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Conjugative transfer of IncN plasmid pKM101 is mediated by the Tral-Trall region-encoded transfer
machinery components. Similar to the case for the related Agrobacterium tumefaciens T-complex transfer
apparatus, this machinery is needed for assembly of pili to initiate cell-to-cell contact preceding DNA transfer.
Biochemical and cell biological experiments presented here show extracellular localization of TraC, as sug-
gested by extracellular complementation of TraC-deficient bacteria by helper cells expressing a functional
plasmid transfer machinery (S. C. Winans, and G. C. Walker, J. Bacteriol. 161:402-410, 1985). Overexpression
of TraC and its export in large amounts into the periplasm of Escherichia coli allowed purification by
periplasmic extraction, ammonium sulfate precipitation, and column chromatography. Whereas TraC was
soluble in overexpressing strains, it partly associated with the membranes in pKM101-carrying cells, possibly
due to protein-protein interactions with other components of the Tral-Trall region-encoded transfer machin-
ery. Membrane association of TraC was reduced in strains carrying pKM101 derivatives with transposon
insertions in genes coding for other essential components of the transfer machinery, traM, traB, traD, and traE
but not eex, coding for an entry exclusion protein not required for DNA transfer. Cross-linking identified
protein-protein interactions of TraC in E. coli carrying pKM101 but not derivatives with transposon insertions
in essential tra genes. Interactions with membrane-bound Tra proteins may incorporate TraC into a surface
structure, suggested by its removal from the cell by shearing as part of a high-molecular-weight complex.
Heterologous expression of TraC in A. tumefaciens partly compensated for the pilus assembly defect in strains
deficient for its homolog VirB5, which further supported its role in assembly of conjugative pili. In addition to
its association with high-molecular-weight structures, TraC was secreted into the extracellular milieu. Con-
jugation experiments showed that secreted TraC does not compensate transfer deficiency of TraC-deficient
cells, suggesting that extracellular complementation may rely on cell-to-cell transfer of TraC only as part of a

bona fide transfer apparatus.

Conjugative transfer of genetic information plays a major
role in bacterial adaptation to changing environmental condi-
tions, as exemplified by the rapid spread of antibiotic resistance
markers and of determinants for detoxification of xenobiotic
compounds (10, 44, 45). A better understanding of this natural
process is necessary to devise strategies for environmental re-
lease of genetically modified microorganisms for sustainable
ecosystem management, e.g., for detoxification of xenobiotics,
biocontrol of plant pathogens, or enhanced nitrogen fixation in
symbiotic bacterium-plant associations (18, 42, 49, 50). Conju-
gative plasmids are frequently used as tools for such applica-
tions, and analysis of their biology may allow construction of
improved vectors.

Studies on plasmids from different incompatibility groups (F
episome, IncF [13]; pKM101, IncN [32]; pRP1/4, IncP [26];
pR388, IncW [38]; and the Ti plasmid from Agrobacterium
tumefaciens [27, 51]) reveal striking similarities in their transfer
mechanisms. First, DNA processing involves several enzymes
forming a relaxosome at the nicking site, with concomitant
covalent attachment of the relaxase to the transferred DNA
(25). Second, a family of proteins homologous to TraG from
IncP plasmid RP4 may link the relaxosome to the membrane-
bound transfer machinery; exchange of such linkage compo-
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nents between broad-host-range plasmids of different incom-
patibility groups illustrates their evolutionarily conserved
function (7). Third, components of the transfer machineries
were identified, and sequence analysis suggested export as well
as membrane association (21, 26, 32, 39, 48). Sequence com-
parison revealed significant similarities between components
from different plasmid transfer systems, suggesting an evolu-
tionarily conserved mechanism for cell-to-cell trafficking of
DNA-protein complexes (9, 27, 51, 55). Fourth, the transfer
machineries determine assembly of pili, which presumably me-
diate cell-to-cell contact preceding DNA transfer and serve as
binding sites for pilus-specific bacteriophages (3, 6, 12, 14, 15,
23, 28, 55).

With the exception of the F pilus, the assembly and compo-
sition of conjugative pili remained enigmatic until recently.
TraA, the major subunit of the F pilus, shows similarity to
components of several macromolecular transfer systems, pre-
dicted to exert similar roles (13, 16, 37). Minor pilus compo-
nents, e.g., as tip-localized adhesins in P and CS1 pili (20, 34,
36), play important roles in adhesive pili, but so far, only
indirect evidence suggests minor components in conjugative
pili (1, 13). Compositional analyses of conjugative pili are
needed to understand the molecular basis of cell-to-cell rec-
ognition and macromolecular transfer. VirB2 was recently
identified as major constituent of the T pilus from A. tumefa-
ciens (23), confirming earlier predictions of VirB2 as a major
pilus subunit, based on its sequence similarity to the F pilus
major subunit TraA (37).
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TABLE 1. Strains and plasmids used

