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TraK and TraB Are Conserved Outer Membrane Proteins of the
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Low Levels in Wild-Type Cells
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Neisseria gonorrhoeae uses a type IV secretion system (T4SS) to secrete chromosomal DNA into the medium, and this DNA is
effective in transforming other gonococci via natural transformation. In addition, the T4SS is important in the initial stages of
biofilm development and mediates intracellular iron uptake in the absence of TonB. To better understand the mechanism of type
IV secretion in N. gonorrhoeae, we examined the expression levels and localization of two predicted T4SS outer membrane pro-
teins, TraK and TraB, in the wild-type strain as well as in overexpression strains and in a strain lacking all of the T4SS proteins.
Despite very low sequence similarity to known homologues, TraB (VirB10 homolog) and TraK (VirB9 homolog) localized simi-
larly to related proteins in other systems. Additionally, we found that TraV (a VirB7 homolog) interacts with TrakK, as in other
T4SSs. However, unlike in other systems, neither TraK nor TraB required the presence of other T4SS components for proper
localization. Unlike other gonococcal T4SS proteins we have investigated, protein levels of the outer membrane proteins TraK
and TraB were extremely low in wild-type cells and were undetectable by Western blotting unless overexpressed or tagged with a
FLAGS3 triple-epitope tag. Localization of TraK-FLAG3 in otherwise wild-type cells using immunogold electron microscopy of
thin sections revealed a single gold particle on some cells. These results suggest that the gonococcal T4SS may be present in single
copy per cell and that small amounts of T4SS proteins TraK and TraB are sufficient for DNA secretion.

Neisseria gonorrhoeae is the causative agent of the sexually
transmitted disease gonorrhea and is a strict pathogen of hu-
mans. Most strains of N. gonorrhoeae encode a type IV secretion
system (T4SS) that secretes chromosomal DNA into the extracel-
lular environment (1-3). N. gonorrhoeae is naturally transform-
able, and the DNA secreted by the T4SS can be taken up by other
members of the population and incorporated into the chromo-
some by homologous recombination, thereby providing a mech-
anism of DNA donation independent of cell death and autolysis
(4). The secreted DNA also acts in the initiation of biofilm devel-
opment (5). The genes for the gonococcal T4SS are encoded on
the gonococcal genetic island (GGI), a 57-kb genetic island that
was likely horizontally acquired and is inserted in the chromo-
some near the replication terminus (1, 2, 6). T4SSs are a diverse
family of transmembrane complexes that include both conjuga-
tion systems (such as F plasmid and the IncN plasmid pKM101)
and effector translocator systems that deliver proteins or DNA-
protein complexes directly into host cells (such as the well-studied
VirB/D T4SS in Agrobacterium tumefaciens) (7-10). The fact that
the gonococcal T4SS secretes DNA into the extracellular environ-
ment and not directly into a recipient or host cell distinguishes it
from the other characterized T4SSs. The Ptl system in Bordetella
pertussis is the only other example of contact-independent type IV
secretion—in this case, of pertussis toxin (11).

Recent structural studies of the T4SS encoded by the IncN
conjugative plasmid pKM101 and the IncW conjugative plasmid
R388 have greatly increased our understanding of the structural
biology of T4SSs (12—15). The 1.1-MDa core complex encoded by
pKM101 is composed of 14 copies each of TraOy, TraNy, and
TraF (the homologs of gonococcal TraK, TraV, and TraB, re-
spectively), and a two-helix bundle in TraFy forms the outer
membrane pore (12). The T4SS genes contained in the GGI ex-
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hibit limited sequence similarity to characterized homologs, al-
though the gene organization is most similar to that of F plasmid
(2, 16). Very little is known about the assembly, structure, expres-
sion, and localization of the T4SS in gonococci, and in this study,
we focus on three structural proteins predicted to localize to the
outer membrane of the gonococcal T4SS apparatus: TraK, TraV,
and TraB. All three proteins are required for type IV secretion in
gonococci (17). These proteins are of particular interest given that
gonococcal DNA secretion does not require contact with a recip-
ient cell, and it is possible that outer membrane proteins in the
gonococcal T4SS may perform different functions or be subject to
different selective pressures in gonococci compared with other
characterized T4SSs. TraK, TraV, and TraB are also of interest
given that they are highly conserved among sequenced gonococcal
isolates (see Fig. S1 to S3 in the supplemental material). There are
very few examples of conserved surface proteins in Neisseria, and
many molecules in the gonococcal outer membrane undergo
high-frequency phase and antigenic variation, including lipooli-
gosaccharide, the type IV pilin subunit, and the opacity proteins
(18, 19).

The present study addresses fundamental questions regarding
the expression and localization of the gonococcal T4SS. We show
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that TraK localizes to the outer membrane in gonococci and in-
teracts with the predicted lipoprotein TraV, as is the case in other
T4SSs. An epitope-tagged variant of TraB (TraB-FLAG) also lo-
calizes to the outer membrane. Unexpectedly, TraK and TraB-
FLAG were not detectable by Western blotting in wild-type (WT)
cells during log-phase growth, despite the fact that gonococci se-
crete DNA throughout their growth cycle (20). A variant of TraK
containing a triple C-terminal FLAG epitope, TraK-FLAG3, was
detectable when expressed at WT levels, presumably due to signal
amplification from the tandem epitope tag. In immunogold elec-
tron microscopy (EM) studies, overexpressed TraK-FLAG3 local-
ized throughout the cell envelope on all cells, but expression from
the native promoter resulted in low levels of TraK-FLAG3, with
only some cells exhibiting a single gold particle in the outer mem-
brane. We used flow cytometry to investigate whether TraK-
FLAG3 might be differentially expressed at higher levels in a subset
of the population, which could explain the apparently low expres-
sion levels in immunoblots. We found that a population of cells
expressing traK-FLAG3 from the native locus was indistinguish-
able from the negative control, but increasing TraK-FLAG3 levels
by 4-fold using an inducible promoter was sufficient to detect an
increase in expression. Since we did not observe any subpopula-
tions in the native expression strain producing TraK-FLAG3 at
higher levels than in the negative control, it is unlikely that sub-
populations exist with more than a 4-fold increase in TraK-
FLAGS3 expression. Collectively, these studies suggest that, despite
low sequence similarity of the structural proteins to characterized
homologs, the outer membrane pore of the gonococcal T4SS is
similar to that in other systems. Since N. gonorrhoeae is only found
within human hosts, the low-level expression of potentially sur-
face-exposed components of the secretion apparatus is particu-
larly interesting and may have important implications for the reg-
ulation and basic biology of this conserved transmembrane
apparatus.

MATERIALS AND METHODS

Bacteria and growth conditions. The bacterial strains used in this study
are described in Table 1. Escherichia coli strains were grown on Luria-
Bertani (LB) agar plates or in LB broth at 37°C (21). Gonococcal strains
were grown on gonococcal base (GCB) agar plates (Difco) containing
Kellogg’s supplements (22) or in GCB liquid medium (GCBL) containing
Kellogg’s supplements and 0.042% NaHCO; (cGCBL) (23). Erythromy-
cin was used at 10 pg/ml for gonococci and 500 pg/ml for E. coli. Chlor-
amphenicol was used at 10 pg/ml for gonococci and 25 pg/ml for E. coli.
Ampicillin was used at 100 pg/ml for E. coli. Gene expression in gonococci
was induced with 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG). N.
gonorrhoeae cultures were grown for 3 h (into the mid-late-logarithmic
phase) before being harvested for analysis.

DNA techniques. The plasmids used in this study are described in
Table 1, and the primer sequences are provided in Table 2. The QiaPrep
miniprep kit (Qiagen) was used to isolate plasmid DNA. The QiaQuick gel
extraction kit (Qiagen) was used to gel purify digested DNA. T4 DNA
polymerase (New England BioLabs) was used to generate blunt DNA
ends. Following ligation with T4 DNA ligase (New England BioLabs),
DNA was transformed into chemically competent RapidTrans TAM1 E.
coli cells (Active Motif). Transformants were screened for the expected
plasmid construct by analysis of whole-cell lysates using the lysis solution
of Kado and Liu (24). Additional screening was performed using restric-
tion enzyme digestion and PCR.

Transformation of gonococci. Gonococci were transformed with
plasmid DNA using spot transformations (25). Plasmids smaller than
8,000 bp were linearized before transformation. Between 1 and 10 g
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plasmid DNA in water was spotted onto a GCB plate and allowed to dry.
Several piliated colonies of the appropriate gonococcal strain were
streaked over the spot, and the plate was incubated overnight at 37°C with
5% CO,. A Dacron swab was used to transfer colonies from the spots onto
plates containing 10 pg/ml chloramphenicol or erythromycin to select for
transformants. Alternatively, in the absence of antibiotic selection, colo-
nies were swabbed from the spots into GCBL, serially diluted, and plated
on GCB agar. Individual transformants were then restreaked and screened
by PCR.

