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Neisseria gonorrhoeae uses a type IV secretion system (T4SS) to secrete chromosomal DNA into the surrounding milieu. The
DNA is effective in transforming gonococci in the population, and this mechanism of DNA donation may contribute to the high
degree of genetic diversity in this species. Similar to other F-like T4SSs, the gonococcal T4SS requires a putative membrane pro-
tein, TraG, for DNA transfer. In F-plasmid and related systems, the homologous protein acts in pilus production, mating pair
stabilization, and entry exclusion. We characterized the localization, membrane topology, and variation of TraG in N. gonor-
rhoeae. TraG was found to be an inner-membrane protein with one large periplasmic region and one large cytoplasmic region.
Each gonococcal strain carried one of three different alleles of traG. Strains that carried the smallest allele of traG were found to
lack the peptidoglycanase gene atlA but carried a peptidoglycan endopeptidase gene in place of atlA. The purified endopeptidase
degraded gonococcal peptidoglycan in vitro, cutting the peptide cross-links. Although the other two traG alleles functioned for
DNA secretion in strain MS11, the smallest traG did not support DNA secretion. Despite the requirement for a mating pair sta-
bilization homologue, static coculture transformation experiments demonstrated that DNA transfer was nuclease sensitive and
required active uptake by the recipient, thus demonstrating that transfer occurred by transformation and not conjugation. To-
gether, these results demonstrate the TraG acts in a process of DNA export not specific to conjugation and that different forms of
TraG affect what substrates can be transported.

Neisseria gonorrhoeae encodes a type IV secretion system
(T4SS) that acts to secrete chromosomal DNA into the envi-

ronment (1). The secreted DNA is taken up by other gonococci
and is incorporated into their genomes through the process of
natural transformation (1–3). Thus, DNA secretion works as a
method of DNA donation for natural transformation without re-
quiring lysis and death of the donor cell (3–6). Frequent natural
transformation has made the gonococcal population structure
panmictic, or completely sexual (7), increasing genetic diversity
and spreading advantageous genes including antibiotic resistance
markers and variant alleles for surface antigens (reviewed in ref-
erence 5). The T4SS genes are located on a 57-kb genetic island
known as the gonococcal genetic island (GGI) found in 80% of N.
gonorrhoeae strains (2, 4). Several of the genes for DNA donation
are similar to conjugation genes of the Escherichia coli F-plasmid,
suggesting that DNA secretion by the gonococcal T4SS may work
by a method similar to plasmid conjugation or to chromosome
mobilization in E. coli Hfr strains (3, 4). An important difference
between these systems is that gonococcal DNA is secreted into the
medium, whereas F-plasmid is conjugated directly from one cell
to another through a mating bridge (8). The mechanisms for re-
quiring contact for conjugation or those allowing contact inde-
pendence in N. gonorrhoeae secretion are not understood.

The subject of the present study is N. gonorrhoeae TraG, a ho-
mologue of the mating pair formation protein TraG found in E.
coli F-plasmid and the similar TraG proteins in other F-like T4SSs,
including those of the integrative conjugative elements SXT in
Vibrio cholerae and R391 in Providencia rettgeri (1, 9, 10). Gono-
coccal TraG is 23% identical to F-plasmid TraG over an 843-ami-
no-acid region. F-plasmid TraG is necessary for conjugative pilus
production (11), mating pair stabilization (12), and entry exclu-
sion (13, 14). The functions of the TraG homologues are poorly

understood, although it is known that they are inner-membrane
proteins (11, 15) and that they recognize inner-membrane pro-
teins in cells that already carry the plasmid or element to prevent
DNA transfer to those cells (10, 14, 15). It is unclear how inner-
membrane proteins in two different cells could interact with each
other, but these results led to the hypothesis that the TraG proteins
or a TraG cleavage product may be transported out of the donor
cell (10, 14). Since gonococci do not use the T4SS to transfer DNA
directly from cell to cell by conjugation (2), do not require the
T4SS pilin for DNA secretion (16), and do not prevent entry of
DNA into recipients (1, 2), it is unclear what the function of gono-
coccal TraG would be. It was shown that an insertion mutation in
traG diminished DNA secretion and DNA donation for natural
transformation (1). It is also known that more than one allele of
traG exists in the gonococcal population, with each GGI� strain
carrying one traG allele (2, 6).

To gain a better understanding of the role of gonococcal TraG
in DNA secretion, we characterized TraG for subcellular localiza-
tion, membrane topology, and sequence variability. Also, the dif-
ferent traG alleles were tested for function in DNA secretion. TraG
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was found to be an inner-membrane protein with one large do-
main in the periplasm. One traG allele was always associated with
the gene for a putative peptidoglycan endopeptidase, and we
found that this peptidase degraded peptidoglycan in vitro. Two of
the traG alleles were functional for DNA secretion, whereas the
third traG did not support DNA secretion. Coculture DNA trans-
fer experiments in static liquid cultures confirmed that chromo-
somal marker transfer among gonococci occurs by DNA export
and natural transformation and not by mating pair formation and
conjugation. Together, these data indicate that the gonococcal
TraG and, possibly, all of the TraG homologues have an essential
function in secretion beyond those involved in mating and entry
exclusion.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains and plasmids
are described in Table 1. N. gonorrhoeae strains were constructed using
gonococcal strain MS11 as the parent, except as noted for two strains
derived from PID2059 and one strain derived for JC1. All assays were
carried out using piliated, transparent gonococci except for the analysis of
gonococcal peptidoglycan, which was carried out using nonpiliated gono-
cocci. N. gonorrhoeae was grown at 37°C on GCB agar plates containing
Kellogg’s supplements (17) in 5% CO2 or in GCB liquid (GCBL) medium
containing Kellogg’s supplements and 0.042% NaHCO3 (18). For DNA
secretion assays, gonococci were grown in GW medium (19). E. coli
strains were constructed using E. coli strain TAM1 (active motif), and
proteins were expressed for purification in BL21 STAR cells (Invitrogen).
traG fusion constructs made using the transposon system were con-
structed in E. coli strain CC118. Strain construction details are supplied in
the supplemental material. E. coli was grown in Luria-Bertani (LB) broth
or on LB agar plates (20). For N. gonorrhoeae, chloramphenicol (Cm) was
used at 10 �g/ml, spectinomycin (Sp) was used at 75 �g/ml, streptomycin
(Sm) was used at 100 �g/ml, and erythromycin (Em) was used at 10
�g/ml, except that 2 �g of Em/ml was used for strains PID2059 and JC1.
For E. coli, Cm was used at 25 �g/ml, Em was used at 500 �g/ml, and
ampicillin (Ap) was used at 100 �g/ml.

Southern blot analysis. Chromosomal DNA was prepared from N.
gonorrhoeae as previously described and digested with ClaI and EcoRI (2).
DNA for the traG coding region probe was prepared by PCR using prim-
ers 21F and TraG2R (2). Sequences of PCR primers used in these studies
are shown in Table 2. The probe was labeled with 32P by random-primed
labeling. Southern blotting was carried out according to standard proce-
dures (20).

DNA sequencing and analysis. DNA sequencing was carried out us-
ing the BigDye method according to the manufacturer’s instructions at
the University of Wisconsin-Madison DNA sequencing center. The se-
quence of the traG3-eppA region of strain PID2059 was submitted to
GenBank under accession number DQ835990. Incomplete N. gonor-
rhoeae genome sequences were accessed via the Broad Institute (http:
//www.broad.mit.edu). Sequence alignments and similarities were deter-
mined using the BLAST program (21).

DNA secretion assay. The DNA secretion assay was carried out as
described previously (3). Briefly, gonococcal strains were grown in GW
medium for 2 h from a starting optical density at 540 nm (OD540) of 0.18.
Cultures were vortexed for 1 min, and 0.6 ml of gonococcal culture was
added to 2.4 ml of fresh GW medium. Strains were allowed to grow for 2.5
h, and culture supernatants were collected at 0 and 2.5 h. Supernatants
were treated with the fluorescent, DNA-binding dye, PicoGreen (Invitro-
gen) and compared to DNA standards to determine the concentration of
DNA. The amount of DNA in each culture was standardized to the
amount of protein in the cell pellet as determined by the Bradford assay
(Bio-Rad) (22). The fluorescence background was determined by per-
forming the assay using GGI deletion strain ND500, and this value was
subtracted from the values for all strains.