J. BACTERIOL.

Strain or plasmid Genotype or description Reference
E. coli strains
JM109 endAl gyrA96 thi hsdR17 supE44 recAl relAl A(lac-proAB) (F' traD36 proAB™ lacl® lacZAM15), cloning host 53
FM433 Spc' araD139 A(argF-lac)U169 ptsF25 deoCl relA1 flbB5301 rpsE13 A(srl-recA)306::Tnl0, conjugation donor 54
WL400 Cm" Str* araD139 A(argF-lac)U169, ptsF25 deoClI relAl fiIbB5301 rpsL150 AselD204::cat, conjugation recipient 25a
A. tumefaciens strains
C58 Wild type, pTiC58 43
CB1005 pTiC58 carrying in-frame deletion of virB5 This study
Plasmids
pGW2137 Cm’, Bg/II fragment with Tral-Trall region from pKM101 cloned in pBR322 BamHI site 52
pGVO310 Amp', pBR322 derivative carrying the virA-virB region and part of virG from pTiC58 11
pTrc200 Str', Spc’, pVS1 derivative, Lacl, #rc promoter expression vector This study
pTrcTraC pTrc200, traC PCR fragment cloned downstream of the frc promoter This study
pTreBS pTrc200, virB5 PCR fragment cloned downstream of the trc promoter This study
pBCSK+.Nde Cm", cloning vector pPBCSK™ (Stratagene) carrying an Ndel restriction site at the first ATG codon of lacZ’ 4
pB56 Cm’", pPBCSK+.Nde carrying a 2.5-kb BamHI/HindIII fragment from pGVO310 carrying virB5 and virB6 This study
pdelB56 Cm’, pB56 carrying deletion of virB5 This study
pBB50 Cm’", pBCSK+.Nde carrying a 3-kb fragment determining resistance to kanamycin (nptII) and sensitivity to 4
sucrose (sacB) cloned into the polylinker BamHI site
pBB50-delB5 Km', pBB50 carrying a 2.5-kb virB5 deletion fragment from pdelB56 This study
pKM101 Amp", mucA, mucB, Tral-Tralll region for DNA processing, DNA transfer, and entry exclusion 24
pKM101tralL Amp’, Km*, pKM101#raL.53::Tn5 52
pKM101traM Amp', Km', pKM101traM363:: TnphoA 52
pKM101traB Amp’, Km', pKM101#aB1100::Tn5 52
pKM101traC Amp*, Km", pKM101traC1134::Tn5 52
pKM101eex Amp’, Km", pKM101eex1232::Tn5 52
pKM101traD Amp’, Km*", pKM101#raD1141::Tn5 52
pKM101traE Amp’, Km', pKM101traE1228::Tn5 52

pKM101 is a 35.4-kb incompatibility group N plasmid result-
ing from a natural deletion of resistance plasmid R46 originally
isolated from Enterobacter cloacae (24). Expression of plasmid-
encoded genes mucA and mucB increases sensitivity of plas-
mid-carrying strains to toxic chemicals, and pKM101 is in-
cluded in Salmonella typhimurium strains used for the Ames
test (30, 31). Conjugative transfer relies on the tra regions of
pKM101, and 11 Tra proteins show significant sequence simi-
larity to VirBl to VirB1ll, components of the membrane-
bound T-complex transfer machinery of the A. tumefaciens Ti
plasmid. pKM101 derivatives carrying nonpolar transposon in-
sertions in fraC as well as in several other fra genes cannot
undergo independent conjugative transfer. However, helper
strains expressing a functional transfer machinery can partly
compensate for the conjugative defect of insertions in traC but
not in any other tra gene (8, 52). This extracellular comple-
mentation suggested an extracellular function of TraC, possi-
bly as a pilus component, allowing its intercellular transfer to
deficient strains (51).

This study aims to elucidate the function of TraC in conju-
gative plasmid transfer and the molecular basis of extracellular
complementation. Biochemical analyses of E. coli carrying
pKM101, and transposon insertions in essential fra genes dem-
onstrated that membrane attachment of TraC is mediated by
protein-protein interactions with other components of the
plasmid transfer machinery. TraC was partly secreted but also
colocalized with high-molecular-weight structures, which could
be isolated from transfer-competent cells by shearing and high-
speed centrifugation. Mating experiments showed that helper
strains expressing an intact DNA transfer machinery partly
compensated for the conjugative defect of strains carrying
pKM101#aC-insertion derivatives. However, external supply of
large amounts of TraC did not exert such an effect, suggesting
that TraC-mediated extracellular complementation requires its
association with an intact plasmid transfer machinery.

MATERIALS AND METHODS

Strains and growth conditions. The strains used are listed in Table 1. E. coli
FM433 and derivatives were grown in Luria-Bertani (LB) media supplemented
with streptomycin (100 pg/ml), spectinomycin (100 wg/ml), ampicillin (100 g/
ml), chloramphenicol (20 pg/ml), and kanamycin (50 wg/ml) for plasmid prop-
agation or selection of transconjugants. A. tumefaciens carrying pTrc200 and
derivatives was grown on YEB media containing streptomycin (100 pg/ml) and
spectinomycin (300 pg/ml) for plasmid propagation (2).

A. tumefaciens vir genes were induced by growth in AB minimal medium (10
g of glucose, 4 g of morpholinoethanesulfonic acid (MES), 2 g of NH,CI, 0.3 g
of MgSO, - TH,0, 0.15 g of KClI, 0.01 g of CaCl,, and 0.0025 g of FeSO, - 7TH,O
per liter, 1 mM potassium phosphate [pH 5.5]) at 20°C by the addition of
acetosyringone at a final concentration of 200 wM. For isolation of pili, cells were
induced for 3 or 4 days at 20°C on AB medium solidified with 2% agar and
further processed as described elsewhere (23). For induction of the Lacl-re-
pressed frc promoter in pTrc200 constructs, isopropyl-B-p-thiogalactopyranoside
(IPTG) was added to a final concentration of 0.5 mM.

