4SS protein translation (Remmele et al.
2014).

9 Translational regulation

Regulation of the T4SS at the translational level has been identified by Ramsey et al. for the
traH transcript of the GGI (Ramsey et al. 2015). The 5’UTR of this transcript contains two
stem loops (SL1 and SL2) which, when folded, the stem loop proximal to #raH (SL2)
occludes its RBS and start codon, thereby preventing ribosome binding and translation of
TraH, TraG, and possibly AtlA. Mutation to prevent stem loop formation increases protein
levels upwards of 8x104-fold compared to the wild type sequence. Furthermore, the 5’UTR
also has the capacity to form one alternative stem loop (SL3) using a portion of both SL1
and SL2 that does not occlude the RBS or start codon of #raH. Genetic modification of the
5’UTR to make the formation of SL3 favorable also increased protein levels from this
operon on the order of 10%. These findings suggest that an RNA switch mechanism regulates
translation for the #raH operon-encoded transcript in which formation of SL1 and SL2 is
favorable and translation of these proteins is “OFF” by default. When the formation of SL3
becomes favorable, perhaps by the binding of an unidentified factor to the upstream leg of
SL1, translation is effectively turned “ON”. While manipulating this regulatory mechanism
increased protein levels, it did not significantly alter DNA secretion by the T4SS when
tested in combination with the consensus promoter mutations increasing Pyzrand P g x
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transcription as discussed in section 7.2 (Ramsey et al. 2015). There may be additional
translational regulation of the T4SS. A sequence found in SL1 is also present on the
antisense strand at the /fgX translational start site, suggesting that proteins encoded on the
big operon may also be subject to translational control.

10 Concluding Remarks

10.1 Expression of the T4SS

10.2 Unique

Although the GGI-encoded T4SS has dramatic effects on co-culture transformation /n7 vitro,
the numbers of T4SS apparatuses observed on N. gonorrhoeae cells by microscopy and the
amounts of T4SS proteins detected on western blots are very low (Hamilton et al. 2001;
Ramsey et al. 2014). Thus, future studies of the T4SS will either have to rely on genetic
methods or will require knowledge that allows for increased production of the T4SS. Recent
identification of factors controlling translation represents progress in understanding the
regulation of the system (Ramsey et al. 2015). The sequence conserved at the beginning of
ltgX and in stem-loop 1 (SL1) of #raH suggest that an unknown factor may control
translation of some proteins on both of these transcripts (Ramsey et al. 2015). It is possible
that identification of this factor will lead to a method for increasing T4SS production.

Although understanding T4SS expression would lead to advances in understanding the T4SS
in multiple areas, it is possible that forcing expression of the T4SS genes would allow for
more functional studies. Initial attempts at producing a constitutive expression strain did not
lead to significantly more secretion, and the over-expressed proteins examined were subject
to degradation in the periplasm (Ramsey et al. 2015). However, it is possible that multiple
proteins in addition to TraH and TraG are also translationally regulated, and expression
constructs that facilitate translation of these proteins may lead to more T4SS expression.

Progress is being made in identifying regulatory factors as well as environmental conditions
that increase T4SS expression. Initial studies suggest that amounts of iron and other metals
affect expression of #raD, and the transcriptional regulators Fur and FarR both affect
transcript levels (Dillard 2014).

components of the GGl and F-plasmid like systems

TASSs related to the £. coli F-plasmid have a number of components that do not have
homologs in the A. tumefaciens VirB/D4 system or other highly characterized systems
including TraU, TraW, TrbC, TraN, TraF, TraH, and the TraG C-terminal regions (Lawley et
al. 2003). These F-plasmid specific proteins are of interest as well as the proteins that differ
between the gonococcal system and F-plasmid. In the N. gonorrhoeae TASS, very tight
translational regulation of TraH and TraG was found, but it is not clear why these particular
components are a regulation target (Ramsey et al. 2015). A number of GGI encoded proteins
are different from F-plasmid (Hamilton et al. 2005). Examination of these proteins and their
interactions may reveal how gonococci are able to secrete DNA directly into the medium
instead of into a target cell. Noteworthy examples include the need for two
peptidoglycanases in gonococci (AtlA and LtgX), as well as the presence of two proteins
with similarity to TraN (Ybi and TraN) (Hamilton et al. 2005; Kohler et al. 2007).
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Furthermore, the relaxosome components are not conserved and may explain important
differences that allow gonococcal DNA secretion.

Variant forms of the GGI raise a number of questions about T4SS function. The versions of
the T4SS that carry eppA instead of at/A have not been found to secrete DNA, suggesting
that they perform a different function (Woodhams et al. 2012; Kohler et al. 2013). Do these
versions of the apparatus secrete protein effectors? Do they transfer DNA by conjugation?
Since the T4SS has been found to be important during intracellular growth, examination of
possible phenotypes in that milieu may be fruitful (Zola et al. 2010).

10.3 Effects on horizontal gene transfer

The abundance of N. gonorrhoeae genome sequences and the ability to cheaply sequence
additional strains allows for an examination of the effects of the T4SS on recombination in
the gonococcal population. The mechanism of T4SS-mediated gene transfer may result in
some regions of the chromosome being transferred more than others or GGI* strains more
effectively spreading their genes to other strains or species. The identification of antibiotic
resistance associated with the genomic presence of the GGI suggests that the T4SS does
have measureable effects on gonococcal populations (Harrison et al. 2016). Experiments to
identify the mechanisms underlying the increased likelihood of GGI* strains to exhibit
antimicrobial resistance may give the most insight into the medically relevant role of the
T4SS in N. gonorrhoeae infection.
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Figure 13.1. Map of the gonococcal genetic island (GGI)
The 22 genes essential to DNA secretion (blue) are encoded on four operons. Note that the

transcript containing ya@bA is continuous with the transcript containing cspA. difsites are
shown in red. Transcripts were detected using reverse transcriptase PCR (Pachulec et al.
2014, Jain et al. 2012, light purple) and RNA-seq (Remmele ef al. 2014, dark purple). A
number of SRNASs have also been identified in this region (Remmele et a/ 2014, orange).
Expression from these operons is variable, as represented by the thickness of the promoters.
The three #raG alleles are shown in parallel to one another. The GGI in strain MS11 was
originally thought to be 57 kb in length, but re-sequencing identified a repeat at yecB and an
additional ORF making the complete GGI 59 kb (accession #CP003909.1).
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Figure 13.2. Model of horizontal genetransfer asfacilitated by the gonococcal T4SS
The core outer membrane complex of the gonococcal T4SS is made of TraK, TraB, and

TraV. Insertion into the membrane is thought to depend on the cutting of the peptidoglycan
layer by AtlA, and periplasmic proteins such as Yag, TraW, TraF, TraH, TrbC, and LtgX are
likely involved in assembly of the apparatus. Transport of DNA and incorporation into the
recipient cell is thought to occur as follows: (1) Tral nicks the chromosome at the or/ 7 and is
localized to the secretion system with the help of the partitioning proteins ParA and ParB.
(2) The Tral-ssDNA complex is transported out of the cell, facilitated by the coupling
protein TraD and the ATPase TraC. (3) Once outside the cell, the ssDNA may bind ComP on
the type IV pilus of a neighboring cell (shown as orange, where the major pilin protein is
shown as yellow), (4) Retraction of the pilus brings the DNA into the recipient periplasm,
where it is then transported across the inner membrane by the competence (Com) system. (5)
Finally, the DNA is incorporated into the genome by homologous recombination.
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