Expression and purification of proteins for antibody production.
For expression and purification of the 436-amino-acid C-terminal frag-
ment of TraG (=TraG), a traG fragment was PCR amplified with primers
SpeItrunctraGF and 6R, digested with SpeI and EcoRI, and ligated into
expression vector pTYB12 to make pPK84. Induction with 0.5 mM IPTG
(isopropyl-�-D-thiogalactopyranoside) at room temperature was used to
overexpress =TraG fused to a chitin-binding domain and a self-cleavable
intein. =TraG was purified using chitin resin (New England BioLabs) ac-
cording to the manufacturer’s instructions, and polyclonal anti-=TraG
antisera were generated in rats (Harlan Bioproducts).

Protein overproduction and purification for in vitro assays. His6-
EppA protein was overproduced in E. coli BL21(�DE3) cells. Cells were
grown at 25°C in 3 liters of LB medium containing 40 �g of kanamycin/ml
until the OD600 reached 0.5 to 0.7. The temperature was reduced to 15°C;
after 1.5 to 2 h, IPTG was added to a final concentration of 100 �M. Cells
were grown an additional 16 h and harvested by centrifugation. Affinity
chromatography with a zinc-chelating resin (G Biosciences) was used to
purify His6-EppA. Cells were resuspended in histidine (His) tag purifica-
tion buffer (50 mM sodium phosphate buffer [pH 7.5], 300 mM NaCl,
10% glycerol) and lysed by two passages through a French pressure cell
(1,200 lb/in2). The cell extract containing 10 mM imidazole was incubated
with 1 ml of the resin with gentle shaking for 1.5 h on ice. The resin was
collected by centrifugation, loaded into a column, and washed with His
tag purification buffer containing 10 mM imidazole. Stepwise elutions
with His tag purification buffer containing 20, 40, 60, 100, and 250 mM
imidazole were performed. Fractions containing purified protein as de-
termined by SDS-PAGE analysis were pooled and dialyzed overnight at
4°C in dialysis buffer (50 mM sodium phosphate buffer [pH 7.5], 100 mM
NaCl, 10% glycerol); the next day, the buffer was changed, and the protein
was dialyzed for an additional 4 h. Purified protein was flash frozen in
liquid nitrogen and stored at �80°C. Protein concentrations were deter-
mined using the calculated molar extinction coefficient (14,650 M�1

cm�1).
Zymogram analysis. Zymogram analysis of His6-EppA peptidoglyca-

nase activity was performed as previously described with slight modifica-
tions (23, 24). Peptidoglycan was isolated from gonococcal strain FA1090
as described earlier (25). Various amounts of purified His6-EppA were
loaded onto a 12% polyacrylamide gel containing either 0.2% (wt/vol)
lyophilized Micrococcus lysodeikticus cells or 700 �l of the gonococcal
peptidoglycan preparation. Gels were electrophoresed at 75 V at 4°C,
washed in distilled water, and then washed with renaturation buffer (25
mM Tris-HCl [pH 7.5], 0.5% Triton X-100). After overnight incubation
in the renaturation buffer at room temperature, the gels were put in fresh
buffer and incubated at 37°C for 2 h. The gels were stained at room tem-
perature for 1 h with 0.1% methylene blue dissolved in 0.01% KOH,
destained with water, and then visualized to see zones of clearing. To
visualize the protein, the gels were stained with Coomassie brilliant blue.

Peptidoglycan solubilization assays with His6-EppA. For the high-
pressure liquid chromatography (HPLC)-based assays, reaction mixtures
contained 50 mM sodium phosphate buffer (pH 7.5), 25 �l of purified
FA1090 peptidoglycan prepared as described above, 1.5 �M His6-EppA,
and either 1 �M ZnSO4 or 3 mM EDTA in a total reaction volume of 150
�l. The reactions were incubated on a rotator overnight at 37°C. The
insoluble material was removed by centrifugation, and the supernatants
were applied to Centricon 10,000 molecular weight cutoff (MWCO) spin
columns, which had been prewashed with 50 mM sodium phosphate
buffer (pH 7.5). HPLC analysis was carried out using a Prevail (Alltech)
C18 HPLC column (5 �m, 25 by 4.6 mm). Reaction products were sepa-
rated using a 0 to 25% gradient of 60% acetonitrile– 0.01% trifluoroacetic
acid over 60 min at a flow rate of 1 ml/min, and the elution of the products
was monitored at 210 nm. Reaction mixtures analyzed by LC/MS were set
up as described above except that 75 �l of FA1090 peptidoglycan was
used. The filtered reaction products were analyzed at the UW-Madison
Biotechnology Center using a Zorbax SB-C18 column (1.8 �M, 2.1 by 50
mm) run on an Agilent 1200 HPLC with a linear gradient of 99.9% water–
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TABLE 1 Strains and plasmids

Strain or plasmid Propertiesa Source or reference

Plasmids
pHH18 EcoRI/SpeI fragment of traG from pKS43 in pKC1 (Ermr/Strs) This study
pHH36 traG in pKH9 (Cmr) This study
pHH42 pilTK136Q in pIDN1 66
pIDN1 Insertion duplication and cloning vector (Ermr) 1
pIDN3 Insertion duplication and cloning vector (Ermr) 1
pKC1 Insertion/duplication, positive/negative selection vector (Ermr)/(Strs) 67
pKH9 Complementation vector (Cmr) 4
pKH35 Complementation vector (Cmr) 4
pKH37 Complementation vector (Cmr) 6
pKH39 lacZ in pKH35 (Cmr) 68
pKH116 phoA from pUI1158 in pIDN1 (Emr) This study
pKH117 =traG479-=phoA in pKH116 (Cmr) This study
pKH119 phoA from pUI1160 in pIDN1 (Emr) This study
pKH120 =traG524-=phoA in pKH119 (Cmr) This study
pKH123 =traG661-=phoA in pKH116 (Cmr) This study
pKH128 =traG656-=phoA in pKH116 (Cmr) This study
pKH163 =lacZ no RBS in pKH35 (Cmr) This study
pKH164 =traG479-=lacZ in pKH163 (Cmr) This study
pKH165 =traG645-=lacZ in pKH163 (Cmr) This study
pKH166 =traG439-=lacZ in pKH163 (Cmr) This study
pKS43 479 bp Sau3AI fragment of traG cloned into pIDN1 (Ermr) 1
pPK53 atlA in pKH35 for complementation 6
pPK84 3= traG fragment in pTYB12 for purification of =TraG This study
pPK1005 traG in pIDN3 (Ermr) This study
pPK1023 Plasmid for construction �traG strain (Ermr) This study
pPK1040 traG in pKH9 for complementation (Cmr) This study
pPK1017 traG828-=lacZ in pKH37 (Cmr) This study
pPK1018 traG75-=lacZ in pKH37 (Cmr) This study
pPK1019 traG647-=lacZ in pKH37 (Cmr) This study
pPK1020 traG862-=lacZ in pKH37 (Cmr) This study
pPK1025 traG310-=phoA in pUI1156 (Cmr) This study
pPK1027 traG=-=phoA fusion from pPK1025 in pKH37 (Cmr) This study
pPK1031 =phoA cloned from pUI1156 in pKH37 (Cmr) This study
pPK1032 traG310-=lacZ in pKH39 (Cmr) This study
pPK1033 traG971-=phoA in pKH35 (Cmr) This study
pPK1034 traG609-=phoA in pKH35 (Cmr) This study
pPK1035 traG87-=phoA in pPK35 (Cmr) This study
pPK1036 traG125-=phoA in pPK35 (Cmr) This study
pPK1037 traG49-=phoA in pPK35 (Cmr) This study
pPK1038 traG430-=lacZ in pKH39 (Cmr) This study
pPK1039 traG387-=phoA in pUI1156 (Cmr) This study
pPK1041 traG31-=phoA in pUI1156 (Cmr) This study
pPK1042 =traG430-=phoA in pUI1158 (Cmr) This study
pPK1043 =traG387-=lacZ in pKH39 (Cmr) This study
pPK1044 traG=-=phoA fusion from pPK1041 in pKH37 (Cmr) This study
pPK1045 =traG=-=phoA fusion from pPK1042 in pKH37 (Cmr) This study
pPK1047 traG31-=lacZ in pKH39 (Cmr) This study
pSI7 traG and surrounding region in pIDN1 (Ermr) This study
pTYB12 Expression vector for protein purification New England Biolabs
pUI1156 Plasmid for constructing translational fusions with =PhoA (Apr) 69
pUI1158 Plasmid for constructing translational fusions with =PhoA (Apr) 69
pUI1160 Plasmid for constructing translational fusions with =PhoA (Apr) 69

N. gonorrhoeae strains
FA1090 Wild-type N. gonorrhoeae 70
HH513 PID2059 transformed with pHH18 (Ermr/Strs) This study
HH526 MS11 transformed with HH513 chromosomal DNA (Ermr/Strs) This study
HH528 HH526 derivative containing traG3-eppA locus from PID2059 replacing traG1-atlA region

of MS11 (Erms/Strr)
This study

HH530 JC1 transformed with pHH18 (Ermr/Strs) This study
HH533 MS11 transformed with HH530 chromosomal DNA (Ermr/Strs) This study

(Continued on following page)
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0.1% formic acid to 99.9% acetonitrile– 0.1% formic acid over 60 min, at
a flow rate of 0.25 ml/min. Peaks were analyzed using an Agilent LC/MSD
TOF using electrospray ionization in positive-ion mode.