Protein purification. TraK was purified without its signal sequence
(amino acids 44 to 244) as a C-terminal fusion to maltose binding protein
(MBP) using pKLD116 (26). Plasmid pMR12 (encoding the malE-'trak
fusion) was transformed into E. coli BL21 for expression and purification.
Overnight cultures of E. coli BL21 containing pMR12 were used to inoc-
ulate 4 liters of LB broth containing 100 pg/ml ampicillin. Cultures were
grown at 37°C with shaking to an optical density at 600 nm (ODg,) 0f 0.5.
The temperature was dropped to 21°C, 0.3 mM IPTG was added, and the
cultures were grown overnight with shaking. The cells were harvested by
centrifugation at 3,000 X g for 10 min and resuspended in 3 ml of amylose
column buffer (20 mM Tris-HCl [pH 7.4], 200 mM NaCl, 10% glycerol)
per 1 g (wet weight) of cells. Cells were lysed by three passages through a
French press cell at 1,200 Ib/in?, and the lysate was centrifuged at 20,200 X
g for 30 min to remove unlysed cells. The supernatant was incubated with
1 ml amylose resin (New England BioLabs) at 4°C with mixing for 2 h and
then loaded onto a gravity column. After the column had been washed
with amylose column buffer, 1.5-ml fractions were eluted with 0.001, 0.01,
0.1, 1, and 10 mM maltose. The fractions were pooled and dialyzed over-
night against nickel column buffer (20 mM Tris-HCl [pH 8.0], 300 mM
NaCl, 10% glycerol). Following incubation with 1 ml nickel resin (Sigma)
at 4°C for 2 h with gentle shaking, the mixture was loaded onto a gravity
column and washed with nickel column buffer containing 10 mM imida-
zole, and fractions were eluted with 30, 60, 100, and 150 mM imidazole.
The purest fractions were pooled and dialyzed twice against storage buffer
(50 mM Tris-HCI [pH 8.0], 100 mM NaCl, 10% glycerol). The final prep-
aration was 1.2 mg/ml and estimated to be 95% pure by densitometry
analysis of a Coomassie-stained gel. MBP was purified in a similar manner
from pKLD116 (26).

Monoclonal antibody production. Purified MBP-TraK and MBP
were sent to GenScript for monoclonal antibody production. Hybridoma
lines were generated and screened by enzyme-linked immunosorbent as-
say (ELISA) to identify antibodies that reacted with MBP-TraK but not
with the MBP tag purified from the empty vector. Three hybridoma lines
were identified in this manner and named 2E5, 3H4, and 3B8. The hybrid-
oma line 2E5 was selected for protein A/G affinity purification.

We sought to determine the epitopes for the TraK monoclonal anti-
bodies by constructing a set of plasmids expressing different lengths of the
traK gene fused to the 3’ end of the malE gene and assaying for antibody
recognition by Western blotting of E. coli lysates. Coomassie staining of
SDS-polyacrylamide gels confirmed that each MBP-TraK fusion was pro-
duced. The results of these experiments are summarized in Fig. S4 in the
supplemental material. The epitope for the 3B8 antibody is located near
the N terminus of TraK between amino acids Leu44 and Ile113 (pCK3 in
Fig. S4). The epitopes for the 2E5 and 3H4 antibodies are located closer to
the C terminus of TraK between amino acids Ser152 and Gly244 (pMR84
in Fig. S4). We expressed smaller portions of this region (in pMR85 or
PMR92) and also tested a 30-amino-acid peptide spanning these regions
(Leul79 to 11e208), but we did not observe recognition by the 2E5 or 3H4
antibodies in any of these cases (data not shown and Fig. S4).

These results suggest that the 2E5 and 3H4 antibodies recognize a
similar epitope in a 92-amino-acid region near the C terminus of TraK.
The epitope may be discontinuous given that neither antibody recognized
a MBP-TraK fusion protein that contained smaller portions of this region.
We were unable to use the 2E5 and 3H4 antibodies to detect TraK by
immunofluorescence microscopy, suggesting that these antibodies may
not recognize natively folded protein (data not shown). We were able to
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TABLE 1 Bacterial strains and plasmids used in this study

Plasmid or Reference
strain Properties or source
Plasmids
pBT Bacterial 2-hybrid bait plasmid for making C-terminal lambda phage cI fusions Stratagene
pBT-traD Bait plasmid encoding AcI-TraD (includes 450 bp downstream of traD); PCR of traD with BamHI-traD-F and Xhol-traD-R into pBT This work
BamHI and Xhol sites
pCK3 Digestion of pMR12 with Xmal and Clal, blunted and self-ligated (encodes MBP-TraK, ,, 1,15, G231-G24a) This work
pCK4 Digestion of pMR12 with Sacl and Smal, blunted and self-ligated (encodes MBP-TraKg, 5, g44) This work
pCK5 Digestion of pMR12 with Spel and Clal, blunted and self-ligated (encodes MBP-TraKyp,, 1, G>44) This work
pIDN3 Cloning vector 70
pKH37 IctP-aspC complementation construct 71
pKH86 Bait plasmid encoding NcI-TraV,, 103 PCR of traV with traV-EcoRI-F and traV-Xhol-R into pBT EcoRI and Xhol sites This work
pKH87 Target plasmid encoding RNAPa-TraKs;_¢,445 PCR of traK with traK-EcoRI-F and traK-Xhol-R into pTRG EcoRI and Xhol sites This work
pKH103 Bait plasmid encoding AcI-TraD (includes 86 bp downstream of traD); PCR of pBT-traD with traDdel-Xhol and traD-Xhol?2, This work
digested with Xhol and self-ligated
pKH170 Target plasmid encoding RNAPa-TraVy, 1,95 traV on Notl-Xhol fragment of pKH86 into pKH87 digested with NotI and Xhol This work
pKLD116 Cloning vector for constructing His,-MBP fusions 26
pMR10 PCR of MS11 chromosome with traK-RBS-EcoRI and traK-R-STOP into pIDN3 EcoRI and Xhol sites (contains full-length traK) This work
pMRI12 PCR of MS11 chromosome with TraK-SspI-F and TraK-Nhel-R into pKLD116 Sspl and Nhel sites (encodes MBP-TraK, ,, .4 for This work
protein purification)
pMR21 PCR of MS11 chromosome with delTraKF-EcoRV and TraKstartR-Sall into pIDN3 EcoRV and Sall sites (505 bp 5" traK flanking This work
DNA)
pMR22 PCR from MS11 chromosomal DNA with TraKendF-Sall and delTraKR-Xhol into pMR22 Sall-Xhol sites (690 bp 3" traK flanking This work
DNA, including last 15 bp of traK)
pMR23 PCR of MS11 chromosome with TraKendF-Sall and delTraKR-Xhol into pMR21 Sall and Xhol sites (traK deletion construct, which This work
contains the last 15 bp of traK)
pMR26 PstI-Xhol fragment of pMR10 into PstI and Xhol sites of pKH37(traK overexpression construct) This work
pMR73 PCR from MS11 chromosome with TraBF-Sall and TraBR-Xhol into pIDN3 Sall and Xhol (contains full-length traB with 100 bp 3’ This work
flanking sequence)
pMR74 PCR around pMR73 with TraB-FLAGCter-F and TraB-FLAGCter-R, digestion with Bsal, and self-ligation (contains traB-FLAG) This work
pPMR78 Xhol-Spel fragment of pMR74 into Xhol and Spel sites of pKH37 (traB-FLAG overexpression construct) This work
pMR81 PCR of pCK5 with pCK5F-Spel and pCK5R100 into pKLD116 Spel and HindIII sites (encodes MBP-TraKp, 1, 1146) This work
pMR82 PCR of pCK5 with pCK5F-Spel and pCK5R200 into pKLD116 Spel and HindIII sites (encodes MBP-TraKy,, 4 p1o0) This work
PMR83 PCR of pCKS5 with pCK5F-Spel and pCK5R-end into pKLD116 Spel-HindIII (encodes MBP-TraKyp,, 4 G244) This work
pMR84 PCR of pMR83 with pMR83F1-Spel and pCK5R-end into pKLD116 Spel and HindIII sites (encodes MBP-TraKg, 5, 544) This work
pMR85 PCR of pMR83 with pMR83F2-Spel and pCK5R-end into pKLD116 Spel and HindIII sites (encodes MBP-TraK, g5 ;244) This work
pMR92 Digestion of pMR84 with Stul and Nhel, blunted, and self-ligated (encodes MBP-TraKg, 5, 103) This work
pPMR100 PCR of linker-FLAG3 amplicon with FLAG3-EcoRI-F and FLAG3-HindIII-R into pIDN3 EcoRI and HindIII (plasmid for This work
constructing C-terminal linker-FLAG3 fusions)
pMR101 PCR of traK from MS11 chromosomal DNA with traK-RBS-SaclII and traK-EcoRI-R2 into the EcoRI and SacII sites of pMR100 This work
(contains traK-FLAG3)
pMR102 SaclI-Xhol fragment of pMR101 into the SacII and Xhol sites of pKH37 (IPTG-inducible traK-FLAG3 overexpression construct) This work
pMR104 PCR of traK from pMR101 with traK-RBS-SacII and traK-FLAG3-Sall-R into SacII and AccI sites of pMR22 (traK-FLAG3 with 3’ This work
flanking DNA)
pMR120 traK-FLAG3 on SaclI-Sall fragment of pMR101 into SacII and Sall sites of pMR68 (ATc-inducible traK-FLAG3 overexpression This work
construct)
pTRG Bacterial 2-hybrid target plasmid for making C-terminal RNAP« subunit fusions Stratagene
N. gonorrhoeae
strains
MR535 MS11 transformed with pMR23 (AtraK) This work
MR537 MS11 transformed with pMR26 (IPTG-inducible traK at IctP-aspC site) This work
MR538 ND500 transformed with pMR26 (IPTG-inducible trakK at IctP-aspC site) This work
MR565 MS11 transformed with pMR78 (traB-FLAG at IctP-aspC site) This work
MR600 MS11 transformed with pMR102 (IPTG-inducible traK-FLAG3 at IctP-aspC site) This work
MR602.1° MS11 transformed with pMR104 (traK-FLAG3 at native locus) This work
MR645 ND500 transformed with pMR78 (AGGI, traB-FLAG at IctP-aspC site) This work
MR646 MS11 transformed with pMR74 (traB-FLAG at native locus) This work
MR673 MR602.1 transformed with pKH37 (traK-FLAG3 at native locus; Cm") This work
MR675 MS11 transformed with pMR120 (ATc-inducible traK-FLAG3 at iga-trpB site) This work
MS11 WT N. gonorrhoeae 72
ND500 MS11 AGGI 2

“ For clarity, MR602.1 will be referred to as MR602 in this study.

detect TraK in cell lysates of a traK overexpression strain using the 3B8
antibody by ELISA, suggesting that, in contrast to 2E5 and 3H4, the 3B8
antibody may recognize a native epitope (data not shown).