Quantitation of conjugative DNA transfer. Escherichia coli strains were grown
in liquid LB at 37°C in the presence of antibiotics for plasmid propagation to an
Agoo of 0.8 to 1, sedimented by centrifugation, and resuspended in an appropriate
volume of LB medium without antibiotics. Equal amounts of donor, recipient,
and helper strain (10 pl of each, corresponding to 107 cells) were mixed on a
prewarmed LB agar plate and incubated for 1 h at 37°C; the spot was washed
from the plate three times with 300 wl of LB medium. To quantitate conjugative
transfer, dilutions were plated on LB media containing appropriate antibiotics
for selection of plasmid-containing recipients.

DNA manipulations. DNA preparation, modification, and cloning were per-
formed by standard procedures (29) using enzymes purchased from MBI Fer-
mentas and New England Biolabs. The DNA sequence of PCR-amplified genes
was confirmed by sequencing on an ABI Prism 377 sequencer.

pTrc200 was designed as a tool for IPTG-inducible expression of genes in a
wide variety of gram-negative bacteria. The broad-host-range plasmid backbone
of pPZP200 was combined with a region coding for the Lacl9 repressor and the
trc promoter (fusion of #rp and lac promoter) followed by a polylinker sequence
and strong transcriptional terminators from the 5S rRNA operon of E. coli.
pPZP200 derivative pBP2N was cleaved with Ec/1361II and Scal and ligated to a
2.6-kb Scal/Ndel fragment from pTrc99A (Pharmacia), which had been treated
with Klenow enzyme to generate blunt ends. Genes cloned into the Ncol site
show strong IPTG-inducible expression from the frc promoter followed by an
efficient Shine-Dalgarno sequence.

The TraC coding region was PCR amplified with Goldstar DNA polymerase
(Eurogentec) from 1 ng of pGW2137 template, using oligonucleotides C5 (5'-
GGGGCCATGGCAAAATCACTTACGGCAGT-3') and C3 (5'-GAAAGTAC
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TCAGTTAATTGAAGGTGA-3") and the following cycle conditions: denatur-
ation (one cycle) at 95°C for 2 min; 30 cycles at 44°C for 1 min, 72°C for 2 min,
and 95°C for 30 s; strand completion (one cycle) at 44°C for 1 min and 72°C for
5 min; and termination at 4°C. The resulting 0.7-kb fragment was cleaved with
Ncol and Scal (underlined in sequences above) and ligated with Ncol/Smal-
cleaved pTrc200, resulting in plasmid pTrcTraC.

Similar conditions were used for PCR amplification of virB5 from plasmid
target pGVO310; the fragment was then cleaved with AfITIT and Scal (underlined
in sequence below) and ligated with Ncol/Smal-cleaved pTrc200, resulting in
plasmid pTreBS5. Oligonucleotides used for amplification were BS5 (5'-CCACA
TGTCGATCATGCAACTTGTTGC-3") and B53 (5'-GAAAGTACTCAGGG
GACGGCCC-3).

Construction of virB5 deletion strain CB1005. Strain CB1005 carrying an
in-frame deletion in the virB5 gene on the Ti plasmid of strain C58 was con-
structed as described by Berger and Christie (4) as follows. Briefly, a Quick-
Change site-directed mutagenesis kit (Stratagene) was used with oligonucleo-
tides dB5-1 (5'-GATCAAAGGTGGGGAACTATGAATTTCACGATCCCGG
CGC-3') and dB5-2 (5'-GCGCCGGGATCGTGAAATTCATAGTTCCCCAC
CTTTGATC-3') for deletion of virB5 in plasmid pB56. A fragment carrying the
deletion was then excised from pdelB56 (BamHI/HindIII); overhanging ends
were filled in with Klenow enzyme and then ligated with Scal-cleaved pBB50,
resulting in suicide vector pBB50delB5. The deletions were then introduced in
the Ti plasmid. First, recombinant pBB50delB5 was transformed by electropo-
ration into strain C58. The replication origin of pBB50 derivatives is nonfunc-
tional in A. fumefaciens; selection of transformants for resistance to kanamycin
(100 pg/ml on LB plates) therefore identifies strains carrying cointegrates
formed via virB-homologous regions on their Ti plasmid. Second, several inde-
pendent strains were grown in LB medium without antibiotics and then plated on
LB agar containing 5% sucrose to select for loss of pBB50 carrying the sacB gene
(expression of levan sucrase SacB is lethal on sucrose-containing medium) via a
second recombination event. Western and Southern blotting identified those
strains which had lost virB5 due to successive crossovers on either side of the
deletion in pBB50delBS.

Overexpression, purification of TraC, and generation of antisera. For over-
expression of TraC, pTrcTraC-carrying strain JM109 was grown in 1 liter of
liquid LB medium with streptomycin (50 pg/ml) and spectinomycin (50 pg/ml) at
37°C to late log phase; expression of the trc promoter was induced by addition of
0.2 mM IPTG followed by growth for 2.5 h under the same conditions. Cells were
sedimented by centrifugation, washed in phosphate-buffered saline (8 g NaCl,
0.2 g of KCl, 1.44 g of Na,HPO,, and 0.24 g of KH,PO, per liter [pH 7.2]), and
frozen at —20°C.