Analysis of His6-EppA reaction products digested with mutanoly-
sin. Reaction mixtures contained 50 mM sodium phosphate buffer (pH
7.5), 75 �l of purified KH530 peptidoglycan, 1.5 �M His6-EppA, and 10
�M ZnSO4 in a total reaction volume of 200 �l. The reactions were incu-
bated on a rotator overnight at 37°C. The enzyme was heat killed by
boiling for 5 min, and the insoluble material was removed by centrifuga-
tion. The supernatant was filtered using a Centricon 10,000-MWCO spin
column, and the filtrate was divided into two aliquots. To one aliquot, 10
�l of a stock solution of mutanolysin (1 mg/ml) was added; to the second
aliquot, 10 �l of water was added as a control. The reaction mixtures were

incubated on a rotator at 37°C for 2 h. The samples were then filtered
using a Centricon 10,000 MWCO spin column and analyzed by liquid
chromatography-mass spectrometry (LC/MS) at the UW-Madison Bio-
technology Center, following the same protocol described above.

Peptidoglycan solubilization assay. Degradation of gonococcal pep-
tidoglycan was measured in an in vitro assay as previously described (6).
To prepare the substrate, N. gonorrhoeae was grown in the presence of
[6-3H]glucosamine in gonococcal base liquid medium using pyruvate as
the carbon source and omitting glucose. This method labels both the
N-acetylglucosamine and the N-acetylmuramic acid of peptidoglycan.
Gonococcal peptidoglycan was purified as described in reference 26.

Subcellular fractionation of N. gonorrhoeae. Gonococcal strains
were grown in 100-ml liquid cultures for 3 h starting at an OD540 of 0.2.

TABLE 1 (Continued)

Strain or plasmid Propertiesa Source or reference

HH534 HH533 derivative containing traG2 from JC1 replacing traG1 of MS11 (Erms/Strr) This study
JC1 N. gonorrhoeae DGI isolate R. Hull
KH530 MS11 pacAH329Q 26
KH582 PK202 transformed with pKH117, traG479-=phoA� (Cmr) This study
KH583 PK202 transformed with pKH120, traG524-=phoA� (Cmr) This study
KH586 PK203 transformed with pKH123, traG661-=phoA� (Cmr) This study
KH589 PK198 transformed with pKH128, traG656-=phoA� (Cmr) This study
KH621 PK181 transformed with pKH166, traG439-=lacZ� (Cmr) This study
KH622 PK181 transformed with pKH164, traG479-=lacZ� (Cmr) This study
KH623 PK181 transformed with pKH165, traG645-=lacZ� (Cmr) This study
LI1653 N. gonorrhoeae low-passage clinical isolate 71
LI1656 N. gonorrhoeae low-passage clinical isolate 2
LI1660 N. gonorrhoeae low-passage clinical isolate 71
LI1665 N. gonorrhoeae low-passage clinical isolate 71
LI1667 N. gonorrhoeae low-passage clinical isolate 71
LI1673 N. gonorrhoeae low-passage clinical isolate 71
MS11 Wild-type N. gonorrhoeae (Strr) 72
MS11Spc MS11 (Spcr) 2
ND500 MS11 �GGI 4
NT04 MS11Spc transformed with pHH42 (pilTK136Q) This study
PID2004 N. gonorrhoeae low-passage clinical isolate 71
PID2025 N. gonorrhoeae low-passage clinical isolate 71
PID2059 N. gonorrhoeae low-passage clinical isolate 71
PK161 HH528 complemented with atlA by transformation with pPK53 This study
PK162 PID2059 complemented with atlA by transformation with pPK53 This study
PK166 MS11 transformed with pKH37, cat� (Cmr) This study
PK180 MS11 transformed with pKH39, lacZ� (Cmr) This study
PK181 PK180 transformed with pPK1017, traG828-=lacZ� (Cmr) This study
PK182 PK180 transformed with pPK1018, traG75-=lacZ� (Cmr) This study
PK184 PK180 transformed with pPK1019, traG647-=lacZ� (Cmr) This study
PK185 PK180 transformed with pPK1020, traG862-=lacZ� (Cmr) This study
PK186 MS11 �traG This study
PK189 MS11 transformed with pPK1032, traG310-=lacZ� (Cmr) This study
PK190 MS11 transformed with pPK1031, =phoA� (Cmr) This study
PK191 MS11 �traG complemented with traG by transformation with pPK1040 (Cmr) This study
PK195 PK190 transformed with pPK1035, traG87-=phoA� (Cmr) This study
PK196 PK190 transformed with pPK1036, traG125-=phoA� (Cmr) This study
PK197 PK190 transformed with pPK1037, traG49-=phoA� (Cmr) This study
PK198 PK190 transformed with pPK1034, traG609-=phoA� (Cmr) This study
PK199 PK181 transformed with pPK1038, traG430-=lacZ� (Cmr) This study
PK200 PK181 transformed with pPK1043, traG387-=lacZ� (Cmr) This study
PK201 PK190 transformed with pPK1044, traG31-=phoA� (Cmr) This study
PK202 PK198 transformed with pPK1045, traG430-=phoA� (Cmr) This study
PK203 PK198 transformed with pPK1027, traG310-=phoA� (Cmr) This study
PK204 PK180 transformed with pPK1047, traG31-=lacZ� (Cmr) This study
PK205 PK198 transformed with pPK1033, traG971-=phoA� (Cmr) This study

a Cmr, chloramphenicol resistance; Ermr, erythromycin resistance; Spcr, spectinomycin resistance; Apr, ampicillin resistance; Strr, streptomycin resistance. Gene subscripts indicate
mutations, e.g., “pilTK136Q” indicates “pilT with mutation K136Q”.
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Membrane and soluble fractions were collected using a method adapted
from Gauthier et al. (27). Cells were collected by centrifugation and re-
suspended in 1 ml of cold 50 mM Tris-HCl, 20% sucrose, and 1� Com-
plete Mini protease inhibitor cocktail (Roche). Then, 100 �l of a 1-mg/ml
concentration of lysozyme (Sigma) in 250 mM EDTA was added to the
cells, followed by incubation on ice for 15 min. The cells were broken by
bead beating with 140- to 300-�m glass beads on a vortex mixer at 4°C for
20 min. Unbroken cells were collected by centrifugation at 16,000 � g.
The suspension of broken cells was centrifuged at 50,000 � g for 1 h. The
soluble fraction was collected and concentrated using Microcon centrif-
ugal filter devices with a 10-kDa cutoff (Millipore). The membrane frac-
tions were washed with cold 50 mM Tris-HCl and resuspended in 0.1%
SDS and 0.5% N-lauroylsarcosine. The amount of protein in each sample
was determined by the Lowry method (Bio-Rad DC protein assay) (28),
and 300 �g of protein from each sample was used for Western blot anal-
ysis.

Western blot analysis. Proteins were electrophoresed on 10% SDS-
polyacrylamide gels and transferred to polyvinylidene difluoride mem-
branes (Bio-Rad). Membranes were blocked in 5% milk in Tris-buffered
saline with 0.5% Tween 20 (TTBS), followed by incubation with primary
antibodies in 5% milk in TTBS for 2 to 18 h and then incubation with
horseradish peroxidase (HRP)-conjugated secondary antibodies in TTBS
for 1 to 2 h. Blots were washed with TTBS, developed with Immobilon
Western Chemiluminescent HRP substrate (Millipore), and exposed to
film. Antisera were used at the following concentrations: anti-TraG,
1:400; anti-CAT (Sigma), 1:1,000; anti-LacZ (Santa Cruz Biotech), 1:500;
anti-PhoA (Chemicon), 1:600; anti-PilQ (H. S. Seifert), 1:1,000; and anti-
mouse-HRP, anti-rat-HRP, and anti-rabbit-HRP (all from Santa Cruz
Biotech), 1:20,000.