Western blots. Neisseria strains were lysed by sonication (30 s of son-
ication at 35% amplitude with a 1-s on/off pulse using a Branson digital
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sonicator), SDS-loading dye was added, and the samples were boiled for
approximately 5 min. If necessary, protein amounts were normalized us-
ing the Bradford assay prior to electrophoresis. Proteins were electropho-
resed on either 10% or 12% SDS-polyacrylamide gels and transferred to
polyvinylidene difluoride membranes (Bio-Rad) either for 1 h at 100 V or
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TABLE 2 PCR primers used in this study
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Primer name

Sequence (5'—3")¢

BamHI-traD-F
deltraKF-EcoRV
deltraK-XhoI-R
FLAG3-EcoRI-F
FLAG3-HindIII-R
PCKS5F-Spel
pCK5R100
pCK5R200
pCK5R-end
PMR83F1-Spel
PMR83F2-Spel
TraB-FLAGCter-F
TraB-FLAGCter-R
TraB-Sall-F
TraB-XhoI-R
traDdel-Xhol
traD-Xhol2
traK-EcoRI-F
traK-EcoRI-R2
traK-endF-Sall
traK-FLAG3-Sall-R
traK-Nhel-R
traK-R-STOP
traK-RBS-EcoRI
traK-RBS-SaclIl
traK-Sspl-F
traKstartR-Sall
traK-XhoI-R
traV-EcoRI-F
traV-XhoI-R
Xhol-traD-R

CGCGGGATCCATGAGTGCCCACTTCCCTGAAA
GGTGGTGATATCCGGCGGTCAATGACTGTATC
GGTGGTCTCGAGCGAAACTTGCCTTGCGAGAC
GGTGGTGAATTCGGTTCCGCTGGCTCCGCTGCTGG
GGTGGTAAGCTTGTCCATGAAACCAACATAAGCAACTGG
GGTGGTACTAGTGATGTGGCTGGAGCTAATCG
GGTGGTAAGCTTTCAGATGGCCCGTACATATTCTG
GGTGGTAAGCTTTCAATCAGCGGCGGTGTAACTTC
GGTGGTAAGCTTCCATGGCTAGCTCTCAAC
GGTGGTACTAGTATGATGCGTGGCACTACCG
GGTGGTACTAGTTACACCGCCGCTGATATGC
GCCGGGTCTCCGACGACGACAAGTAGGATCCATCTATGAAAAAG
GCCGGGTCTCCCGTCGTCCTTGTAGTCTTTGGTTTCGCCGGTATCAAT
GGTGGTGTCGACTATTATCAGCCGTCCGGGAG
GGTGGTCTCGAGGTGCAGAGTGCTTCCAACAG
GCTCGAGGGCATTAATCGTGGGTATCTC
GCTCGAGGCACAATTAAGAATAAGGTATAAGCAGCT
GCGAATTCTTGAGCAGAATCGCCATTGA
GGTGGTGAATTCACCTCCCGGACGGCTGATAATAA
GGTGGTGTCGACCGTCCGGGAGGTTGAGATGAG
AAGTAAGTTCTTGTCGACTTATTTATC
GGTGGTGCTAGCTCTCAACCTCCCGGACGGCT
GGTGGTCTCGAGTCAACCTCCCGGACGGCTGAT
GGTGGTGAATTCCGAAGTTGAAACCGAGGAT
GGTGGTCCGCGGCGAAGTTGAAACCGAGGAT
GGTGGTAATATTAAGCAGAATCGCCATTGAAGG
GGTGGTGTCGACATCAATTACCTCGATTACCGCC
CAGCTCGAGAAATTGCACTGCCCACAATC
CGGAATTCAACCTTAACCATGTCCGGTATC
GCTCGAGCTATCGAACGGTACCGGGAATAC
GCGCCTCGAGATTGCAAAGATTACTGAGATACCCACG

@ Restriction sites are underlined.

overnight at 30 V. Membranes were blocked with 5% milk in Tris-buff-
ered saline containing 0.5% Tween 20 (TTBS) either for 1 h or overnight.
Primary antibody in TTBS was added for 1 h, the membranes were washed
with TTBS for 15 min, and then the secondary antibody in TTBS was
added for an additional hour. Blots were then washed with TTBS for 30
min, developed using either the Immun-Star horseradish peroxidase
(HRP) substrate kit (Bio-Rad) or the Immobilon Western chemilumines-
cent HRP substrate (Millipore), and exposed to film. For the primary
antibodies, anti-chloramphenicol acetyltransferase (anti-CAT (Sigma)
was used at 1:7000, anti-PilQ (H. S. Seifert) was used at 1:10,000, anti-
SecY was used at 1:1000, anti-TraK was used between 1:500 and 1:1,000,
and M2 anti-FLAG (Sigma) was used at 1:10,000. The anti-SecY antibody
is a polyclonal antibody raised against the AKRQFNGRAGSQSTC pep-
tide obtained from Genscript. SecY migrated with an apparent molecular
mass of ~30 kDa (27), and detection of SecY was used as an inner mem-
brane fractionation control. The appropriate horseradish peroxidase-
conjugated secondary antibodies (Santa Cruz Biotechnology) were used
at a 1:10,000 dilution.

Reverse transcriptase PCR. Total RNA was isolated from log-phase
gonococcal cultures that had been grown for 3 h. A 2-ml volume of vor-
texed culture was mixed with 2 ml —20°C methanol. The cells were har-
vested by centrifugation at 17,200 X g for 7 min at 4°C, and the pellet was
frozen at —80°C for 20 min. The pellet was resuspended in 1 ml TRIzol,
and 200 pl of chloroform was added. The tubes were mixed vigorously for
155, incubated for 3 min at room temperature, and centrifuged for 15 min
at 12,000 X g at 4°C. The top aqueous phase was removed, 500 pl of
isopropanol was added, and RNA was precipitated at room temperature
for 10 min. To collect the RNA, the samples were centrifuged for 15 min at
12,000 X gat 4°C, washed once in 75% ethanol, and allowed to dry. After
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being resuspended in diethylpyrocarbonate (DEPC)-treated water, con-
taminating DNA was removed using the Turbo DNA-free kit (Applied
Biosystems). The iScript cDNA synthesis kit (Bio-Rad) was used to reverse
transcribe the RNA (350 ng RNA in a 40-pl reaction) in the presence or
absence of reverse transcriptase (RT), and 1 pl of the resulting cDNA was
used as a template for PCR. The traK gene was amplified using the primers
traK-RT-F (GAAGCAGCAGTATTGGCTTCGCAA) and traK-RT-R (AT
TGATGCCCATATCGCCGGTAGT). The rpoB gene was amplified using
primers as previously described in reference 20.

Bacterial two-hybrid assay. The BacterioMatchlI two-hybrid system
(Stratagene) was used following the manufacturer’s instructions, with the
following changes. BacterioMatchlI E. coli cells were transformed with the
appropriate target plasmid, and these cells (BacterioMatchII-pTarget)
were made chemically competent. Briefly, E. coli cultures were inoculated
from an overnight culture and grown to an ODg, of 0.5. The cells were
centrifuged at 3,000 X g for 7 min, resuspended in 1/10 volume of cold
TSS solution (10% polyethylene glycol 8 [PEG-8], 30 mM MgCl,, 5%
dimethyl sulfoxide [DMSO] in LB), and frozen in aliquots at —80°C. For
the two-hybrid assay, the BacterioMatchlII-pTarget competent cells were
thawed on ice, and 100- .l aliquots were added to prechilled round-bot-
tom 14-ml tubes. The appropriate bait plasmid DNA (1.5 pg) was added
to the cells, and the mixture was incubated on ice for 30 min. Following a
35-s heat shock at 42°C, the cells were incubated on ice for a further 2 min,
and 900 pl warm LB was added. The tubes were incubated with shaking
for 90 min at 37°C before being washed twice in M9+ His-dropout broth
and allowed to grow in M9+ His-dropout broth for 2 h. A 200- .l volume
was then plated on nonselective (minimal medium plates containing 25
pg/ml chloramphenicol and 12.5 g/ml tetracycline) or selective plates
(same as nonselective plates with the addition of 5 mM 3-amino-1,2,4-
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triazole [3-AT]) prepared according to the manufacturer’s instructions.
The plates were incubated overnight at 37°C and then for an additional 18
h at room temperature.