For periplasmic extraction, the cell sediment was suspended in TEX buffer (50
mM Tris-HCI [pH 8.0], 3 mM EDTA, 0.1% Triton X-100), incubated on ice for
30 min, and then subjected to centrifugation (41). The supernatant was subjected
to differential ammonium sulfate precipitation; concentrations between 40 and
50% saturation precipitated the highest amounts of TraC. The pellet was resus-
pended in buffer A (50 mM Tris-HCI [pH 8.0], 50 mM NaCl, 0.5 mM dithio-
threitol) containing 0.1% Triton X-100, dialyzed in 5 liters of buffer A, and
applied to a Mono Q HR5/5 column (Pharmacia) in a Pharmacia FPLC system.
Whereas most proteins bound to the column under these conditions, TraC was
strongly enriched in the flowthrough containing only minor impurities. Gel fil-
tration chromatography on a Superdex 75 column (Pharmacia) in buffer A was
applied as final purification followed by dialysis in buffer A containing 50%
glycerol and storage at —20°C. Proteins for column calibration were ferritin (450
kDa), aldolase (158 kDa), bovine serum albumin (68 kDa), chicken albumin (45
kDa), chymotrypsinogen (25 kDa), and cytochrome ¢ (12.5 kDa) (Roche).

TraC-specific antisera were generated by injection of 500 pg of purified pro-
tein in rabbits following standard protocols of Eurogentec (Seraing, Belgium).
Unspecific cross-reactions of the antisera were reduced by incubation with poly-
vinylidene difluoride membrane-fixed antigen and elution of specific antibodies
in 15 mM NaOH according to standard procedures (19).

VirB2-specific antiserum was generated by injection of 500 wg of purified
inclusion bodies of phage T7 gene 10 protein fused to amino acids 9 to 121 of
VirB2 in New Zealand White rabbits for immunization as described previously
(40).

SDS-PAGE and protein analysis. Proteins in cell lysates were detected after
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 10%
acrylamide-containing gels (22) followed by Western blotting, incubation with
TraC-specific polyclonal antisera, and detection with anti-rabbit horseradish
peroxidase-conjugated secondary antibody (Bio-Rad), using a chemilumines-
cence-based detection system (NEN).

Subcellular fractionation and preparation of macromolecular surface struc-
tures. E. coli strains carrying pKM101 and derivatives were grown in liquid
culture in LB at 37°C to late log phase (4400 = 0.6 to 0.8); 1 ml of culture was
plated on LB agar plates (diameter, 15 cm) and incubated at 28°C for 18 to 24 h.
Subcellular fractions (total cell lysates, soluble proteins, and membrane fraction)
were prepared in 50 mM potassium phosphate buffer, pH 7 (buffer N), followed
by separation of inner and outer membrane by centrifugation through isopycnic
sucrose gradients essentially as described previously (2). Extracellular macromo-
lecular structures were removed from cells grown on LB agar plates by shearing
in buffer N and were sedimented by high-speed centrifugation as described for
the T pilus from A. tumefaciens (23). To assess the molecular weight of TraC-
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FIG. 1. Purification of TraC. Coomassie-stained SDS-polyacrylamide gel
showing steps leading to purification of TraC from an overexpressing strain.
Lanes: 1 to 3, pTrcTraC-carrying strains JM109 before (lane 1) and after induc-
tion with IPTG for 45 (lane 2) and 90 min (lane 3); 4, supernatant resulting from
extraction of the periplasm with Triton X-100-containing buffer; 5, 40 to 50%
ammonium sulfate precipitation; 6, Mono Q anion-exchange chromatography; 7,
Superdex 75 gel filtration chromatography. In all figures, positions of size stan-
dards are indicated in kilodaltons.

containing macromolecules, pellets obtained by high-speed centrifugation were
suspended in 200 pl of buffer N and applied to a Superose 6 column (Pharmacia)
for chromatography at a flow rate of 0.25 ml/min. Reference proteins for cali-
bration of the column are indicated in the legend to Fig. 6.

Cross-linking. To monitor protein-protein interactions in E. coli, cells were
washed twice with buffer N and suspended in 500 pl of the same buffer followed
by addition of bis(sulfosuccinimidyl) suberate (BS?; Pierce) to a final concentra-
tion of 1 mM and incubation for 1 h at 28°C. 4. tumefaciens cells were treated
similarly in 50 mM potassium phosphate buffer (pH 5.5), followed by addition of
formaldehyde to a final concentration of 1% and incubation for 1 h at 20°C.
Addition of 100 wl 1 M Tris-Cl (pH 6.8) to stop the reaction was followed by
centrifugation, washing, and freezing at —20°C.

Image processing. Gels and chemoluminographs were digitalized with a
UMAX UC840 MaxVision scanner. Images were further processed on a Power
Macintosh computer using Adobe Photoshop 3 software and printed on an
Epson Stylus Photo printer.

RESULTS

Expression and purification of soluble TraC from the peri-
plasm of E. coli. The traC coding sequence was PCR amplified
and cloned behind the Shine-Dalgarno sequence of pTrc200,
resulting in strong IPTG-inducible expression from the trc
promoter in strains transformed with the resulting vector
pTrcTraC (Fig. 1). Soluble TraC was released from cells by
periplasmic extraction using different protocols as described by
Thorstenson et al. (41), confirming its export into the peri-
plasm predicted by its protein sequence. Triton X-100-contain-
ing buffer (TEX) was chosen as the most efficient method of
extraction from the periplasm, and TraC was further puri-
fied by differential ammonium sulfate precipitation, anion-
exchange chromatography, and Superdex 75 gel filtration chro-
matography (Fig. 1). Elution from the gel filtration column was
compared to that of reference proteins, showing a molecular
mass of 43 kDa for purified TraC. Since protein sequence
analysis predicted a molecular mass of 26 kDa, confirmed by its
mobility in SDS-PAGE, this may indicate an abnormal shape
or purification of TraC as a dimer under nondenaturing con-
ditions. Purified TraC was used for immunization of rabbits to
generate antisera for further biochemical analyses of its func-
tion in plasmid transfer.