�-Galactosidase and phosphatase assays. �-Galactosidase assays
were carried out as described previously (29) with the following modifi-
cations. Gonococcal strains were grown in GCBL for 3 h starting at an
OD540 of 0.2. Then, 1 ml of culture was diluted into 2 ml of fresh medium,
and the cultures were induced with 0.33 mM IPTG and grown for 2 h. The
cultures were vortexed for 1 min, and the OD600 of each culture was
measured. Next, 0.5 ml of culture was used for the assay and diluted into
0.5 ml of Z buffer (29).

Phosphatase assays were carried out as described previously (30) with

minor modifications. Briefly, gonococcal strains were grown as described
above for �-galactosidase assays. The OD600 of each culture was measured
before centrifugation of 0.5 ml of each culture. The cells were washed once
in 10 mM Tris-HCl (pH 8.0) and 10 mM MgSO4 and resuspended in cold
1 M Tris-HCl (pH 8.0). The resuspended cells were added to 0.5 ml of 1 M
Tris-HCl (pH 8.0)– 0.1 mM ZnCl2. Two drops of CHCl3 and one drop of
0.1% SDS were added to each sample before vortexing and incubation at
room temperature for 5 min. Next, 0.1 ml of 4 mg of p-nitrophenyl phos-
phate/ml in 1 M Tris-HCl (pH 8.0) was added to each reaction, and the
reactions were incubated at room temperature. Phosphatase units were
calculated after measurement of the OD420 and OD550.

Coculture transformation assays. Coculture transformation was per-
formed as described by Dillard and Seifert with minor modifications (2).
Donor strain JD1545 carries a Cmr marker on the chromosome at cnp. It
also carries the recA6 allele, which prevents the strain from serving as a
recipient in transformation unless recA expression is induced. MS11Spc
or MS11Spc with a mutation in pilT (NT04) was used as the recipient.
Separate cultures of the donor and the recipient were grown with aeration
in GCBL plus supplements to an OD540 of �1.0. Sufficient volumes of
donor and recipient were mixed and diluted to a final volume of 2 ml
using prewarmed GCBL with supplements such that each contributed an
OD540 of 0.1 for a total OD540 of 0.2. The mixed cultures were placed in a
T-25 tissue culture flask and incubated horizontally in a 5% CO2 atmo-
sphere at 37°C for 2.5 h. The cultures were diluted in GCBL and plated on
GCB agar plates containing 10 �g of Cm/ml, 75 �g of Sp/ml, or 8 �g of
Cm/ml plus 75 �g of Sp/ml.

RESULTS
Membrane localization of TraG. Gonococcal TraG is predicted
to be an inner-membrane protein based on sequence characteris-
tics, including the presence of at least five regions of hydrophobic-
ity that may function as membrane spans. Also, experimental ev-
idence indicates that TraG homologues in E. coli F-plasmid (11),
V. cholerae, and P. rettgeri are localized to the inner membrane (10,
15). However, the existence of multiple traG alleles led us to won-
der if TraG might be exposed on the cell surface and subject to
immune surveillance (2). Furthermore, it has been suggested that
the F-plasmid TraG may be secreted into the recipient cell during
conjugation (9, 14). To examine the subcellular localization of N.
gonorrhoeae TraG, we separated gonococcal cells into soluble and
membrane fractions and probed immunoblots with anti-TraG
antisera. TraG was detected only in the membrane fractions from
gonococcal strains and was not detected in the soluble fraction or
in a strain with a deletion of the GGI (Fig. 1). We detected two
bands corresponding to TraG. One was near the predicted molec-

FIG 1 Subcellular fractionation and Western blot analysis of gonococcal
strains. The wild-type strain MS11 (WT), the GGI deletion strain ND500
(�GGI), and strain PK166 expressing CAT (cat�) were separated into soluble
and membrane fractions, and the fractions were subjected to Western blot
analysis with anti-TraG, anti-CAT, and anti-PilQ antibodies.

TABLE 2 PCR primers used in this study

Primer Sequence (5=–3=)a

6R GTCTTCCACTTGATATTCCACG
21F CAAGCTGCTGCCTTATTTGG
22R CTGCTTCAATACTTTCCCCAATTTC
23F Xho GCTCGAGGATTCGTTCTGCTGCTGAGGC
EPatL5=NheI GTTCGCTAGCCTATCGCCCAAAGAA
EPEcoRIR CTGAATTCCAATATGGGCAATGCTCATGATATG
EPSpeIF GAACTAGTAGCATAACGGCAGCCAAACAGT
lacZ3=Mfe GAGCCAATTGGGCCTGCCCGGTTATTATTA
lacZ5=Pst GCGACTGCAGCACACAGGAAACAGCTATGA
lacZnoRBSXma TCACCCGGGATGACCATGATTACGGATTC
newEP3=XhoI AATGCTCGAGATATGTACCCCTCTCTATTT
NhetraGR GATCGTGCTAGCCCGTTGCCTCCATATGAGGTGG
SpeItrunctraGF GACACTAGTATGACTTCATCGGCCAAATCAAC
traG2R TTCCTGCCGAATTTGTACCC
traG439 Xma CATCCCGGGGGCTGCTGCCATCAATAACG
traG479 Xma CATCCCGGGGGTTGATTTGGCCGATGAAGTC
traG645 Xma CATCCCGGGTGCGATGGCAGATATAACTGC
traGdelF TAAGGAGAGATGTAACCCCGTTGCGTAATGCC
traGdelR CAACGGGGTTACATCTCTCCTTAGAAACGGTTCATCG
traGdown CGAGATATCGGATGCTAAAGCCGGGTTGC
traGlacZ1R CAGTCAAGCTTGATCCTGATATTGTGGCAACGCC
traGlacZ2R GACTCAAGCTTGCTTGACGAATAACCTCAACCATC
traGlacZ3R GTCAGCCTGCAGCCGTTGGCGGCTTCCACG
traGlacZ4R CTGGTAGAAGCTTAATAACCGGAATGC
traGup CGAATGCATGCTCAGCCTTTGTGGATACC
XhotraGF GAGGCCTCGAGCTCCATGACTTTTGATTCGATGAACC
a The sequences of the restriction sites in the primers are underlined.
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ular mass of 107 kDa, and the second exhibited a larger apparent
molecular weight. The reason for the presence of two bands is
unknown but could be due to modification or processing of the
protein, or to degradation of the protein during subcellular frac-
tionation. We constructed a strain that expresses CAT, a known
cytoplasmic protein, so that we could detect the presence of solu-
ble proteins in the cell fractions. Immunoblots of both the soluble
and membrane fractions indicated that CAT was only found in the
soluble fraction of the strain expressing the protein (Fig. 1). In
order to test for membrane proteins in the cell fractions, we
probed blots with antibodies raised against PilQ, a known N. gon-
orrhoeae outer-membrane protein (31, 32). PilQ was found only
in the membrane fractions of all three strains tested (Fig. 1). These
results indicate that TraG is a membrane protein and confirm that
our method for fractionating gonococci effectively separated
membrane and soluble fractions.

Membrane topology of TraG. We used three different com-
puter algorithms to predict the membrane topology of TraG,
TMHMM (33), HMMTOP (34), and SOSUI (35). All three pro-
grams predicted that the N terminus of TraG resides in the
periplasm and recognized five putative membrane-spanning do-
mains around amino acids 33 to 52, 59 to 82, 359 to 380, 385 to
407, and 441 to 461, respectively. However, TMHMM predicted
a sixth transmembrane domain at amino acids 96 to 115, and
HMMTOP predicted a sixth transmembrane domain at amino
acids 414 to 434. TraG in gonococcal strain MS11 is a 1,000-ami-
no-acid protein, so these predictions indicate that the C-terminal
half of the protein consists of a large soluble domain.