Subcellular fractionation. To isolate the outer membrane fraction for
TraK localization studies, gonococcal cells from 13 overnight GCB plates
(containing 1 mM IPTG if appropriate) were swabbed into 4.5 ml cold
phosphate-buffered saline (PBS), and the cells were harvested by centrif-
ugation at 17,000 X gfor 1 min. The cell pellet was resuspended in 3.75 ml
cold lithium acetate buffer (0.2 M lithium chloride, 0.1 M lithium acetate,
10 mM EDTA [pH 6.0]) and rocked gently for 10 min. The cell suspension
was then passed through a 22-gauge syringe approximately 16 times to
induce membrane blebbing and centrifuged at 15,600 X g for 10 min at
4°C. The supernatant was removed and ultracentrifuged at 150,000 X g
using a Beckman TLA110 rotor for 2 h at 4°C. To isolate the soluble and
total membrane fractions, cells from one overnight GCB plate were used
to inoculate 4-ml cultures in cGCBL at an ODs,, of 0.25 and grown for 3
h into the log phase (with 1 mM IPTG added if necessary). The cells were
harvested by centrifugation at 17,000 X g for 1 min, washed with cold PBS,
and resuspended in 900 1 0.01 M Tris-HCI (pH 7.0). The suspension was
sonicated using a Branson digital sonicator at 40% amplitude for 20 s
using a 1-s on/off pulse. Unlysed cells were removed by centrifugation at
12,000 X g for 10 min at 4°C, and the supernatant was removed for
ultracentrifugation at 89,000 X gusing a Beckman TLA120.2 rotor for 1.5
h. The supernatant was saved as the soluble fraction, and the pellet was
washed and saved as the total membrane fraction.

The protocol described above was also used to fractionate TraB-FLAG
strains, with the following changes. To isolate the outer membrane frac-
tion, gonococcal cells were swabbed from 18 overnight GCB plates and
harvested by centrifugation at 11,952 X g for 10 min at 4°C. Membrane
blebbing was induced as above, and the cells were centrifuged again at
12,000 X g for 10 min at 4°C, filtered through a 0.45-pm-pore filter, and
ultracentrifuged at 165,000 X gin a Beckman SW50.1 rotor for 3 h 45 min.
To isolate total membrane and soluble fractions, harvested cells were re-
suspended in a 4-ml volume for sonication, as described above. Following
the removal of unlysed cells, the supernatant was filtered through a 0.22-
pm-pore filter and ultracentrifuged at 165,000 X g for 2 h 45 min. Fol-
lowing ultracentrifugation, the soluble fraction was concentrated approx-
imately 2-fold using a centrifugal filter with a 10,000 molecular weight
cutoff (MWCO) (Millipore).

This protocol was altered slightly to localize TraK-FLAG3. To isolate
outer membranes, filtered supernatants were centrifuged at 150,000 X g
in a TLA110 rotor for 2 h following treatment with lithium acetate buffer.
To separate soluble and total membrane fractions, filtered lysates were
centrifuged in a 1-ml volume in a TLA110 rotor for 1.5 h at 200,000 X g.

DNA secretion assay. To monitor DNA secretion of N. gonorrhoeae,
fluorescence-based secretion assays were performed essentially as de-
scribed previously (28). Briefly, piliated colonies were selected and
streaked out on GCB plates containing appropriate antibiotics. The next
day, these cells were inoculated in prewarmed M199 medium (Life Tech-
nologies) containing Kellogg’s supplement (22) and 0.042% NaHCO,
and grown for 2 h. After initial growth, cultures were diluted to an ODg,
of ~0.2. This growth/dilution cycle was repeated at least twice to reduce
DNA background from lysed cells. Samples for zero hours after the end of
log-phase growth (T,,) were collected directly after the last dilution, and
samples for 1 h after the end of log-phase growth (T,) samples were taken
after another 2 h of growth. The amount of DNA was determined using
PicoGreen (Molecular Probes/Invitrogen). PicoGreen was diluted 1:200
in 1 X TE buffer (10 mM Tris-HCI [pH 8.0], 1 mM EDTA). Directly before
measurement, 100 pl of PicoGreen solution was mixed with 100 pl of
supernatant from the cultures in a 96-well FluoroNunc plate (black, flat
bottom). The excitation wavelength was set to 480 nm, and the emission
was measured at 520 nm using the Tecan plate reader. Every measurement
required a standard composed of random single-stranded DNA (ssDNA)
at concentrations of 0, 0.025, 0.05, 0.1, 0.15, and 0.2 ng/p.l. Strains ND500
(AGGI) and MS11 were included as negative and positive controls in all
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assays. Average secretion levels were obtained from at least three indepen-
dent experiments performed, each with at least three independent cul-
tures.

Immunofluorescence microscopy. Cells were prepared for micros-
copy as previously described (29). A 1-ml volume of log-phase gonococcal
cells was centrifuged at 17,000 X g for 1 min. The cells were washed once
in PBS and resuspended in 4% paraformaldehyde in PBS for 15 min at
room temperature followed by 15 min on ice. The cells were then washed
three times with PBS before being resuspended in 0.5 ml GTE buffer (50
mM glucose, 1 mM EDTA, 20 mM Tris-HCI [pH 7.5]) at 4°C. A 100-p.l
volume of the cell suspension was added to the wells of an 8-well chamber
slide (Lab-Tek), and the slides were incubated for 10 min at room tem-
perature. Unattached cells were aspirated, and PBS-T (0.2% Triton X-100
in PBS) was added for 10 s. The PBS-T was removed, cold methanol was
added to the samples, and the slide was incubated at —20°C for 10 min.
The methanol was aspirated, and the slides were allowed to air dry and
then incubated with PBS-T for 5 min. The slides were blocked with 5%
skim milk powder in PBS-T for 1 h, followed by two washes with PBS for
10 s each. The M2 FLAG monoclonal antibody was diluted 1:150 in
PBS-M (5% skim milk powder in PBS) and incubated on the slide for 1 h.
The slides were washed twice with PBS for 10 s and once for 5 min.
Fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse second-
ary antibody was diluted 1:100 in PBS-M containing 2 pu.g/ml DAPI (4',6-
diamidino-2-phenylindole) and incubated on the slides for 1 h. The slides
were washed twice with PBS for 10 s and once for 5 min. The well supports
were removed from the slides, and the slides were mounted and prepared
for microscopy. A Zeiss Axio Imager 2 epifluorescence microscope was
used to image the samples.

Preembedding immunogold EM. Overnight plates of N. gonorrhoeae
strains were used to inoculate two 3-ml cultures in cGCBL at an OD;,, of
0.25 and allowed to grow for 3 h. IPTG (1 mM) was added if necessary.
Cells were harvested by centrifugation at 2,900 X g for 5 min, washed once
in cold PBS, and fixed in 4% formaldehyde in PBS for 15 min at room
temperature followed by 15 min on ice. Cells were then washed three
times with cold PBS, resuspended in cold GTE buffer for 15 min on ice,
washed once with PBS-T, resuspended in cold methanol, and incubated at
—20°C for 10 min. After two washes in PBS-T, the cells were incubated in
PBS-T for 1 h with end-over-end mixing, washed twice in PBS, and resus-
pended in 60 pl PBS. All washes up until this point were performed by
centrifuging the cells at 16,000 X g for 1 min, aspirating the supernatant,
and resuspending the pellet in the next solution. The cell suspension was
then embedded in agarose by mixing the suspension with an equal
volume of 3% agarose in PBS at 55°C in an Eppendorf tube. The
suspension was mixed several times and moved immediately to ice.
The agarose plugs were removed from the tubes and saved overnight at
4°C submerged in PBS.

A microtome was used to cut 200-pm slices from the agarose plugs,
and for all future steps, the agarose slices were incubated in a 500-pl
volume of the appropriate reagent in a 24-well plate. Endogenous perox-
idase activity was quenched by the addition of 3% H,O, in PBS for 45 min
at room temperature. After two washes in PBS, the agarose slices were
blocked in PBS containing 0.05% Tween 20 and 5% normal goat serum
(PBS-Tw-NGS) for 2 h at room temperature. The M2 anti-FLAG mono-
clonal antibody was diluted 1:400 in PBS-Tw-NGS and incubated with the
agarose plugs overnight at 4°C. Cells were washed six times for 10 min
with PBS containing 0.05% Tween 20 and three times for 10 min in
PBS-T. The secondary antibody (biotinylated goat anti-mouse IgG) was
diluted 1:200 in PBS-Tw-NGS and incubated with the cells overnight at
4°C. Additional washes were performed: six washes in PBS containing
0.05% Tween 20 and three washes in PBS.