Components of the pKM101 transfer machinery confer
membrane localization of TraC. Sequence analysis predicted
soluble as well as membrane-associated Tra components,
which may associate via protein-protein interactions to form
the plasmid transfer apparatus (32). For example, sequence
analysis predicted that TraM may be a pilus component like
VirB2 from A. tumefaciens. TraB may be an ATPase like VirB4
supplying energy for plasmid transfer or assembly of the trans-
fer machinery. TraD, a hydrophobic protein containing several
membrane-spanning domains like VirB6, may form the trans-
fer pore (9). E. coli FM433 carrying pKM101 and derivatives
with transposon insertions in traM, traB, traC, eex, traD, or traE
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FIG. 2. TraC associates with the membranes in strains carrying a functional
pKM101 transfer machinery. Lanes represent Western blot analysis with TraC-
specific antiserum after SDS-PAGE of subcellular fractions from strain FM433
without plasmid (—) or carrying pKM101 (101) or derivatives with transposon
insertions in genes encoding TraM (M), TraB (B), TraC (C), Eex (Ex), TraD
(D), or TraE (E). Arrows indicate membrane-associated TraC.

were grown on LB agar plates and lysed in a French pressure
cell, and subcellular fractions were analyzed for localization of
TraC. FM433/pKM101eex, defective in entry exclusion but not
in plasmid transfer (33), was included as control for a nonpolar
Tn5 insertion.

TraC was not detected in total cell lysates of FM433/
pKM101zraC, and its level was strongly reduced in FM433/
pKM101traB, whereas all other strains contained TraC in
amounts similar to those in the wild type (Fig. 2). High-speed
centrifugation separated soluble and membrane fractions;
membrane association of TraC was detected in FM433 carry-
ing pPKM101, pKM101leex, and pKM101#raM, whereas it re-
mained mostly soluble when other fra genes were disrupted
(Fig. 2). Thus, the pKM101-encoded plasmid transfer machin-
ery confers membrane association of TraC. Next, centrifuga-
tion through an isopycnic sucrose gradient was used to sepa-
rate inner and outer membranes of pKM101-carrying cells. To
assess the quality of the separation, measurement of NADH
oxidase activity served to identify inner membrane fractions
(not shown) and Coomassie dye stained porins characteristic for
the outer membrane (Fig. 3A). Western blot analysis with TraC-
specific antiserum showed preferential association of TraC
with the inner membrane in pKM101-carrying cells (Fig. 3B).

To detect protein-protein interactions of TraC, cells carrying
pKM101 or transposon-inserted derivatives were incubated in
the presence of the cross-linking agent BS®. Exposure to the
cross-linking agent resulted in covalent linkage of TraC into
complexes of higher molecular weight in cells carrying transfer-
proficient plasmids pKM101 and pKM10leex. Formation of
these complexes is strongly reduced or absent in transfer-de-
ficient derivatives inserted in #ra genes (Fig. 4B). Since steady-
state levels of TraC were not affected by fra mutations except
traB (Fig. 4A), cross-linking probably monitors specific inter-
actions in a functional plasmid transfer complex. In contrast, in
an overexpressing strain (FM433/pTrcTraC), cross-linking re-
sults in multiple TraC-containing complexes differing in mo-
lecular weight from the wild type, probably reflecting nonspe-
cific associations in the periplasm (Fig. 4C).

J. BACTERIOL.

Association of TraC with an extracellular macromolecular
structure depends on a functional plasmid transfer machin-
ery. Extracellular complementation suggested that TraC may
be a component of the pKM101-determined conjugative pilus
(51, 52). To test this hypothesis, cells carrying pKM101 and
mutant derivatives were grown on LB agar plates, and macro-
molecular surface structures were stripped from the cells by
shearing through a needle (23, 35). The supernatant was sub-
jected to high-speed centrifugation to sediment high-molecu-
lar-weight structures in the pellet, and TraC content of the
different fractions was analyzed by SDS-PAGE and Western
blotting. TraC was detected in total cell lysates and superna-
tants (after shearing and high-speed centrifugation) from all
strains except negative control FM433/pKM101traC::Tn5
(Fig. 5A). High-speed centrifugation, however, sedimented
TraC-containing macromolecules only from FM433 carrying
pKM101 and pKM101eex::Tn5 (Fig. SA). Analyses with peri-
plasmic protein MalE-specific and cytoplasmic protein SelA-
specific antisera showed that the above procedure does not
release significant amounts of periplasmic or cytoplasmic pro-
teins from E. coli (Fig. 5B). Thus, in strains carrying transfer-
proficient pKM101 derivatives, TraC assembles into a high-
molecular-weight structure.

The molecular weight of TraC-containing structures was
next characterized by gel filtration chromatography. High-mo-
lecular-weight structures were isolated from strains FM433
and FM433/pKM101 as described above; pellets obtained after
ultracentrifugation were suspended in buffer N and subjected
to gel filtration on a Superose 6 column followed by SDS-

-39
, —33

'—27
|

e : 20

FIG. 3. Sucrose gradient centrifugation shows preferential association of
TraC with the inner membrane. Membranes from strains FM433/pKM101 and
FM433 were subjected to centrifugation through isopycnic sucrose gradients, and
fractions (1 through 16) were collected from the top of the gradient. Inner
membrane-containing fractions were identified by NADH oxidase activity de-
tected in fractions 1 through 5. (A) SDS-PAGE and Coomassie staining identi-
fied porins in the outer membrane-containing fractions. (B and C) Western blot
analysis with TraC-specific antiserum after SDS-PAGE of fractions from FM433/
pKM101 (B) and FM433 (C). The arrowhead indicates porins of the outer
membrane, and the arrow indicates TraC.
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FIG. 4. Cross-linking identifies interactions of TraC with the pKM101 trans-
fer machinery. Shown are Western blot analyses with TraC-specific antiserum
after SDS-PAGE of total cell lysates of FM433 (lane —) and FM433 carrying
pKM101 (lane 101) or derivatives with transposon insertions in traM, traB, traC,
eex, traD, or traE (lanes B, C, Ex, D, and E, respectively) (A), total cell lysates of
the same strains after cross-linking with BS® (B), and cell lysates and cross-linked
samples of FM433 and FM433/pTrcTraC (C). Arrows indicate higher-molecular-
weight complexes formed after cross-linking of TraC.