To examine the topology of TraG in the membrane, we ex-
pressed translational fusions of segments of TraG (TraG=) with E.
coli �-galactosidase (LacZ) or E. coli alkaline phosphatase lacking
a signal sequence (=PhoA). Fusing an N-terminal fragment of a
protein with these enzymes has been used widely to build models
of the topologies of membrane proteins, including F-plasmid
TraG (14). LacZ will exhibit activity if localized to the cytoplasm,
and PhoA is only enzymatically active if it is folded in the
periplasm. Thus, the enzymatic activity of PhoA or LacZ fused to
an N-terminal fragment of a protein of interest will predict the
location of the junction of the protein of interest with LacZ or
=PhoA (reviewed in reference 30). We first used phage-encoded
transposon systems (TnphoA/In and TnlacZ/In) created by Man-
oil and Bailey (36) to construct traG=-lacZ or traG=-=phoA fusions
in a nondirected manner. Using this method, we identified mul-
tiple traG fusions that, when expressed in E. coli, were positive for
LacZ or PhoA activity. We also constructed directed fusions of
traG with lacZ or =phoA to allow us to examine regions of TraG
that were missed using the transposon system. The isolation of
multiple active fusions of TraG= with LacZ and TraG= with =PhoA
indicates that TraG is an inner-membrane protein when ex-
pressed in E. coli.

We transformed the TraG fusion constructs into N. gonor-
rhoeae in order to measure LacZ or PhoA activity in the natural
species background. The units of activity of LacZ or PhoA we
calculated were overall lower than the values observed in other
systems, but this may be due to the construct used for expression.
We considered all calculated activities of LacZ or PhoA to be pos-
itive if they were statistically different (P 	 0.05 as determined by
using the Student t test) from the value obtained for the parent
strain that does not express PhoA or LacZ (strain MS11).

The expression of fusions of TraG= and =PhoA at amino

acids 49, 87, 125, and 310 in gonococci resulted in positive
phosphatase activity, indicating that =PhoA was folded in the
periplasm (Fig. 2A). In contrast, the expression of the TraG=-
=PhoA fusions at amino acids 31, 430, and six more locations
between amino acid 430 and the C terminus did not result in
phosphatase activity. The absence of phosphatase activity suggests
that =PhoA did not fold in the periplasm, =PhoA did not dimerize
as necessary for activity, or the fusion was not expressed.

We carried out Western blot analysis of eight of the fusions
using anti-PhoA antibodies to determine whether the TraG fusion
proteins were expressed. For all fusions except the one at amino
acid 310, we detected bands of increasing size as the size of the
TraG= fragment fused to =PhoA increased (data not shown). These
results indicate that most of the TraG fusion proteins were ex-
pressed even if their activity was not detected in the enzymatic
assay.

Expression of the TraG=-LacZ and TraG=-=PhoA fusions in
gonococci, combined with membrane topology predictions al-
lowed us to create a model of the topology of TraG in the inner
membrane. With the exception of the fusion at amino acid 49, the
TraG=-=PhoA fusion data are consistent with a model where the

FIG 2 (A) Quantitative analysis of the enzymatic activities of TraG=-=PhoA
fusions expressed in N. gonorrhoeae. Strains were grown in log-phase in liquid
medium and induced to express the TraG=-=PhoA fusion proteins. The enzy-
matic activity of =PhoA was calculated and plotted in phosphatase units. (B)
Quantitative analysis of the enzymatic activities of TraG=-=LacZ fusions ex-
pressed in N. gonorrhoeae. Strains were grown in log phase in liquid medium
and induced to express the TraG=-=LacZ fusion proteins. The enzymatic activ-
ity of LacZ was calculated and plotted in Miller units. Each reported value is the
result of three independent experiments and the reported errors are the stan-
dard deviations. *, P 	 0.05 as determined by using the Student t test.
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TraG N terminus is in the periplasm, there are five membrane-
spanning regions giving two periplasmic loops from amino acids
82 to 358 and amino acids 408 to 414, and the C terminus is in the
cytoplasm (Fig. 3). The =PhoA fusion at 49 might disrupt the
membrane span, leading to the PhoA� phenotype, although this
region would normally not be present in the periplasm in intact
TraG.

The expression of fusions of TraG= with LacZ at amino acids
31, 75, 387, 430, 645, and 862 in gonococci resulted in positive
�-galactosidase activity, indicating that the LacZ portion of these
fusion proteins remained in the cytoplasm (Fig. 2B). Western blot
analysis for eight of these fusions using anti-LacZ antibodies
showed that the TraG fusion proteins were expressed (data not
shown). A strain expressing LacZ showed a specific band of the
expected size not found in the parent strain MS11. Fusions at
amino acids 647 and 828 showed fusion protein expression but no
LacZ activity. The fusion of TraG= to LacZ at amino acid 310 was
expressed at a much lower level than the other TraG fusion pro-
teins.

We incorporated the TraG=-=LacZ fusion data into the TraG
topology model. The TraG=-to-LacZ fusion at amino acid 31 was
expected to give positive LacZ activity. Since this fusion was con-
structed in a region of the protein before any predicted transmem-
brane domains, the truncated TraG protein is predicted to be lo-
calized to the cytoplasm regardless of the localization of this
domain in the full-length form of TraG. The LacZ fusions are
consistent with a model of TraG topology with five membrane
spans, one large soluble domain in the periplasm, and the C-ter-
minal soluble domain in the cytoplasm (Fig. 3).

The traG region of the GGI is variable among strains. Signif-
icant variation within the GGI is found in the region surrounding
traG. Directly downstream of traG is atlA, which encodes an en-
zyme that cleaves the glycan backbone of peptidoglycan strands
(2, 6). It is hypothesized that peptidoglycanases in T4SSs create
localized breaks in the peptidoglycan cell wall to allow for assem-
bly of T4SS components or secretion of substrates across the cell
wall (37). We have shown that the peptidoglycanase activity of
atlA is essential for DNA secretion (6). Thus, it is curious that
some gonococcal strains carry versions of the GGI that lack atlA
(2). Also, some strains carry a different allele of traG, known as the
sac-4 allele or traG2. The open reading frame of this traG allele
encodes a 1,032-amino-acid protein with a predicted molecular

mass of 111 kDa (2). We used Southern analysis and DNA se-
quencing to further examine the nature and extent of variation in
this region. We used a portion of the 5= end of traG as a probe in
Southern blot analysis of 10 low-passage clinical isolates of N.
gonorrhoeae that do not contain a traG1-atlA region like that of
MS11, i.e., these strains either lacked atlA or carried the traG2
allele as determined by PCR (2). Southern blots carried out using
the conserved part of traG as a probe revealed that either traG was
absent because the GGI was not present (as in strain LI1665) or it
was present on one of two different sized restriction fragments
(Fig. 4A). The smaller restriction fragments are consistent with the
size of the fragment containing traG2 and atlA, as is seen in the JC1
version of the GGI, and all of the strains containing traG on the
smaller restriction fragment were sac-4�, as determined by PCR (2).

To investigate the traG locus of a strain containing traG on the
larger restriction fragment, we cloned and sequenced the traG region
of strain PID2059 (GenBank accession number DQ835990). Se-
quence analysis confirmed that atlA is missing from the GGI of this
strain but also revealed that traG from strain PID2059 shows differ-
ences from the MS11 version of traG (Fig. 4B). The MS11 allele is
hereafter referred to as traG1. We called the PID2059 allele traG3.
It encodes a 970-amino-acid protein with a predicted molecular
mass of 104 kDa. The predicted amino acid sequence of TraG3
from PID2059 is almost identical to the predicted amino acid
sequence of TraG1 from strain MS11 from amino acids 1 to 535,
slightly more than half of the protein sequence. After that point
the amino acid sequence still shows significant similarity to TraG
by amino acid alignment but varies significantly from the MS11
version (E 
 3e�32, 31% over 355 amino acids). After traG3, this
strain carries a gene for a putative endopeptidase (EppA) similar
to proteins of the M23 family (pfam01551), a family of zinc met-

FIG 3 Topology model for TraG. The results from the fusion protein studies
are consistent with a five membrane-span model. Active =PhoA fusions are
shown with triangles. Active LacZ fusions are shown with lollipop shapes. The
numbers indicate the location of the TraG junction in amino acids.