Immunostaining was visualized using the Vectastain Elite ABC kit
(Vector Laboratories) following the manufacturer’s instructions. Di-
aminobenzidine (0.02% diaminobenzidine and 0.01% H,O, in 0.05 M
Tris-HCI buffer [pH 7.4]) was used as the final substrate, with an 8-min
incubation time as described previously (30). Cells were washed exten-
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FIG 1 Expression of TraK and TraB-FLAG in N. gonorrhoeae. (A) Western blot with the 2E5 TraK monoclonal antibody using lysates from gonococcal strains
MR535 (AtraK), MS11 (WT), and MR537 (traK expressed from an IPTG-inducible promoter in the WT background [traK ™" ]). This Western blot using the 2E5
anti-TraK antibody is representative of those obtained with the 3H4 and 3B8 anti-TraK monoclonal antibodies. The black triangle indicates TraK. Approximately
16.5 g of protein from cell lysates was subjected to SDS-PAGE. (B) Detection of traK and rpoB mRNA by two-step RT-PCR. Total RNA was isolated from
gonococcal strains ND500 (AGGI), MS11, and MR537. Reverse transcription reactions were carried out in the presence (+RT) or absence (—RT) of reverse
transcriptase and amplified with primers to detect traK and rpoB. L, nucleotide ladder in base pairs. (C) Western blots using the anti-FLAG antibody (Sigma) to
detect TraB-FLAG in gonococcal strains MS11 (WT), MR646 (traB-FLAG expressed from the native locus in the GGI [traB-FLAG]), and MR565 (traB-FLAG
expressed from an IPTG-inducible promoter in the WT background, [traB-FLAG™]). Full-length TraB-FLAG and a smaller FLAG-reactive band are indicated.

Approximately 15 g of protein from cell lysates was subjected to SDS-PAGE.

sively in 0.05 M Tris buffer and postfixed in 2.5% glutaraldehyde in PBS
for 30 min. Cells were washed three times for 10 min with 0.2 M Tris-
maleic acid buffer and rinsed twice for 5 min with water. Samples were
resuspended in silver nitrate solution (185 mM hexamethylenetetramine,
12 mM silver nitrate, 5 mM sodium tetraborate in 0.1 M Tris-maleic acid
buffer) for 10 min at 60°C in the dark. Cells were washed again in water,
incubated in 0.05% gold chloride solution for 2 min at room temperature,
and washed three times for 5 min in water. Following a 2-min incubation
in 3% sodium thiosulfate, the cells were washed again with water and 0.01
M PBS. After silver enhancement, the agarose plugs were rinsed in 0.1 M
phosphate buffer and postfixed in 1% osmium tetroxide in the same buf-
fer for 1 h at room temperature. Following osmium postfixation, the
samples were dehydrated in a graded ethanol series and then further de-
hydrated in propylene oxide and embedded in Epon epoxy resin. Ultra-
thin sections were cut with a Leica electron microscopy (EM) UC6 ultra-
microtome and collected on 200-mesh copper grids. Ultrathin sections
were observed with a Philips CM120 electron microscope, and images
were captured with a MegaView III side-mounted digital camera.

Flow cytometry. Cells were prepared for flow cytometry following
essentially the same protocol used for immunofluorescence microscopy,
with the following changes. Instead of 5% dry milk powder, 5% normal
goat serum was used to block the cells. The M2 anti-FLAG antibody
(Sigma) was used at a 1:750 dilution, and primary antibody staining was
performed overnight at 4°C. An Alexa Fluor 647-conjugated secondary
antibody (Invitrogen) was used at a 1:750 dilution. All steps were per-
formed with the cells in solution, and cells were pelleted at 17,000 X g for
1 min between steps. Data were collected using a FACSCalibur flow cy-
tometer.

RESULTS

TraK, TraV, and TraB are conserved between gonococcal strains
but have limited similarity to homologs in other T4SSs. Align-
ment of the TraK, TraV, and TraB amino acid sequences from
eight sequenced gonococcal genomes containing the GGI demon-
strated that these proteins are highly conserved between strains,
with only a few variable amino acids across the collective se-
quences (see Fig. S1 to S3 in the supplemental material). However,
sequence similarity between these proteins and their homologs in
other T4SSs is very low. Gonococcal TraK is 23% identical to TraK
from F plasmid (TraKg) and 22% identical to VirB9 from A. tu-
mefaciens. Percent identity is similarly low for gonococcal TraV
(23% identical to TraVy) and TraB (29% identical to TraBy and
18% identical to VirB10). The amino acid sequence of gonococcal
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TraV is almost four times longer than those of homologs in A.
tumefaciens and pKM101, precluding similarity calculations (see
Fig. S6 in the supplemental material). Alignment of the gonococ-
cal T4SS proteins with homologs in A. tumefaciens, F plasmid, and
pKM101 using AlignMe (for alignment of membrane proteins)
revealed that despite the low sequence similarity, the hydropho-
bicity profiles of the amino acid sequences were often similar,
especially between the gonococcal T4SS proteins and F plasmid
homologs, suggesting that secondary structures may be conserved
(see Fig. S5 to S7 in the supplemental material) (31).

TraK and TraB-FLAG are not detectable in WT cells, al-
though traK is transcribed. We sought to better characterize the
predicted outer membrane proteins of the gonococcal T4SS and
started by developing monoclonal antibodies against TraK. We
were able to detect TraK (an ~25-kDa band) in lysates of N. gon-
orrhoeae strain MR537, which inducibly overexpresses traK from
adistant chromosomal locus (Fig. 1A). This band was not detected
in the AtraK strain MR535 (Fig. 1A). Interestingly, we were unable
to detect TraK in lysates from the WT strain MS11 (Fig. 1A). We
were also unable to detect TraK in the WT strain when samples
were taken over a time course at 2, 3, 4, or 6 h postinoculation,
time points representing exponential-phase and early-stationary-
phase growth (data not shown). We therefore investigated
whether traK was being transcribed in WT cells by using two-step
reverse transcription-PCR (RT-PCR). We were able to detect trak
transcript in both the WT and traK™" strains but not in the GGI
deletion strain ND500 (Fig. 1B). Amplification of the housekeep-
ing gene rpoB was used to confirm that approximately equal
amounts of RNA were used in each reaction, and reactions carried
out in the absence of reverse transcriptase confirmed that there
was no contaminating DNA (Fig. 1B). These results indicate that
although traK is transcribed in WT cells, the TraK protein is pres-
ent at low levels not detectable by Western blotting under stan-
dard laboratory growth conditions.

We wondered whether other predicted T4SS outer membrane
proteins were also present at low levels. TraB is encoded immedi-
ately downstream of traK and is also predicted to be an outer
membrane component of the gonococcal T4SS. The addition of a
C-terminal purification tag to the TraFy homolog in pKM101 did
not interfere with core complex formation (13), so we investigated
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expression of TraB by adding a C-terminal FLAG epitope (TraB-
FLAG). We expressed the epitope-tagged protein in Neisseria, ei-
ther at the native locus in the GGI (traB-FLAG in strain MR646) or
overexpressed from a distant locus (traB-FLAG"' in strain
MR565). As was the case with TraK, we were unable to detect
TraB-FLAG expressed at WT levels by Western blotting (Fig. 1C).
We were able to detect TraB-FLAG in the overexpression strain
MR565. We detected two FLAG-reactive bands in this strain, the
larger of which (~47 kDa) is the predicted size of the full-length
TraB-FLAG protein (Fig. 1C). Multiple bands have also been ob-
served in Western blots for the A. tumefaciens TraB homolog
VirB10 (32-34). The significance and identity of the smaller ~37-
kDaband in gonococci are unknown, although we predict that itis
adegradation product of TraB-FLAG. This smaller band was pres-
ent even when cell lysates were prepared in the presence of pro-
tease inhibitors, suggesting that the TraB-FLAG processing or
degradation event occurs during bacterial growth.

TraK localizes to the outer membrane in N. gonorrhoeae.
VirB9 localizes primarily to the outer membrane in A. tumefa-
ciens, although it fails to accumulate to WT levels in the absence of
the VirB7 lipoprotein (35, 36). TraK also localizes to the outer
membrane, and its localization is similarly perturbed in the ab-
sence of the lipoprotein TraVy (37). We investigated localization
of gonococcal TraK in subcellular fractions of the traK overex-
pression strain MR537. We also investigated TraK localization in
strain MR538, which ectopically expresses traK in a AGGI back-
ground, since we hypothesized that TraK might localize differ-
ently in the absence of other T4SS proteins. Strain MR535 con-
tains a near-complete deletion of traK (with 15 bp at the 3’ end of
the traK gene retained in order to not disrupt the ribosome bind-
ing site and start codon of the downstream gene traB) and was
used as a negative control. Cells were separated into a soluble
fraction containing cytoplasmic and periplasmic material, a total
membrane fraction containing both the inner and outer mem-
branes, and an outer membrane fraction prepared by inducing the
formation of outer membrane vesicles (see Materials and Meth-
ods). In both MR537 and MR538, TraK localized to both the total
membrane and outer membrane fractions, a fractionation pattern
similar to that of the known outer membrane protein PilQ, indi-
cating that TraK localizes to the outer membrane (Fig. 2). The
fractionation pattern of TraK in MR538 was similar to that in
MR537, suggesting that TraK localizes to the outer membrane
independently of other T4SS proteins (Fig. 2). The cytoplasmic
protein chloramphenicol acetyltransferase (CAT) was only de-
tected in the soluble fraction, and the inner membrane protein
SecY was only detected in the total membrane fraction, indicating
that the outer membrane fraction was not contaminated with sig-
nificant amounts of inner membrane or cytoplasmic proteins
(Fig. 2).