PAGE. Western blot analysis revealed that TraC elutes in two
fractions, indicating its association in complexes of different
molecular weights (Fig. 6). Comparison with the elution vol-
ume of reference proteins demonstrates a molecular mass
larger than 440 kDa (ferritin) for the TraC-containing complex
detected in fraction 6. TraC detected in fraction 11, however,
elutes from the Superose 6 column like TraC purified by TEX
extraction from the periplasm (not shown).

To further substantiate its role in pilus assembly, TraC was
expressed in A. tumefaciens strain CB1005, which carries a
deletion of the gene coding for its homolog VirB5 on the Ti
plasmid and does not assemble VirB2-containing T pili on its
surface (23). Strain CB1005 carrying VirB5- or TraC-express-
ing plasmids was grown on agar medium either in the presence
of IPTG to induce plasmid-coded genes or in the presence of
IPTG and acetosyringone to induce expression of plasmid-
coded genes and vir genes, respectively. Surface structures
were isolated as described previously (23) and monitored by
SDS-PAGE followed by Western blotting with VirB2- and
TraC-specific antisera. Extracellular pilus assembly of VirB2
was observed in vir-induced strain CB1005 expressing VirB5 or
TraC, albeit at strongly reduced levels in the latter case (Fig.
7A), but the strain did not elicit tumors after wounding and
infection of Kalanchoé diagremontiana (not shown). However,
this finding raised the possibility of a specific interaction of
TraC with VirB components leading to partial restoration of
pilus formation. To test this possibility, formaldehyde was
added to strain CB1005 expressing TraC alone or in the pres-
ence of Vir proteins to analyze its interactions with VirB com-
ponents. Exposure to chemical cross-linking agent resulted in
covalent association of TraC with higher-molecular-weight
complexes, but a complex of 32 kDa is observed only in vir-
induced cells, suggesting that TraC may interact with possibly
one (or few) components of the VirB transmembrane machin-
ery (Fig. 7B), thereby mediating assembly of VirB2 into the T
pilus.

TraC is a secreted protein in E. coli and A. tumefaciens.
TraC-overexpressing liquid cultures accumulate TraC in the
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FIG. 5. TraC associates with an extracellular macromolecular structure in
FM433/pKM101. Macromolecular surface structures were isolated from FM433
carrying pKM101 and mutant derivatives. Cells were grown on LB agar plates
and subjected to shearing, and the resulting samples were analyzed by SDS-
PAGE and Western blotting with TraC-specific antiserum. (A) C, Total cell
lysates; S1, supernatants after shearing; S2, supernatants after high-speed cen-
trifugation; P, pellets after high-speed centrifugation. TraC detected in the pellet
fractions is indicated by arrows. Lanes are labeled as in Fig. 4. (B) Analysis for
content of periplasmic and cytoplasmic proteins with MalE- and SelA-specific
antisera.

supernatant (Fig. 8A), but this may be caused by periplasmic
leakage in strains expressing TraC at nonphysiological levels.
We next analyzed TraC secretion in liquid-grown FM433 car-
rying pKM101 or its mutant derivatives. TraC was detected in
concentrated culture supernatants of all strains, and the ratio
of cell-bound to secreted protein was approximately equal
(Fig. 8B). As a control for periplasmic leakage, we monitored
localization of MalE, which was detected exclusively in cell
lysates (Fig. 8C). Thus, TraC is partly secreted from E. coli
independent of a functional plasmid transfer machinery. Gel
filtration chromatography determined a molecular mass of 43
kDa for periplasmic and secreted TraC (not shown), implying
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FIG. 6. Analysis of TraC-containing high-molecular-weight structures by gel
filtration chromatography. Surface structures isolated from FM433/pKM101 (A)
and FM433 (B) were subjected to gel filtration on a Superose 6 column. Shown
is analysis of column fractions by SDS-PAGE followed by Western blotting with
specific antiserum; the arrow indicates TraC in a high-molecular-weight complex.
Molecular masses of reference proteins for calibration of the gel filtration col-
umn: F, ferritin (440 kDa); B, bovine serum albumin (68 kDa); C, cytochrome ¢
(12 kDa).
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FIG. 7. Extracellular pilus assembly of VirB2 in A. tumefaciens and cross-linking of cell-associated proteins suggest interaction of TraC with VirB components. (A)
Pili were isolated from wild-type C58, virB5 deletion mutant CB1005 (CBS5) carrying cloning vector pTrc200 (200), and CB1005 expressing VirB5 (B5) and TraC alone
(+IPTG) or in the presence of Vir proteins (+AS [acetosyringone], +IPTG), and analyzed with VirB2- and TraC-specific antisera. Arrows indicate VirB2 content of
extracellular high-molecular-weight structures. TraC is secreted in large amounts of pTrcTraC-carrying cells, partly associates with the pellets obtained after high-speed
centrifugation of surface structures, and is also detected with VirB2-specific antiserum (arrowheads). (B) Cells of strain CB1005 carrying pTrcTraC were grown on AB
agar plates without inducer, in the presence of IPTG or IPTG and acetosyringone (AS), followed by cross-linking with 1% formaldehyde (FA) and analysis of TraC

content with specific antiserum.

that secretion of TraC in liquid-grown cells does not lead to its
incorporation into a high-molecular-weight structure.

