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Plasmid conjugation systems are composed of two components, the DNA transfer and replication system, or
Dtr, and the mating pair formation system, or Mpf. During conjugal transfer an essential factor, called the
coupling protein, is thought to interface the Dtr, in the form of the relaxosome, with the Mpf, in the form of
the mating bridge. These proteins, such as TraG from the IncP1 plasmid RP4 (TraGRP4) and TraG and VirD4
from the conjugal transfer and T-DNA transfer systems of Ti plasmids, are believed to dictate specificity of the
interactions that can occur between different Dtr and Mpf components. The Ti plasmids of Agrobacterium
tumefaciens do not mobilize vectors containing the oriT of RP4, but these IncP1 plasmid derivatives lack the
trans-acting Dtr functions and TraGRP4. A. tumefaciens donors transferred a chimeric plasmid that contains
the oriT and Dtr genes of RP4 and the Mpf genes of pTiC58, indicating that the Ti plasmid mating bridge can
interact with the RP4 relaxosome. However, the Ti plasmid did not mobilize transfer from an IncQ relaxosome.
The Ti plasmid did mobilize such plasmids if TraGRP4 was expressed in the donors. Mutations in traGRP4 with
defined effects on the RP4 transfer system exhibited similar phenotypes for Ti plasmid-mediated mobilization
of the IncQ vector. When provided with VirD4, the tra system of pTiC58 mobilized plasmids from the IncQ
relaxosome. However, neither TraGRP4 nor VirD4 restored transfer to a traG mutant of the Ti plasmid. VirD4
also failed to complement a traGRP4 mutant for transfer from the RP4 relaxosome or for RP4-mediated
mobilization from the IncQ relaxosome. TraGRP4-mediated mobilization of the IncQ plasmid by pTiC58 did
not inhibit Ti plasmid transfer, suggesting that the relaxosomes of the two plasmids do not compete for the
same mating bridge. We conclude that TraGRP4 and VirD4 couples the IncQ but not the Ti plasmid relaxosome
to the Ti plasmid mating bridge. However, VirD4 cannot couple the IncP1 or the IncQ relaxosome to the RP4
mating bridge. These results support a model in which the coupling proteins specify the interactions between
Dtr and Mpf components of mating systems.

Plasmid conjugation conceptually can be divided into two
functions. In the first, the DNA is processed by a complex of
proteins, one of which introduces a single-strand nick at the nic
site within the oriT recognition sequence. Called the relaxo-
some, the proteins of this complex are coded for by genes of
the Dtr (DNA transfer and replication) component of the
transfer system. In the second, the nucleoprotein transfer in-
termediate comprised of the nicked strand covalently linked at
the 59 end to the relaxase is secreted from the donor directly
into the recipient via a bridge that forms between the mating
pair. This translocation apparatus is a complex membrane-
associated structure coded for by the Mpf (mating pair forma-
tion) genes.

The relaxosome of one conjugal plasmid may or may not be
transferrable by the Mpf system of another. Specificity is con-
ferred, in part, by a single protein which is thought to couple

the relaxosome with the mating bridge (8, 29). These specificity
determinants, exemplified by TraG of the IncP plasmid RP4
(TraGRP4), comprise a family of related proteins (29). All
contain two conserved regions, and many contain N-terminal
secretion signals (Fig. 1 and reference 29). While essential for
conjugal transfer, where examined, these proteins are not re-
quired for construction of the transport complex. For example,
TraGRP4, encoded by the Tra1 region (Fig. 2 and reference
58), is required for conjugal transfer but not for Mpf-depen-
dent pilus production or sensitivity to Mpf-specific bacterio-
phages such as PRD1, pf3, and PRR1 (24, 30, 53).