TraK interacts with TraV. In A. tumefaciens, VirB9 is stabi-
lized by interaction with VirB7 via a disulfide bond, and this outer
membrane dimer has been proposed to serve as a nucleation point
for T4SS formation (36, 38—41). Since TraK localized to the gono-
coccal outer membrane in the absence of other T4SS components,
we investigated whether it interacted with the TraV lipoprotein.
Gonococcal TraV is significantly larger than VirB7 (193 amino
acids versus 55 amino acids), making it more similar in length to
the F plasmid homolog TraV (171 amino acids) (see Fig. S6 in the
supplemental material) (42). Like TraVy, the mature gonococcal
TraV protein contains three cysteines, one of which is found im-
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FIG 2 Subcellular localization of TraK in N. gonorrhoeae. Gonococcal cells
were fractionated into soluble (SOL [both cytoplasm and periplasm]), total
membrane (M [both inner and outer membranes]), and outer membrane
(OM) fractions. An IPTG-inducible promoter was used to express traK from a
distant chromosomal locus in either the WT N. gonorrhoeae strain MS11
(MR537) or an isogenic AGGI background (MR538). Strain MR535 contains
anear-complete deletion of traK and does not encode chloramphenicol acetyl-
transferase (CAT). TraK was detected using the 2E5 anti-TraK monoclonal
antibody. Antibodies against the outer membrane protein PilQ, the cytoplas-
mic protein CAT, and the inner membrane (IM) protein SecY were used as
fractionation controls. Approximately 2.5 pg protein from each fraction was
subjected to SDS-PAGE.

mediately after the predicted signal sequence cleavage site and is
thus likely modified with a lipid anchor (42). If TraV and TraK do
interact in gonococci, it is unlikely to be via a disulfide bridge,
since the only cysteine in the TraK protein is located within the
predicted Sec-dependent signal peptide (see Fig. S1 and S5 in the
supplemental material).

We used a bacterial two-hybrid approach to investigate
whether TraK and TraV interact. The putative coupling protein
TraD was used as a negative control since it is not predicted to
interact with TraK. We constructed bait and/or target plasmids
encoding C-terminal fusions of the T4SS proteins to lambda
phage cI protein or the RNA polymerase alpha (RNAPa) subunit,
respectively. The predicted TraV lipobox and TraK signal se-
quences were excluded from these plasmids. Bait and target plas-
mids were cotransformed into the BacterioMatchlII reporter E. coli
strain, which is a hisB mutant. Interaction of the bait and target
proteins enables transcriptional activation of the HIS3 gene, al-
lowing growth in the presence of 3-AT, a competitive inhibitor of
the HIS3 gene product. Growth was assayed on nonselective plates
containing chloramphenicol and tetracycline to determine the
number of cotransformants, as well as on selective plates contain-
ing the competitive inhibitor 3-AT in addition to the antibiotics.
We observed growth on the nonselective plates for all cotransfor-
mations, indicating the successful cotransformation of the re-
porter strain with both bait and target plasmids (Table 3). How-
ever, we only detected colonies on the selective plates when cells
were cotransformed with the TraV-containing bait plasmid
(pKHS86) and TraK-containing target plasmid (pKH87), indicat-
ing that TraK interacts with TraV. We did not observe colonies on
the selective plates when cells were cotransformed with the TraD-
containing bait plasmid (pKH103) and either TraK- or TraV-con-
taining target plasmids (pKH87 or pKH170) (Table 3), confirm-
ing that TraD does not interact with either TraK or TraV. As an
additional control, we confirmed that cotransformation of the
reporter strain with the TraK- and TraV-containing plasmids
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TABLE 3 Bacterial two-hybrid analysis of TraK interactions

Outer Membrane Components of the Gonococcal T4SS

CFU/ml on*:
Bait plasmid Target plasmid Nonselective plates Selective plates
pBT (empty vector) pKH87 (TraKyss.Goua) 4,164 * 879 0
pKHS86 (TraVg,g_gy03) pPTRG (empty vector) 48 £ 11 0
PKHS86 (TraVio 1) pKHS7 (TraKgss.coss) 953 * 501 887 = 391
pKH103 (TraDyy; viso) PKH87 (TraKgss.G244) 966 + 98 0
PpKH103 (TraDyy; veso) pKH170 (TraVeyo_p105) 9,471 = 2,316 0

“ The average * standard deviation of four independent experiments is reported. Nonselective plates contained minimal medium plus 25 pg/ml chloramphenicol (Cam) and 12.5
pg/ml tetracycline (Tet). Selective plates contained minimal medium plus 25 pg/ml Cam, 12.5 pg/ml Tet, and 5 mM 3-AT.

along with the appropriate empty bait or target plasmids did not
result in colonies on selective plates (Table 3).

Full-length TraB-FLAG localizes to the outer membrane in
N. gonorrhoeae. In pKM101 and F plasmid, TraK and TraV ho-
mologs associate with a third protein, TraB, to form a core T4SS
complex (13, 37). In pKM101, two « helices («2 and a3) near the
C terminus of the TraB homolog (TraF,) form a two-helix bundle
that crosses the outer membrane (indicated by boxes in Fig. 3A),

A LR a2

and this antenna projection domain is conserved in the A. tume-
faciens homolog VirB10 (12, 43, 44). When we aligned the C ter-
mini of several TraB homologs and used Phyre2 to predict second-
ary structures in gonococcal TraB (45), we observed that similar
secondary structures were conserved in gonococcal TraB despite
low sequence similarity (Fig. 3A; see Fig. S7 in the supplemental
material), suggesting that gonococcal TraB may have a similar
membrane topology to its TraF homolog. Given that secondary

TraBg,; GKTGVRGNLVTKQGQLLANALMSGVISGMGKGVSEAFKVTNNTAFGSTTSIRGSDQYRAG
TraB, GKNGIKGEVVMRNGRTLCWARGAGFVDGTGQGMERASQPA--VGLGATAAYGAGDVLRMG
VirB10,; GRPGLPGSVDSHFWQRFSGAMLLSAVQGAFQAAS--TYAGSSGGG---MSFNSFONNGEQ
TraF, GSAGIPGQVDAHMAERLAGAIMISLESDTLIALV--NQTQSNN---—- IQYNSTENSGGQO

o3
TraBy,; IASGIGGAADRLAEYYIKLADKVFPVVEVNAGRQVDVVLTQGIEIDTGETK--——-—--—
TraB, IGGGASKAAQTLSDYYIKRAEQYHPVIPIGAGNEVTVVFQDGFQLKTVEEMALERTQSRA
VirB10,; TTETALRATINIPPTLRRNQGDTVSIFVARDLDFFGVYQLRLTGGAARGRNRRS-—————-
TraF, TASEALRSYMS|I PPTLYDQQGDAVS I FVARDLDESGVY TLADN-——————————=——=——
TraBgg ———————~"~" """ TT oo oo — oo
TraB, EEDNPESPVPVPPSAESHLNGFNTDOMLKQLGNLNPQQFMSGSQGGGNDGK
ViEBl0z =————r==m——mm—c—mrmes e e s e e e e e s s e e s e
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FIG 3 TraB-FLAG. (A) Alignment of the C termini of TraB homologs. The highly conserved GxxGxxG motif characterized by Banta et al. (44) that is
involved in channel gating in A. tumefaciensis indicated with asterisks. The alpha helices (a2 and a 3) identified by Chandran et al. (12) in the TraF crystal
structure are indicated by boxes. The predicted alpha helices in VirB10, TraB,, and TraBy are underlined. (B) Subcellular localization of TraB-FLAG in
N. gonorrhoeae. Gonococcal cells were fractionated into soluble (SOL [both cytoplasm and periplasm]), total membrane (M [both inner and outer membranes]),
and outer membrane (OM) fractions. An IPTG-inducible promoter was used to express traB-FLAG in either the WT N. gonorrhoeae strain MS11 (MR565) or
an isogenic AGGI strain (MR645). The WT strain MS11 served as the negative control and does not encode chloramphenicol acetyltransferase (CAT).
TraB-FLAG was detected using the commercially available anti-FLAG monoclonal antibody. Full-length TraB-FLAG is indicated (black triangle) along
with two smaller FLAG-reactive bands (gray triangles). Antibodies against the outer membrane protein PilQ, the cytoplasmic protein chloramphenicol
acetyltransferase (CAT), and the inner membrane (IM) protein SecY were used as fractionation controls. Approximately 3.5 pg of protein from each
fraction was subjected to SDS-PAGE.
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structures appear to be conserved between gonococcal TraB and
TraFy, we hypothesized that TraB would also localize to both
membranes. Gonococcal cells were fractionated into a soluble
fraction (cytoplasm and periplasm), a total membrane fraction
(inner and outer membranes), and an outer membrane fraction
(generated by inducing the formation of outer membrane vesi-
cles). TraB-FLAG was localized in three strains: MR565, which
expresses traB-FLAG from an IPTG-inducible promoter in the
WT background; MR645, which expresses traB-FLAG from an
IPTG-inducible promoter in the AGGI background; and the WT
strain, which served as a negative control.

Interestingly, the two FLAG-reactive bands fractionated differ-
ently. In both MR565 and MR645, full-length TraB-FLAG (the
larger ~47-kDa band [black triangle in Fig. 3B]) fractionated to
both the total membrane and outer membrane fractions, a pattern
similar to that of the outer membrane protein PilQ, suggesting
that it primarily associates with the outer membrane (Fig. 3B).
SecY and CAT served as additional fractionation controls and lo-
calized to the total membrane and cytoplasmic fractions, respec-
tively (Fig. 3B). Because the FLAG tag was added to the C terminus
of TraB, it is likely that the smaller (~37-kDa) TraB-FLAG prod-
uct does not contain the N-terminal predicted inner membrane
helix (a1 in Fig. S7 in the supplemental material) and therefore
may not associate with the inner membrane. We observed that the
smaller FLAG-reactive band (~37 kDa) localized to the soluble
and outer membrane fractions in both MR565 and MRé645, but
not the total membrane fraction (lower gray triangle in Fig. 3B).
We also observed an additional FLAG-reactive band (~45 kDa)
that appeared only in the outer membrane fraction (upper gray
triangle in Fig. 3B). A possible explanation for the fractionation
pattern of these smaller TraB-FLAG products could be that they
localize to the periplasm and that some periplasmic material is
incorporated into the outer membrane vesicles produced by this
fractionation method (46).