Secretion of TraC was analyzed in A. tumefaciens and com-
pared to that of its homolog VirB5. Wild-type strain C58, virB5
deletion strain CB1005, and CB1005 transformed with TraC-
and VirB5-expressing plasmids pTrcTraC and pTrcBS were
grown in liquid AB medium in virulence gene-inducing or non-
inducing conditions. Cells were sedimented followed by anal-
ysis of cell-bound proteins and supernatants for VirB5 and
TraC. As in E. coli, TraC was detected in cells and superna-
tants of TraC-expressing agrobacteria in the presence and in
the absence of virulence gene induction (Fig. 8D). In contrast,
VirB5 was detected exclusively in cells (Fig. 8E).

A functional plasmid transfer machinery is necessary for
extracellular complementation of TraC defects. TraC under-
goes partial secretion, suggesting that extracellular comple-
mentation may rely on external supply of soluble TraC from
the helper strain, allowing assembly of the conjugative pilus
of a TraC-deficient recipient. Mating experiments were per-
formed to directly assess this possibility. Donor and recipient
(and sometimes a third helper strain) from liquid-grown cul-
tures were mixed and incubated on LB agar without antibiotics
for 1 h and washed from the plates, and different dilutions
were plated on LB agar containing antibiotics for selection
of transconjugants (Table 2). Conjugative transfer of pKM101
from donor FM433 to recipient WL400 was 10°-fold more
efficient than that of pKM101#raC. Extracellular complemen-
tation by helper cells (pGW2137) carrying the Tral-Trall re-
gion encoding plasmid transfer but not DNA processing func-
tions from pKM101 inserted in pACYC184 (52), resulted in
400-fold more efficient conjugative transfer of pKM101traC. In
contrast, cells carrying pKM101traM or pKM101¢#raD could not
exert helper function, showing that an intact plasmid transfer
machinery is required for extracellular complementation.

These results argue against a role of secreted TraC in extra-
cellular complementation, as insertions in traM and traD affect
plasmid transfer and presumably pilus assembly but not steady-
state levels and secretion of TraC (see above). Further exper-

iments were performed to supply large amounts of external
TraC to stimulate pKM101#raC transfer (Table 2). First, when
donor FM433/pKM101traC and recipient WL400 were mixed
with TraC-overproducing (and secreting) helper strain FM433/
pTrcTraC on a plate, there was no effect on conjugative trans-
fer of pKM101#raC. Second, pTrcTraC was introduced into
WL400 to analyze whether overexpression of TraC in the re-
cipient promotes conjugative transfer. TraC overexpression
failed to increase conjugative transfer in this experiment as
well. Third, purified TraC (0.1, 1, and 10 ng [equivalent to 500
to 50,000 molecules per donor cell]) or TraC-containing high-
molecular-weight structures isolated by shearing and ultracen-
trifugation were added to FM433 pKM101#raC and recipient
WL400 on a plate, but changes in the efficiency of conjugative
transfer were not observed (not shown).

DISCUSSION

Cells expressing the pKM101 transfer machinery partly com-
pensate for conjugative defects of cells carrying transposon
insertions in the fraC gene, a phenomenon termed extracel-
lular complementation (52). It was suggested that TraC may
localize at the cell exterior, e.g., as a pilus component, allowing
transfer to the deficient strain and incorporation into its plas-
mid transfer machinery (51). Here, the basis of this comple-
mentation was analyzed in detail.

By analogy to the T-complex transfer machinery from A. fu-
mefaciens, the Tral-Trall region-coded products from pKM101
were predicted to form a membrane-associated plasmid traf-
ficking complex. Indeed, here we show that these predictions
hold true. Whereas expression of TraC in the absence of other
Tral-Trall region gene products resulted in a soluble periplas-
mic protein, it associated with the membranes in pKM101- and
pKM101leex-carrying bacteria, suggesting protein-protein in-
teractions with membrane-bound components of functional
transfer machineries. Membrane association was also detected
in strains carrying transfer-deficient pKM101traM. TraM may
not be required for membrane attachment of TraC but exert
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FIG. 8. Secretion of TraC in E. coli and A. tumefaciens. Cells were grown in
liquid medium to late logarithmic growth phase and sedimented by centrifuga-
tion followed by trichloroacetic acid precipitation of secreted proteins. Cell-
bound and secreted proteins (fivefold concentrated) were subjected to SDS-
PAGE and Western blotting with TraC-specific (A, B, and D), MalE-specific
(C), and VirB5-specific (E) antisera. (A) E. coli FM433 (lanes —) and FM433/
pTrcTraC (lanes +); (B and C) FM433 (lanes —) and FM433 carrying pKM101
(lanes 101) and derivatives pKM101raM, pKM101#raB, pKM101traC, pKM101eex,
pKM101#raD, and pKM101#raE (remaining lanes, left to right); (D and E) 4. fu-
mefaciens wild-type C58 and virB5 deletion strain CB1005 (CB5) carrying pTrc200,
pTreB5, and pTrcTraC grown in the presence of IPTG in vir gene-inducing (+AS
[acetosyringone]) or noninducing (—AS) conditions. SN, supernatant.

other functions in plasmid transfer, e.g., as a pilus component
(32). Membrane association of TraC was not observed in cells
carrying pKM101 with transposon insertions located in fraB,
traD, and traE, implying involvement of their gene products in
assembly or stabilization of the plasmid transfer complex. In-
terestingly, steady-state levels of TraC were strongly reduced in
pKM101traB-carrying cells, similar to effects of deletions in
some virB genes on the stability of the T-complex transfer
machinery (4), but transcriptional polarity due to transposon
insertion in the upstream gene may also account for this phe-
nomenon.