FIG 4 (A) Southern blot analysis of EcoRI- and ClaI-digested chromosomal
DNA from 10 low-passage gonococcal isolates. A region internal to the con-
served portion of traG was used as the probe. traG is not present at all or is
found on one of two different sized restriction fragments in these isolates. (B)
Three different versions of the GGI. Class I is the version found in strain MS11
and contains traG1 and atlA. Class II contains both traG2 (traGsac-4) and atlA,
while class III is the version found in strain PID2059. Class III contains traG3
and eppA but lacks atlA. The shaded areas indicate regions that are different
from the nucleotide sequence of strain MS11.
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allopeptidases. Many characterized M23 family members are pu-
tative peptidases and some, including lysostaphin, which cleaves
Staphylococcus aureus peptidoglycan (38), are peptidoglycan en-
dopeptidases. Lysostaphin cleaves pentaglycine chains that cross-
link peptidoglycan in some Gram-positive bacteria (39). Gono-
coccal M23B family member NG1686 has endopeptidase and
carboxypeptidase activity on peptidoglycan (25). Other M23 fam-
ily members are peptidases that cleave protein substrates (40).
Some members of the M23 family, however, are bacterial lipopro-
teins that have no demonstrated peptidase activity (41, 42).

The region downstream of traG3 and eppA in strain PID2059
was sequenced and was found to have several differences relative
to the region downstream of traG1 in strain MS11 (Fig. 4B). In
addition to lacking atlA, the ych gene of strain PID2059 was dif-
ferent from ych of strain MS11. The function of ych is not known,
although it is not required for DNA secretion (our unpublished
observation). The different allele in PID2059 was designated ych1.
Sequence analysis showed that PID2059 lacks exp1, a gene found
in the MS11 version of the GGI between ych and cspA. The exp1
open reading frame is oriented in the opposite direction as traG,
atlA, and ych and encodes a protein that has been shown to be
exported from the cytoplasm by N. gonorrhoeae and E. coli (2, 43).
PID2059 also contains two genes directly adjacent to ych1, desig-
nated cspA and exp2, which are also found in the MS11 version of
the GGI. cspA encodes a protein carrying a cold shock domain
with similarity to other bacterial cold shock-like proteins (2). The
products encoded by cspA in both the MS11 and PID2059 versions
of the GGI are nearly identical. In the MS11 version of the GGI, the
5= third of exp2 is identical to the 5= third of exp1. Similar to cspA,
the products encoded by exp2 in the MS11 and PID2059 versions
of the GGI are almost identical. Microarray analysis indicated that
N. meningitidis strain A22 contains genes of the GGI but lacks atlA
(44). We sequenced the traG region in this strain and found se-
quences similar to traG3 and eppA of strain PID2059. To date, all
N. meningitidis strains that carry the GGI and a traG allele, have
traG3 and eppA (45).

The data suggesting that there are three different alleles of traG
are also supported by recent N. gonorrhoeae genome sequence
data. The completed NCCP11945 genome (GenBank accession
no. CP001050) shows a strain with traG1 and atlA like MS11.
Similarly, the partially completed sequence of strain PID1 is like
that of MS11 for traG1 and atlA. The sac-4 allele of traG (traG2) is
found in the sequences of strains FA19, PID332, and SK93-1035,
and these strains also contain atlA. Interestingly, strains FA19 and
PID332 do not contain exp1 or cspA, although SK93-1035 carries
these genes. The variation in the presence of exp1 and cspA was
previously reported by Dillard and Seifert (2). Strain FA19 does
not secrete DNA (our unpublished observation), although the
reason for the lack of secretion is not known. The genome se-
quence of PID18 shows the traG3 allele, eppA, and the absence of
exp1, just as we found for strain PID2059. The genome sequences
of strains FA19, MS11, PID18, PID332, and SK93-1035 are avail-
able elsewhere (http://www.broad.mit.edu).

EppA exhibits peptidoglycanase activity. The similarity of
EppA to peptidoglycan endopeptidases suggested that EppA
might function to break down peptidoglycan. To test this idea, we
overproduced EppA as a His-tagged protein in E. coli and purified
it by immobilized metal ion affinity chromatography. The puri-
fied EppA was used in zymogram assays to look for peptidoglycan-
binding or peptidoglycan-degrading activity. EppA produced a

zone of clearing in zymogram gels containing gonococcal pepti-
doglycan (Fig. 5A and B) but not in zymogram gels containing
Micrococcus lysodeikticus cells (data not shown). To further exam-
ine EppA function, we added EppA to 3H-labeled gonococcal sac-
culi and monitored the degradation of the peptidoglycan by mea-
suring the release of 3H-labeled material into the soluble fraction.
EppA was found to degrade gonococcal peptidoglycan (Fig. 5C).
The addition of EDTA or 1,10-phenanthroline to the reaction
abolished peptidoglycan degradation, suggesting that EppA re-
quires a metal ion for function.

EppA is a peptidoglycan endopeptidase. To examine the bio-
chemical function of EppA, we digested gonococcal sacculi with
EppA in vitro and characterized the products by HPLC and LC/
MS. Digestion of sacculi with EppA produced a variety of products
that could be detected by HPLC (Fig. 6A). However, the addition
of EDTA prevented digestion, and no products were detected
from this reaction (Fig. 6B). Characterization by LC/MS of the
peptidoglycan fragments produced from gonococcal sacculi
showed six major peaks (Fig. 7), representing monomeric, di-
meric, and trimeric peptidoglycan fragments with each containing
one 1,6-anhydro-N-acetylmuramic acid (Table 3).

FIG 5 EppA degrades peptidoglycan. (A) Zymogram of purified EppA elec-
trophoresed through a polyacrylamide gel containing gonococcal peptidogly-
can. Zones of clearing indicate areas where EppA bound to or degraded pep-
tidoglycan. (B) Coomassie blue-stained gel showing quantities of EppA used
for part A. Lane 1, 2.4 �g; lane 2, 1.8 �g; lane 3, 1.2 �g; lane 4, 0.9 �g; lane 5, 0.6
�g; lane 6, no EppA. C. EppA degraded 3H-labeled gonococcal sacculi produc-
ing soluble peptidoglycan fragments that were quantified by scintillation
counting. This reaction was inhibited by addition of EDTA or 1,10-phenan-
throline.
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If EppA is a peptidoglycan endopeptidase as predicted from its
sequence homology, then any multimeric peptidoglycan frag-
ments produced by EppA digestion of sacculi should be glycosidi-
cally linked, not peptide linked. To test this idea, we sequentially
digested gonococcal sacculi with EppA and mutanolysin. Muta-
nolysin specifically cuts the MurNAc-�-(1,4)-GlcNAc bond in
peptidoglycan, converting glycosidically linked peptidoglycan
strands to monomers. For these experiments, sacculi from non-
acetylating gonococcal strain KH530 was used in order to ease
analysis of the products. The sequential digestion demonstrated
that the multimers produced by EppA were glycosidically linked.
The addition of mutanolysin eliminated all of the tetramers and
trimers, and almost all of the dimers (Table 4). New species of
monomers were seen resulting from mutanolysin digestion, and
these were identified as reducing monomers, indicating that they

were cleaved from longer peptidoglycan strands by mutanolysin
digestion of glycosidic linkages. A very small amount of reducing
tetrapeptide monomer was identified in the EppA alone digest
(Table 4), but the addition of mutanolysin increased the amount
of this product 48-fold (data not shown). These data demonstrate
that peptidoglycan fragments released from sacculi have no pep-
tide cross-links, indicating that EppA digests peptide cross-links
(DAP–D-Ala or DAP-DAP) to release these fragments.

Function of different alleles of traG in DNA secretion. It was
previously shown that an insertion mutation in traG1 in strain
MS11 eliminated DNA secretion by gonococci (1). To better ex-
amine the requirement for traG for DNA secretion, we con-

FIG 6 HPLC analysis shows EppA produces a variety of soluble peptidoglycan
fragments from digestion of gonococcal peptidoglycan, but these peptidogly-
can fragments are not produced in the presence of EDTA. Peptidoglycan frag-
ments were detected spectrophotometrically by absorbance at 210 nm.

FIG 7 LC/MS analysis of peptidoglycan fragments generated by EppA. Pro-
posed structures for the peptidoglycan fragments numbered in the figure are
listed in Table 3.

TABLE 3 Proposed structures of His6-EppA reaction products revealed
by LC/MS

Peaka

Mass (Da)

Proposed structurebCalculated Observed

Monomer
1 921.38 921.36 Tetra (anh)

Dimers
2 1,842.76 1,842.73 Tetra-tetra (anh)
3 1,913.80 1,913.80 Penta-tetra (anh)
4 1,884.77 1,884.77 Tetra-tetra (anh) OAc
5 1,955.81 1,955.81 Penta-tetra (anh) OAc

Trimer
6 2,848.17 2,848.17 Tetra-tetra-tetra (anh) di-OAc

a Peaks correspond to those shown in Fig. 7.
b Tetra, disaccharide tetrapeptide; Penta, disaccharide pentapeptide (disaccharide 

N-acetylglucosamine-N-acetylmuramic acid); anh, 1,6-anhydro-muramic acid; OAc,
O-acetylation on N-acetylmuramic acid.