TraK-FLAG3. Because we were unable to detect TraK and
TraB-FLAG in WT cells using the monoclonal antibodies we had
developed, we sought to develop a more sensitive detection
method that would allow us to detect one of these proteins ex-
pressed from the native locus. We added a linker sequence and
three tandem copies of the FLAG epitope to the C terminus of
TraK (TraK-FLAG3) (29). The FLAG3 epitope has been used suc-
cessfully to amplify detection of FtsZ in Streptococcus pneumoniae
(29), and we hypothesized that the triple epitope would also allow
us to detect TraK-FLAG3 in WT gonococcal cells. We constructed
a strain in which traK-FLAG3 was incorporated into the GGI and
expressed from the native promoter (MR602) as well as a strain in
which traK-FLAG3 was overexpressed from an IPTG-inducible
promoter at a distant chromosomal locus (MR600). We were able
to detect TraK-FLAG3 by Western blotting using the FLAG anti-
body in both strains (Fig. 4A). DNA secretion assays demon-
strated that MR602 secretes DNA at comparable levels to the WT
strain, and significantly higher levels of DNA were present in the
culture medium compared to the amounts in the medium from
GGI deletion strain ND500. These results suggest that TraK-
FLAGS3 is functional as part of the secretion apparatus (Fig. 4B).

Subcellular fractionation of TraK-FLAG3. We performed
subcellular fractionation studies to localize TraK-FLAG3 in the
cell. In the traK-FLAG3 overexpression strain (MR600), TraK-
FLAGS3 localized to the total membrane and outer membrane frac-
tions, as was the case with TraK (Fig. 2), but it also localized to the
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FIG 4 Addition of a FLAG3 epitope to the C terminus of TraK (TraK-FLAG3).
(A) Western blot for TraK-FLAG3 using the FLAG antibody in MS11 (WT),
MRG602 (traK-FLAG3 at the native locus), and MR600 (traK-FLAG3 expressed
from an IPTG-inducible promoter). Approximately 16.5 pg of protein from
cell lysates was subjected to SDS-PAGE. (B) Fluorometric detection of secreted
DNA in supernatants of gonococcal strains ND500 (AGGI), MS11, and
MRG602. §, Student’s two-tailed ¢ test P < 0.05 compared to ND500, N.S., not
significantly different by the Student two-tailed ¢ test. (C) Subcellular localiza-
tion of TraK-FLAG3 in gonococcal strains MS11 (WT [negative control]),
MR673 (traK-FLAG3 at the native locus, MR602 transformed with pKH37
encoding chloramphenicol acetyltransferase [CAT]), and MR600 (traK-
FLAG3™"). Cells were fractionated into a soluble fraction (SOL [cytoplasm and
periplasm]), a total membrane fraction (M [inner and outer membranes]),
and an outer membrane (OM) fraction. Antibodies against the outer mem-
brane protein PilQ, the cytoplasmic protein chloramphenicol acetyltransferase
(CAT), and the inner membrane (IM) protein SecY were used as fractionation
controls. Approximately 2 pg of protein from each fraction was subjected to
SDS-PAGE. Cm~, chloramphenicol resistant.

kDa

37

soluble fraction (Fig. 4C), suggesting that the C-terminal epitope
tag has some effect on protein localization. When traK-FLAG3
was expressed from the native locus, we observed a similar frac-
tionation pattern to that in the overexpression strain, with TraK-
FLAGS3 localizing to the total membrane and outer membrane
fractions, as well as to the soluble fraction (Fig. 4C). Antibodies
against the outer membrane protein PilQ, the inner membrane
protein SecY, and the cytoplasmic protein CAT were used as frac-
tionation controls. These results, in combination with those in
Fig. 2, indicate that TraK localizes to the outer membrane, regard-
less of whether it is overexpressed from a distant locus or epitope
tagged and expressed from the native locus. The addition of the
FLAG3 tag did subtly affect protein localization since TraK-
FLAG3 was also present in the soluble fraction (Fig. 4C).
Localization of TraK-FLAG3 in gonococcal cells. We asked
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FIG 5 Preembedding immunogold electron microscopy for TraK-FLAG3 in MS11 (WT), MR602 (traK-FLAG3 at native locus), and MR600 (traK-FLAG3
expressed from an IPTG-inducible promoter) using the FLAG antibody. Two representative images are shown for each strain. Arrows indicate gold particles in

MR602. Scale bars indicate 1 pm.

whether the T4SS localized to a specific region of the gonococcal
cell. We were unable to detect TraK-FLAG3 expressed from the
WT locus in MR602 using standard immunofluorescence micros-
copy techniques (data not shown), although TraK-FLAG3 local-
ized in punctate spots outside the DAPI-stained region in the
overexpression strain MR600 (see Fig. S8 in the supplemental ma-
terial). These results suggested that TraK-FLAG3 localizes outside
the cytoplasm and are consistent with the subcellular fraction-
ation data for TraK and TraK-FLAG3 (Fig. 2 and 4C).

August 2014 Volume 196 Number 16

To increase sensitivity and resolution, we turned to thin-sec-
tion immunogold electron microscopy to investigate localization
of TraK-FLAG3. We had limited success using standard immuno-
gold electron microscopy protocols, so we optimized a preembed-
ding technique for use with Neisseria. In this protocol, antibody
staining is performed prior to sample embedding and dehydra-
tion, which helps to maintain antigenicity. In strain MR600, the
majority of cells we visualized had multiple gold particles that
localized around the periphery of the cell and seemed to associate
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FIG 6 TraK-FLAG3 expression in gonococcal populations. (A) Expression of TraK-FLAG3 in populations of gonococcal strains MS11 (WT), MR602
(traK-FLAG3), and MR600 (traK-FLAG3 expressed from the IPTG-inducible lacPO promoter). Fixed bacteria were permeabilized and then incubated
with the FLAG antibody and an Alexa Fluor 647 (AF647)-conjugated secondary antibody, and 150,000 events were analyzed by flow cytometry. (B)
Determination of the TraK-FLAG3 limit of detection by flow cytometry by expression of traK-FLAG3 from the anhydrotetracycline (ATc)-inducible
promoter P,.,. Cells were prepared as in panel A, and TraK-FLAG3 expression was analyzed in strains MR602 (traK-FLAG3), MR675 (traK-FLAG3
expressed from P,,,), and MR600 (traK-FLAG3 expressed from the IPTG-inducible promoter lacPO). MR675 was grown in the presence of different
concentrations of ATc (ng/ml), and MR600 was grown in the presence of 1 mM IPTG. The black arrow indicates MR602, while the gray triangle indicates
4 samples that overlap one another (MR675 grown in the presence of 0, 0.001, 0.01, or 0.1 ng/ml ATc). (C) Western blot for TraK-FLAG3 in the same
strains analyzed by flow cytometry in panel B using the FLAG monoclonal antibody. Approximately 12 g of protein from cell lysates was subjected to

SDS-PAGE, representing protein from approximately 1.6 X 107 cells.

with both the inner and outer membranes (Fig. 5). Occasionally,
we observed cells with gold particles in the cytoplasm (Fig. 5). The
appearance of some membrane blebbing in this sample may sug-
gest that high-level ectopic expression of TraK-FLAG3 generates a
periplasmic stress in gonococci (Fig. 5). We saw very little staining
in the MS11 negative control, and the gold particles that were
present were localized throughout the cell (Fig. 5). In strain
MR602, we observed that some, but not all of the cells contained a
single gold particle, and the gold particle was associated with the
outside the cell (Fig. 5). We never observed more than one gold
particle per cell. These results are consistent with the low expres-
sion levels of TraK-FLAG3 (Fig. 5) and suggest that each gonococ-
cus may produce one or zero T4SS apparatuses.

Expression of TraK-FLAG3 within gonococcal populations.
One possible explanation for our inability to detect TraK and
TraB-FLAG in WT cells by Western blotting could be differential
expression within the population. If only a small percentage of
cells in the population express the T4SS, but express it at high
levels, proteins such as TraK would become diluted in pooled
lysates. We used flow cytometry to investigate the TraK-FLAG3
expression profile in MS11 (no FLAG tag), MR602 (traK-FLAG3
at the native locus), and MR600 (traK-FLAG3 overexpression
strain) using the FLAG antibody and an Alexa Fluor 647-conju-
gated secondary antibody (Fig. 6A). The majority of the MR600
population exhibited high levels of fluorescence, as expected given
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that traK-FLAG3 expression is induced with IPTG in this strain
(Fig. 6A). We were unable to resolve MR602 (expressing traK-
FLAG3 at native levels) from the negative control (the WT strain
MS11), but we did not observe any subpopulations in the MR602
sample that exhibited high levels of fluorescence (Fig. 6A).