The different Tra proteins probably exert specialized func-
tions in assembly and/or stabilization of the membrane-bound
plasmid transfer complex and conjugative pilus. Cross-linking
directed TraC to high-molecular-weight complexes in E. coli
carrying transfer-proficient but not tra-defective plasmids. The
lack of cross-linking in strains carrying transposon-inserted
pKM101 derivatives, probably reflecting misassembly or desta-
bilization of the plasmid transfer machinery, correlates well
with their deficiency in conjugative transfer. Cross-linking of
TraC may therefore constitute a biochemical assay for assem-
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bly of a functional plasmid transfer complex, which will be
useful for further analyses of Tra protein function(s).

Compositional analysis of the virulence pilus from A. tume-
faciens recently identified VirB2 as its major constituent (23).
A similar approach was pursued here to isolate components
of extracellular macromolecular structures in E. coli carrying
pKM101 or its transfer-deficient derivatives. TraC proved to
be a component of a high-molecular-weight structure, which
could be isolated from the cells by shearing, and transposon
insertion in any of the fra genes abolished its assembly. Gel
filtration chromatography confirmed the solubility of a high-
molecular-weight TraC-containing complex whose molecular
weight was larger than that of the reference protein ferritin
(440 kDa). In addition, TraC eluted from the gel filtration
column at a position corresponding to that of TraC purified
from the periplasm. This may be due to disassembly of the
high-molecular-weight complex or contamination of the pellet
fraction applied to the column with soluble TraC from the
supernatant. To further assess a function of TraC in pilus bio-
genesis, expression was performed in an A. tumefaciens strain
defective for its homolog VirB5, which does not form pili (23).
Heterologous expression of TraC partly restored external as-
sembly of VirB2 into the T pilus, and cross-linking suggested
that TraC may interact with Vir proteins, thereby substituting
VirB5 in T pilus assembly. Thus, TraC is partly functional in a
well-defined heterologous system, indicating a role in pilus
assembly. Further analyses of the composition of TraC-con-
taining high-molecular-weight structures are necessary to as-
sess whether TraC is a component of the pKM101-determined
pilus. Alternatively, TraC could be part of a surface-exposed
pilus assembly complex which mediates extracellular polymer-
ization of VirB2-homologous protein TraM to form the con-
jugative pilus.

In spite of the obvious similarities between the A. fumefa-
ciens- and pKM101-coded transfer systems, the mechanisms of
pilus assembly may differ. Whereas its homolog VirBS from
A. tumefaciens is a cell-bound protein, TraC was partly se-
creted independently of the presence of other components of
the pKM101 transfer machinery. Possibly, assembly of the con-
jugative pilus involves a secreted intermediate of TraC. The
assembly mechanism may therefore resemble that of adhesive
curli involving secretion of CsgA (curlin) subunits and their
extracellular assembly into a pilus mediated by outer mem-
brane-localized nucleator protein CsgB (5). Curli assembly in
csgA-mutant strains can be complemented intercellularly by
CsgA-secreting helper strains (17), and a similar mechanism
may explain extracellular complementation. We directly ad-
dressed the possibility of pilus assembly mediated by an exter-

TABLE 2. Compensation of TraC deficiency by
extracellular complementation

Donor, FM433 Helper, . Trans-

cartying: FM433 carrying: Recipient conjugants/

: . donor - h*

pKM101 WLA400 1.1x10°*
pKM101traC::Tn5 WL400 =1071'

pKM101#aC::Tn5  pGW2137 WL400 37x1078
pKM101#raC::Tn5 pACYC184 WLA400 =101
pKM101raC::Tn5  pKM101sraM::TnphoA  WLA00 =101
pKM101#raC::Tn5 pKMI101traD::Tn5 WLA400 =101
pKM101#traC::Tn5  pTrc200 WL400 =101
pKM101#aC::Tn5  pTrcTraC WL400 =107
pKM101traC::Tn5 WLA400 pTrc200 =101
pKM101traC::Tn5 WLA00 pTrcTraC =~ <101

“ Results from two to five independent experiments.
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nal pool of TraC in conjugation experiments with TraC-secret-
ing and overproducing helper and recipient strains or by
external addition of large amounts of purified TraC. However,
conjugative transfer of pKM101#7aC was never rescued, indi-
cating that the above model for TraC-mediated pilus assembly
is probably not correct. Only helpers expressing an intact plas-
mid transfer machinery can serve as donors in extracellular
complementation. Extracellular complementation may there-
fore bear similarity to transfer of pilus phenotype in Myxococ-
cus xanthus where social gliding defects of g/ mutants are
compensated, presumably by cell-to-cell transfer of type IV
pilus components or a pilus assembly protein (46, 47). Simi-
larly, cell-to-cell contact may allow transfer of fragments of the
pKM101 pilus from helper to pKM101#raC-carrying cells,
thereby partly restoring their ability for plasmid transfer. Fu-
ture studies will address the role of TraC and other Tra pro-
teins either as structural components of the pKM101-coded
pilus or as pilus assembly factors to unravel the mechanism of
cell-cell recognition during bacterial conjugation.
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