The IncRh1 Ti plasmids of Agrobacterium tumefaciens contain
two transfer systems. One, coded for by vir, transfers a discrete
portion of the plasmid, called the T region, from the bacterium to
the plant (14). The Dtr functions of this system are coded for by
the virD and virC operons (23, 48, 50) located in the vir regulon of
the Ti plasmid (41, 47). The nicking sites, called borders, flank
and define the T region, and are closely related at the nucleotide
sequence level to the nic site within oriT of RP4 (37). Further-
more, VirD2, the border-specific strand transferase, is related to
TraI, the oriT-specific relaxase of RP4 (37, 52). On the other
hand, the Ti plasmid vir mating bridge coded for by the virB
operon is only distantly related to Tra2, the locus coding for the
Mpf functions of RP4. Components of the VirB Mpf system are
most closely related to those of the IncN plasmid pKM101 (39)
and to vir and ptl, which code for transporters known or thought
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to be required for the secretion of virulence factors by Brucella
suis and Bordetella pertussis, respectively (35, 55; reviewed in ref-
erence 57; see also reference 12).

The second Ti plasmid conjugation system mediates transfer
of the entire plasmid from donors to bacterial recipients (re-
viewed in reference 18). This system is composed of two dis-
tantly linked units; tra, a set of two operons divergently tran-
scribed from an intergenic region that contains the oriT (1, 11,
19); and trb, an operon of 12 genes that codes for the conjugal
mating bridge (1, 31). The tra system also is chimeric; the oriT
and Dtr genes encoded by tra are related to those of the IncQ
plasmid RSF1010 (1, 11, 19), while the Mpf functions, coded
for by the tra and trb operons, are closely related to those of the
Tra2 genes of RP4 (1, 31).

The two Ti plasmid transfer systems each contain a coupling
component related to TraGRP4 (Fig. 1). The vir element, called
VirD4, is coded for by the virD operon (Fig. 2) and is essential
for transfer of the T strand, the processed form of the T region,
to plant cells (33, 40). Like TraGRP4, the protein localizes to
the cell membrane complex, although both lack canonical
membrane-spanning domains (13, 36; V. L. Waters, E. Lanka,
and D. G. Guiney, Abstr. 95th Gen. Meet. Am. Soc. Microbiol.
1995, abstr. H-123, p. 513, 1995). The tra component, also
called TraG (Fig. 1), has not been localized but is essential for
conjugal transfer (19). The gene that codes for this component
is located in the traCDG operon which flanks the Ti plasmid
oriT (Fig. 2 and reference 19).

The IncQ plasmid RSF1010 contains an oriT (16), a site-
specific relaxase, MobA (15), and additional relaxosome pro-
teins, MobB and MobC (45, 46). However, the plasmid lacks
genes for Mpf functions and a coupling protein (46) and, while
mobilizable by other plasmids (56), is not self-conjugal. Mobi-
lization requires the Mpf functions and the coupling protein of
the conjugal helper plasmid. For example, mobilization of
RSF1010 by RP4 requires the Tra2 locus, traG, and traF, the
Tra1 gene coding for the pilin processing enzyme (17), but not
traI or other components of the RP4 relaxosome (24, 30, 53).
Similarly, the Ti plasmid vir system mobilizes RSF1010 to plant
cells (6) and also to bacterial recipients (3). Both transfer
processes require the virB-encoded Mpf system and VirD4 (20,
21) as well as the RSF1010 oriT and relaxosome components
(6). On the other hand, although the Ti plasmid oriT and its
associated relaxase, TraA, are related to the analogous com-
ponents of the RSF1010 mob system (11, 19), the Ti plasmid
tra system does not transfer the IncQ plasmid (11). This failure
to transfer is surprising considering that TraG and the Mpf
system of the Ti plasmid are closely related to their homologs
of RP4, which mobilizes RSF1010 at high frequency. Thus, we
undertook a study to determine what factors account for the
inability of the Ti plasmid conjugal transfer system to mobilize
RSF1010.