We sought to determine the limit of detection in the flow cy-
tometry assay, since it was possible that TraK-FLAG3 levels could
still vary within the population but remain below the limit of
detection for the assay. Previously, we showed that the anhydro-
tetracycline (ATc)-inducible P,,, promoter exhibited a broad
dose-response curve in response to inducer in gonococci (47). We
expressed fraK-FLAG3 under the control of P, at the iga-trpB
chromosomal site and grew the resulting strain (MR675) in the
presence of increasing amounts of ATc (Fig. 6B and C). We ob-
served similar amounts of TraK-FLAG3 in MR675 when the cells
were uninduced or grown in the presence of 0.001, 0.01, or 0.1
ng/ml ATc (Fig. 6C). The amount of TraK-FLAGS3 in these sam-
ples was approximately 4-fold higher than the amount of TraK-
FLAGS3 in the MR602 native expression strain (Fig. 6C [densitom-
etry analysis performed using Image]]) (48). We were able to
distinguish the MR675 populations induced with low levels of
ATc from MR602 by using flow cytometry, suggesting that our
limit of detection is approximately 4-fold higher than the amount
of TraK-FLAG3 produced from the native locus (Fig. 6B). TraK-
FLAGS3 levels were significantly higher when strain MR675 was
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grown in the presence of 1 or 10 ng/ml ATc or 1 mM IPTG (in the
case of lacPO), and these populations were easily distinguishable
from MR602 by flow cytometry (Fig. 6B and C). These results are
consistent with a model in which all of the cells in the population
express TraK-FLAG3 at low levels. Although we are unable to rule
out the possibility that some variation may occur below the limit
of detection, the fact that we are able to detect a 4-fold increase in
TraK-FLAGS3 levels compared to WT suggests that such variation
is limited (Fig. 6B).

DISCUSSION

This study represents the first in-depth analysis of the outer mem-
brane proteins in the gonococcal T4SS. Although the content and
organization of the genes in the GGI are most similar to that of E.
coli F plasmid, sequence similarity is very low (2). This, in combi-
nation with the fact that the gonococcal T4SS is different from
other characterized T4SSs and secretes DNA directly into the en-
vironment, prompted us to investigate gonococcal TraK, TraV,
and TraB. All three proteins are required for type IV secretion in
gonococci (17), and homologs of these proteins have been shown
to interact with one another to form a core complex in a diverse set
of T4SSs (13, 37,49-52). We found that TraK and TraB localize to
the outer membrane in gonococci and that their localization is not
perturbed in the absence of other T4SS proteins (Fig. 2 and 3).
Furthermore, TraK, TraV, and TraB are highly conserved between
gonococcal strains (see Fig. S1 to S3 in the supplemental material),
suggesting that they may be rare examples of nonvariable outer
membrane proteins in gonococci.

The two-helix bundle identified in the pKM101 homolog of
TraB is conserved in gonococcal TraB despite low sequence simi-
larity (12) (Fig. 3A), so it is possible that a portion of gonococcal
TraB may be surface exposed. Western blots to detect TraB-FLAG
in a gonococcal overexpression strain revealed two specific bands
(Fig. 1), and we predict that the smaller FLAG-reactive band
(which localized to the soluble and outer membrane fractions)
represents a periplasmic C-terminal TraB-FLAG cleavage prod-
uct. In A. tumefaciens, VirB10 undergoes a conformational change
in response to ATP utilization by the inner membrane T4SS
ATPases VirB11 and VirD4 that is thought to be crucial for sub-
strate secretion and can be monitored based on the susceptibility
of VirB10 to an exogenously added protease (53). It is possible that
the C-terminal TraB cleavage product could be a result of a similar
conformational change in gonococci. However, the smaller C-ter-
minal cleavage product is present in gonococci regardless of
whether TraB-FLAG is expressed in the WT or the AGGI back-
ground (i.e., regardless of whether the T4SS ATPases are present)
(Fig. 3), which could suggest that the smaller FLAG-reactive band
is just a degradation product resulting from overexpression and
not indicative of a conformational change.

A surprising result of this study was the observation that nei-
ther TraK nor TraB-FLAG was detectable by Western blotting in
WT cells during log-phase growth, although traK is transcribed
(Fig. 1). Signal amplification from a triple FLAG epitope added to
the C terminus of TraK allowed us to detect TraK-FLAG3 in WT
cells (29), a result consistent with the hypothesis that TraK is pres-
ent in WT cells but produced at levels not detectable by standard
Western blotting methods (Fig. 4). We used the TraK-FLAG3 al-
lele to investigate localization of the T4SS in the cell and its expres-
sion in the population. Previous microscopy studies of T4SS pro-
teins in other bacteria have reported both polar (54-57) and
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helical (58) localization patterns. N. gonorrhoeae is a coccus, mak-
ing it difficult to identify cell poles, except in diplococci. However,
proteins such as the NalP autotransporter localize asymmetrically
in Neisseria and are capable of polar localization when expressed
in E. coli, and it has been proposed that specific regions of the
Neisseria cell membrane could be equivalent to the poles of rod-
shaped bacteria as a result of division in alternate perpendicular
plates (59, 60). When TraK-FLAG3 was overexpressed (in
MR600), it localized throughout the cell envelope (Fig. 5). When
TraK-FLAG3 was produced from the native locus (in MR602), a
single gold particle was observed in some cells and localized to the
outer membrane (Fig. 5). The low expression levels of TraK-
FLAG3 make it difficult to make conclusions about localization
patterns of the T4SS, but it seems clear from these results that the
TA4SS apparatus is present at a very low copy number per cell.

We also investigated whether the apparent low expression lev-
els of the T4SS were due to differential expression in a subset of the
population by using flow cytometry on strains expressing TraK-
FLAG3. We hypothesized that the elaboration of a T4SS apparatus
and secretion of chromosomal DNA would constitute a large met-
abolic cost and that expression of the T4SS by a small subpopula-
tion would minimize this cost while still providing a mechanism
for horizontal gene transfer. The fluorescence profile of the
MR602 population (expressing traK-FLAG3 at the native locus)
was indistinguishable from that of the negative control, suggesting
that TraK-FLAG3 levels in this strain are below the limit of detec-
tion by flow cytometry, although we did not observe any MR602
subpopulations exhibiting high levels of fluorescence (Fig. 6). A
population of cells expressing approximately 4-fold-higher levels
of TraK-FLAG3 than MR602 was clearly distinguishable by flow
cytometry, suggesting that variation below the limit of detection
does not exceed 4-fold. These results are consistent with a model
in which all gonococci in the population express low levels of the
structural T4SS proteins.

Gonococci secrete DNA throughout their growth cycle, so it is
puzzling that TraK and TraB are not readily detectable (20). The
traK and traB genes are contained on a long transcript that in-
cludes 17 other genes, most of which are predicted to be structural
components of the secretion apparatus (2). Previously character-
ized gonococcal T4SS proteins, such as Tral (the relaxase) and
TraG (an inner membrane mating pair formation homolog), are
each encoded on a different transcript and are both detectable in
WT cells by Western blotting (61, 62). We identified a possible ¢”°
promoter upstream of /tgX, the first gene in the long transcript
containing traK and traB. The —35 and —10 hexamers (TTCATA
and TTTAAT, respectively) are close to consensus sequences and
are separated by 16 bp. We were also able to identify putative
ribosome binding sites upstream of traK and traB (GAGGT and
GGAGG, respectively) as well as upstream of other genes in the
long transcript, many of which have start and stop codons that
overlap or are only separated by a few base-pairs, suggesting that
they are cotranscribed and may be cotranslated (2). All of the
predicted surface-exposed T4SS proteins (such as TraB, TraN,
and TraK) are encoded together on this long transcript. Given that
N. gonorrhoeae is a strict human pathogen and any surface-ex-
posed protein would be exposed to the host immune system, it is
possible that expression of this particular T4SS transcript is regu-
lated to prevent high-level expression of conserved proteins
throughout infection.

Little is known about the regulation of the T4SS in gonococci.
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Gonococci expressing type IV pili secrete more DNA than non-
piliated cells, but the precise mechanism by which this occurs is
unknown (20). Optimal expression of T4SS genes in other bacte-
ria often requires an environmental stimulus, such as the phenolic
plant hormone acetosyringone in the case of A. tumefaciens or
acidic conditions that mimic intracellular infection of macro-
phages in the case of Brucella suis (63—65). Expression of F plasmid
genes is dependent on growth phase and is subject to regulation by
global regulators such as Hfq and H-NS (66—68). Gonococci are
highly adapted for survival within their sole human host, and it is
possible that high-level expression of the T4SS may be induced by
conditions that mimic a certain stage or type of infection. There is
evidence for expression of the gonococcal T4SS during intracellu-
lar infection since strains encoding the T4SS were found to survive
intracellular infections of ME180 cervical cells in the absence of
TonB-dependent iron transport, which is required for intracellu-
lar growth of gonococcal strains lacking the T4SS (69).
Altogether, these results indicate that TraK and TraB are con-
served outer membrane proteins in the gonococcal T4SS and sug-
gest that, despite its low similarity to other characterized systems
and its distinct mechanism of DNA secretion, the gonococcal
T4SS apparatus is likely structurally similar to characterized ho-
mologs. The low levels of TraK and TraB in the cell suggest that
very few copies of these structural components are necessary for
DNA secretion. We predict that high-level expression of these
proteins may be regulated in gonococci. Identification of the con-
ditions or regulators that induce increased expression of the T4SS
will provide important insight regarding the context and biologi-
cal significance of type IV secretion in gonococcal pathogenesis.
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