TABLE 4 Reaction products from the sequential digestion of PG by
His6-EppA and mutanolysina

Product
Calculated
mass (Da)

Observed mass (Da)

EppA �
mutanolysin

EppA �
water

Monomers
Tri (anh) 850.3 850.4 850.4
Tri (red) 868.4 868.4 ND
Tetra (anh) 921.4 921.4 921.4
Tetra (red) 939.4 939.4 939.4
Penta (anh) 992.4 992.4 992.4
Penta (red) 1,010.4 1,010.5 ND

Dimers
Tetra-tri (anh) or Tri-tetra (anh) 1,771.7 ND 1,771.8
Tetra-tetra (anh) 1,842.8 1,842.8 1,842.8
Penta-tetra (anh) or Tetra-penta (anh) 1,913.8 ND 1,913.8

Trimers
Tetra-tri-tri (anh)b 2,622.1 ND 2,622.1
Tetra-tetra-tri (anh)c 2,693.1 ND 2,693.2
Tetra-tetra-tetra (anh) 2,764.1 ND 2,764.2

Tetramer
Tetra-tetra-tetra-tetra (anh) 3,685.5 ND 3,685.6

a Tri, disaccharide tripeptide; Tetra, disaccharide tetrapeptide; Penta, disaccharide
pentapeptide (disaccharide 
 N-acetylglucosamine-N-acetylmuramic acid); anh, 1,6-
anhydro-muramic acid; red, N-acetylmuramic acid with reducing end; ND, not
detected.
b Could be Tetra-tri-tri (anh), Tri-tri-tetra (anh), or Tetra-tri-tetra (anh).
c Could be Tetra-tetra-tri (anh), Tetra-tri-tetra (anh), or Tri-tetra-tetra (anh).
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structed an in-frame deletion in traG1, leaving only the start and
stop codons. The deletion in traG eliminated DNA secretion, and
complementation with a wild-type copy of traG1 restored DNA
secretion. These results confirm that traG1 is necessary for DNA
secretion (Fig. 8). We also examined the ability of traG2 to func-
tionally replace traG1 in strain MS11. The traG1 locus of MS11
was replaced with the traG2 allele from strain JC1. The resulting
strain secreted DNA at levels similar to wild-type MS11, indicating
that traG2 is functional for DNA secretion (Fig. 8).

The ability of EppA to degrade peptidoglycan suggested that
this peptidoglycan endopeptidase might be able to functionally
substitute for the peptidoglycan lytic transglycosylase activity of
AtlA in the T4SS. To test this hypothesis, we replaced the traG1-
atlA locus in strain MS11 with traG3 and eppA from strain
PID2059, creating strain HH528. DNA secretion was eliminated
in this strain, indicating that traG3 and eppA cannot functionally
replace the traG1-atlA locus for DNA secretion (Fig. 8). We also
found that wild-type strain PID2059 is deficient for DNA secre-
tion. We hypothesized that expression of atlA might confer the
ability to secrete DNA in strains containing traG3 and eppA in
place of traG1 and atlA. We tested this hypothesis by complement-
ing strains HH528 and PID2059 with atlA and examining the re-
sulting strains for DNA secretion. The resulting strains did not
exhibit DNA secretion, indicating that expression of atlA is not
sufficient to allow DNA secretion in strains containing traG3 and
eppA (Fig. 8). The atlA expression construct was previously shown
to be effective in complementing an atlA mutant of strain MS11
(6). These results suggest that both atlA and either traG1 or traG2
are necessary for DNA secretion.

eppA has no effect on peptidoglycan fragment release. Be-
cause EppA degrades peptidoglycan, we hypothesized that EppA
might be involved in release of toxic peptidoglycan fragments by
gonococci. N. gonorrhoeae releases cytotoxic peptidoglycan
monomers into the extracellular milieu during growth (46, 47)
that are identical to tracheal cytotoxin released by Bordetella per-
tussis (48) or to the proinflammatory peptidoglycan monomers

released by Shigella flexneri (49). In Helicobacter pylori, pepti-
doglycan fragment transfer to host cells is dependent on expres-
sion of the cag T4SS (50). We examined the peptidoglycan frag-
ments released during growth of the gonococcal strain containing
traG3 and eppA in place of the traG-atlA locus. The peptidoglycan
was metabolically labeled, and the peptidoglycan fragments in
culture supernatants were separated by size-exclusion chromatog-
raphy and compared to known peptidoglycan standards. The
strain containing traG3 and eppA in place of the traG1-atlA locus
in the MS11 background did not differ from wild-type strain
MS11 in the release of peptidoglycan fragments (data not shown).
This result suggests that traG3 and eppA are not involved in the
degradation of the cell wall for release of cytotoxic peptidoglycan
monomers by gonococci.

No evidence for mating pair formation. The homologues of
TraG in other bacteria are involved in mating pair formation for
conjugation. Previous studies have indicated that the gonococcal
T4SS secretes DNA into the medium, since the DNA is readily
detected in cell-free culture supernatants and DNA transfer is
greatly diminished in the presence of DNase I or single-strand
specific nucleases (1–3). However, the requirement for a mating
pair formation homologue made us wonder whether conjugation
is the normal method for chromosomal DNA transfer. The previ-
ous studies used cultures of N. gonorrhoeae grown in liquid me-
dium aerated by rotation of the culture tubes. Perhaps mating
pairs formed in these cultures but were ripped apart by the move-
ment of liquid in the culture tubes. DNA might then still be re-
leased by the donors from these separated mating pairs. Therefore,
we examined DNA transfer in static liquid cultures. Donor and
recipient strains were mixed in equal amounts in liquid medium
and were grown for 2 h in a shallow depth of medium in a tissue
culture flask in a 5% CO2 atmosphere. This method allowed
growth of gonococci in liquid culture without the need for aera-
tion by shaking. As was found in previous studies (1–3), a chro-
mosomal marker (cat) was efficiently transferred from a donor
strain to a spectinomycin-resistant recipient strain (Fig. 9A). This
transfer was sensitive to DNase I, indicating that the DNA was
present in the medium even in the static liquid culture. We also
tested whether chromosomal transfer required that the recipient
be competent for natural transformation. We measured DNA
transfer into an N. gonorrhoeae pilT mutant. PilT is required for
DNA uptake for natural transformation (51). Static mixed culture
produced transformants for wild-type recipients, but the pilT mu-
tant strain did not produce doubly resistant isolates (Fig. 9B).
These results confirm that chromosomal DNA transfer in N. gon-
orrhoeae occurs by DNA export and natural transformation and
not by mating pair formation and conjugation.

DISCUSSION

TraG homologues are found in many type IV secretion systems
related to the F-plasmid conjugation system. Some 111 different
bacterial species have TraG homologues in the current sequence
databases. The TraG of F-plasmid is the best characterized, and it
has been shown to have multiple functions. F-plasmid TraG is
necessary for conjugative pilus assembly (11), stabilization of mat-
ing pairs (12), and entry exclusion (13, 14). The same functions
have been seen for TraG homologues in two other conjugative
systems (10, 15). Furthermore, traG mutants in these systems are
deficient in conjugative transfer, leading to the suggestion that
TraG might play a more direct role in the DNA transfer mecha-

FIG 8 Fluorometric detection of DNA secreted by gonococcal strains. The
concentration of DNA in culture supernatants was measured by treating cul-
ture supernatants with a fluorescent, DNA-binding dye and comparing them
to DNA standards of known concentrations. Secreted DNA was normalized to
total protein in the cell pellet. The average background fluorescence value was
subtracted from the values for all strains. Strains measured were MS11 (WT),
traG1 deletion mutant PK186 (�traG1), complemented traG1 strain PK191
(�traG1 � traG1�), HH534 (traG2�), HH528 (traG3� eppA�), PID2059,
PK161 (traG3� eppA� � atlA�), PK162 (PID2059 � atlA�), and ND500
(�GGI). All strains are MS11 background except those labeled PID2059. Each
reported value is the result of at least three separate experiments, and the errors
are the standard deviations. *, P 	 0.05 compared to wild type (as determined
by using the Student t test).
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nism (52–54). Our results demonstrate that gonococcal TraG is
required for DNA secretion. The function of the gonococcal pro-
tein must be other than those involved in mating pair formation,
mating pair stabilization, and entry exclusion, since gonococcal
chromosomal DNA transfer via the T4SS does not involve any of
those processes (Fig. 9) (2, 3).