MATERIALS AND METHODS

Bacterial strains and plasmids. Strains of A. tumefaciens and Escherichia coli
and the plasmids used in this study are listed in Table 1. pDB127, which is
derived from pDB126, contains an in-frame deletion in traG and is nonconjugal
(2). Transfer of this plasmid is restored by providing traG of RP4 in trans (2).
pDCKI41, which contains a Tn3HoHo1 insertion in traG, is a transfer-minus
(Tra2) derivative of the transfer-constitutive (Trac) Ti plasmid pTiC58DaccR
(19). pDCE20 is a recombinant plasmid in which EcoRI fragment 20 of pTiC58
is inserted in the IncP1 vector pRK415 (11, 27). This clone contains the entire
traCDG operon and its native TraR-dependent promoter (19). pDSK519, which
codes for resistance to kanamycin (27), and pMMB67HE, which codes for
resistance to ampicillin and carbenicillin (22), are mobilizable vectors derived
from RSF1010. Both retain oriT and mobA, mobB, and mobC, the three genes
required to form the RSF1010 relaxosome.

FIG. 1. Structure and relatedness of coupling proteins from the RP4 and Ti plasmid transfer systems. The length of each protein in amino acid residues is indicated
by the numbers at each end. Filled regions indicate amino acid sequences with properties of N-terminal secretion signals. The stippled and cross-hatched regions and
their coordinates delimit the two motifs conserved among the members of the TraG family (19, 29). The amino acid substitution mutants of TraGRP4 are indicated by
the single-letter designation for the wild-type residue followed by the position number and the mutant residue.

FIG. 2. Gene organization of the Dtr regions of the transfer systems from
RP4 and pTiC58. The black-filled arrows represent genes coding for the coupling
proteins of the three transfer systems. (A) tra locus of the Ti plasmid tra system.
Locations of genes within the two tra operons, as well as the oriT sequence, are
indicated by the large arrows. The flagstaff represents the site of the Tn3HoHo1
insertion located in traG of the mutant Ti plasmid pDCKI41. The diagonally
hatched bar represents the EcoRI fragment from pTiC58 containing traG cloned
in pDCE20. The small arrow represents the location and direction of transcrip-
tion of the native TraR-dependent promoter responsible for expression of the
traCDG operon. (B) Tra1 core region of RP4. The locations of the essential Dtr
genes and the oriT are shown by large arrows. The diagonally hatched bar depicts
the fragment containing the traG gene cloned in pBS141. The arrow represents
the Tac promoter, provided by the vector, that drives expression of the gene. (C)
virD operon of the Ti plasmid. The five genes of the virD operon are shown by
the large arrows. The diagonally hatched bar depicts the fragment containing the
virD4 gene cloned in pHL142. The arrow represents the lac promoter, provided
by the vector, that drives expression of the gene.
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Media, chemicals, and growth conditions. A. tumefaciens strains were grown at
28°C in Luria-Bertani (LB) broth (43), in ABM minimal medium (10), or on
nutrient agar plates (Difco Laboratories, Detroit, Mich.). E. coli strains were
grown at 28°C or 37°C in LB medium. All liquid cultures were grown with
shaking to ensure aerobic conditions. Antibiotics were included in media at the
following concentrations: for A. tumefaciens, carbenicillin, 100 or 200 mg/ml;
chloramphenicol, 100 mg/ml; erythromycin, 150 mg/ml; kanamycin, 50 or 100
mg/ml; nalidixic acid, 50 mg/ml; rifampin, 50 mg/ml; and streptomycin, 200 mg/ml;
for E. coli, ampicillin, 100 mg/ml; kanamycin, 50 mg/ml; nalidixic acid, 30 mg/ml;
and rifampin, 30 mg/ml. AT minimal medium containing nopaline (Sigma Chem-
ical Co., St. Louis, Mo.) as the sole carbon source was prepared as described
elsewhere (38).