We characterized TraG localization and topology in order to
better understand its possible functions. Gonococcal TraG was
found to be an inner-membrane protein with a large periplasmic
domain and a large cytoplasmic domain (Fig. 1 and 3). The pro-
tein fusion data indicate that the region from amino acid 83 to
amino acid 358 is in the periplasm, and the C-terminal region,
starting from amino acid 435, is in the cytoplasm. The periplasmic
region might interact with other proteins of the secretion appara-
tus. TraG of F-plasmid has been suggested to interact with TraN,
another mating pair stabilization protein (11). N. gonorrhoeae en-
codes two proteins with similarity to F-plasmid TraN, named
TraN and Ybi. traN was shown to be required for DNA secretion
(4). The C-terminal, cytoplasmic domain of TraG might interact
with other T4SS components in the cytoplasm, possibly the re-
laxosome or other substrate-interacting components. The topol-
ogy model for N. gonorrhoeae TraG is consistent with those deter-
mined for P. rettgeri TraG and A. tumefaciens VirB6, but it differs
slightly from that of E. coli F-plasmid TraG which localized the
C-terminal soluble region of F-plasmid TraG to the periplasm (10,
14, 55). It should be emphasized that the topology mapping results
represent a snapshot in time and that our results do not preclude
the possibility that the C-terminal domain of TraG could be pro-
teolytically cleaved and transported through the T4SS channel or
extended across the T4SS channel upon receiving an activation
signal, as is predicted for other TraG homologues (10, 14).

In addition to the TraG homologues in F-like systems, a distant
homologue is found in the P-type systems such as that of A. tume-
faciens (9). Named VirB6 in A. tumefaciens and the related sys-
tems, these homologues are also inner-membrane proteins and
interact with other proteins of their T4SSs (55–57). A. tumefaciens
VirB6 interacts directly with inner-membrane protein VirB8 and
stabilizes VirB3 and VirB5 in the secretion apparatus (63, 64, 66,
67). A. tumefaciens VirB6 can be cross-linked to DNA using the
TrIP method (58). Thus, it was suggested that VirB6 might be part
of the secretion channel (58). Similarly, it has been suggested that
TraG in the F-type systems might function as an inner-membrane

component of the secretion channel (53). Another interesting
similarity between gonococcal TraG and VirB6 is that there are
multiple alleles of virB6 in some species. Rickettsia prowazekii,
Rickettsia conorii, and Ehrlichia chaffeensis each show four or five
virB6 alleles within each strain (59, 60). The reasons for the mul-
tiple virB6 alleles in these species are not known.

It was previously shown that at least three different versions
of the GGI could be found, classified by differences in the traG-
atlA region (2). One version contains traG1 and atlA like strain
MS11. A second version carries a different allele of traG, known as
traGsac-4 or traG2, and also carries atlA (Fig. 4). The third version
was known to lack atlA but was otherwise uncharacterized (2).
Using Southern blotting, cloning, and DNA sequencing, we found
that strains in this third group carry a short allele of traG and
instead of atlA, carry eppA, which encodes a peptidoglycan endo-
peptidase. Examination of recently completed N. gonorrhoeae ge-
nome sequences shows that the same three alleles of traG de-
scribed here are also found in the newly sequenced strains. When
we moved the different traG alleles into strain MS11, we found
that traG2 could function in DNA secretion. However, traG3 and
eppA did not functionally substitute for traG1 and atlA of strain
MS11 for DNA secretion. Furthermore, a wild-type strain with the
traG3 allele (PID2059) did not secrete DNA. Even when atlA was
expressed in the traG3� eppA� derivative of strain MS11 or in
strain PID2059, no DNA was secreted (Fig. 8). These data suggest
that the traG allele affects what substrates are secreted and that
TraG3 does not function for DNA secretion.

Approximately 13% of gonococcal strains carry the traG3 allele
and eppA, as determined by the presence of traG and the absence
of atlA (2). Furthermore, all meningococcal strains that carry the
GGI and have the traG region, have the traG3 allele and eppA (45).
It is unclear what the function of the T4SS would be in these
gonococcal and meningococcal strains, since it appears that they
cannot secrete DNA (Fig. 8) (45). It is possible that these strains
may secrete proteins. Alternatively, the function of this system
may be like that proposed for the trw T4SS in Bartonella triboco-
rum. That system is not thought to secrete substrates, but instead
the apparatus itself may mediate host cell interactions, possibly by
acting in adherence (61).

Biochemical characterization of EppA demonstrated that it is a
peptidoglycan-degrading endopeptidase. Zymograms demon-
strated that EppA was active against DAP-containing gonococcal

FIG 9 Coculture transformation in static liquid culture. (A) Strains JD1545 (cnp::cat, recA6) and MS11Spc (rpsE) were mixed and grown in shallow liquid culture
without shaking for 2.5 h in the absence or presence of 25 �g of DNase I/ml. Transformation was assessed by enumerating the Cmr Spr transformants per Spr recipient.
(B) Strain JD1545 (cnp::cat, recA6) was cocultured with MS11Spc or MS11Spc pilT (NT04), and transformation frequency was determined as in panel A.
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cell walls but not against Lys-containing Micrococcus cell walls.
EppA degraded gonococcal peptidoglycan to monomers, dimers,
and trimers, and this reaction was inhibited by EDTA or phenan-
throline, indicating that EppA is a zinc-dependent peptidoglyca-
nase. Sequential digests with mutanolysin demonstrated that all
multimeric peptidoglycan fragments liberated by EppA contained
glycosidic, not peptide, cross-links. Thus, EppA digests pepti-
doglycan by cutting peptide cross-links. Like AtlA, EppA does not
have an obvious signal sequence for transport to the periplasm,
and it is possible that it is transported to the periplasm through
part of the secretion apparatus (6, 62). It is not clear why gono-
cocci would have different versions of the GGI encoding different
types of peptidoglycanases, i.e., the lytic transglycosylase AtlA or
the endopeptidase EppA. Peptidoglycanases associated with type
III and type IV secretion systems are often lytic transglycosylases,
and these enzymes are thought to create an opening in the cell wall
to allow secretion system assembly (37, 63). A. tumefaciens and
other P-type systems use a lytic transglycosylase named VirB1
(64). Conjugative plasmids such as F-plasmid also use a lytic
transglycosylase, encoded by geneX in F-plasmid (53, 63). The
GGI also carries a geneX homologue, ltgX, which is required for
DNA secretion (6). B. pertussis is unusual in that it uses a glyco-
hydrolase domain at the N terminus of its VirB8 homolog PtlE for
peptidoglycan degradation (65). Although the biochemical differ-
ence in AtlA and EppA reactions is clear, the functional differences
for making the secretion system are not. It is possible that lytic
transglycosylases may make different-sized holes in the cell wall
compared to endopeptidases, but as of yet, no one has been able to
specifically examine the gap created by one of these secretion sys-
tem peptidoglycanases.

Despite the requirement for the mating pair stabilization
homologue TraG, transfer of chromosomal DNA in GGI�

strains was confirmed to occur by transformation, not conju-
gation. DNase I prevented transfer of a chromosomal marker
in static liquid cultures. Thus, the presence of DNA in the
medium and the transfer of chromosomal markers by T4SS�

strains are not due to breaking of mating pairs during a conju-
gation process. These data are consistent with studies that dem-
onstrated that DNA secretion does not involve cell lysis or
death, processes which might be expected to increase if mating
pairs were disrupted by shear forces (4, 6). Furthermore, DNA
transfer was demonstrated to require functional PilT, an ATPase
which functions in pilus retraction and DNA uptake for natural
transformation (51). The requirement seen here for a mating pair
formation homologue for contact-independent secretion sup-
ports the contention of Frost that mating pair formation proteins
are not just involved in mating but are also necessary components
of the secretion apparatus (53).

In summary, the studies presented here indicate that traG en-
codes an inner-membrane protein that is necessary for DNA se-
cretion by gonococci. Future studies focusing on the effects of
different traG alleles on infection of host cells may identify other
functions of the different traG alleles. In addition, identification of
soluble loops of TraG will guide studies of potential areas of con-
tact between TraG and other T4SS components.
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