Plasmid constructions. pHL142, which contains virD4 from pTiA6NC ex-
pressed from the lac promoter of pDSK519, was constructed as follows. The
gene was amplified by PCR from pVK225 (26) using as the 59 primer 59-GGC
TCTAGAGGTGAAGTCATGAATTCCAGC-39, which contains an XbaI site
(underlined) and the start codon of virD4 (italics), and as the 39 primer 59-CG
GGGTACCTCATTTCGCAGGCTGTGCCGG-39, which contains a KpnI site
(underlined) and the termination codon of virD4 (italics). The PCR product was
digested with the two enzymes and cloned into similarly digested pDSK519.
pPLtrb was constructed by cloning the trb operon of pTiC58 as a BglII-XbaI
fragment into the IncP1 vector pJB3 (5). The plasmid confers resistance to
ampicillin and carbenicillin. pPLtrb-DB (Fig. 3) was constructed by cloning the
core Tra1 region of RP4 as a KpnI fragment from pDB126 into pPLtrb. pPLQRF
was constructed by cloning traF, which codes for the putative pilin-processing
enzyme from pTiC58, into pZLQR (34) as an EcoRI-HindIII fragment. This
clone, which also expresses traR, is derived from pBBR1MCS2, a vector that is
compatible with IncP, IncQ, and IncRh1 plasmids (28).

Plasmids were introduced into A. tumefaciens strains by mobilization from E.

coli S17-1 or by electroporation as described previously (19) and into E. coli
strains by CaCl2-mediated transformation (43).

Matings. Matings between A. tumefaciens donors and A. tumefaciens or E. coli
recipients were conducted at 28°C, while those between E. coli donors and
recipients were conducted at 37°C. All matings were performed on nitrocellulose
filters placed on the surface of ABM agar, nutrient agar, or LB agar plates as
described by Cook and Farrand (11). In all cases, donors and recipients were
grown to late exponential phase, and matings were allowed to proceed for 2- to
24-h intervals before the mixes were recovered from the filters, diluted, and
plated onto selective media. The titer of the donor population was determined by
dilution plating just prior to mixing with recipients. Frequencies of transfer are
expressed as transconjugants recovered per input donor. Coinheritance of
pTiC58 or its derivatives was assessed by picking a minimum of 100 transconju-
gant colonies to AT nopaline plates containing antibiotics selective for the
recipient. Coinheritance of the RSF1010-based plasmids was assessed by picking
a similar number of transconjugant colonies to nutrient agar or LB agar plates
supplemented with the appropriate antibiotics.

AAI assays. Production of AAI [N-(3-oxo-octanoyl)-L-homoserine lactone]
was assessed by a semiquantitative plate assay using NT1(pZLR4) as the biore-
porter as described by Cha et al. (9). NT1(pTiC58DaccR) was used as the positive
control.

RESULTS

Ti plasmid trb can transfer the RP4 relaxosome. Although
the trb region of pTiC58 and Tra2 of RP4 clearly are of the
same phylogenetic lineage (31), the Ti plasmid does not mo-

TABLE 1. Bacteria and plasmids used in this study

Bacterial strain or
plasmid Relevant genotype, phenotype, or characteristica Source or

reference

A. tumefaciens
NT1 Ti plasmid-cured derivative of C58, contains pAtC58 54
C58C1RS Ti plasmid-cured derivative of C58; Rif r Strr; contains pAtC58 49
C58C1EC Ti plasmid-cured derivative of C58; Eryr Chlr; contains pAtC58 32
UIA5 Ti plasmid-cured derivative of GMI9017; Rif r Strr; lacks pAtC58 11, 42
NT1(pZLR4) AAI bioindicator strain; Cbr 9

E. coli
DH5a supE44 DlacU169 (f80lacZDM15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1 43
HB101 hsdS20 recA13 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1 supE44 Strr 43
HB101Nx hsdS20 recA13 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1 supE44 Strr Nalr 2
HB101RifR hsdS20 recA13 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1 supE44 Strr Rif r 11
S17-1 pro (r2 m1) Mob1 Ampr Chlr Tmpr Strr 19

Plasmids
pTiC58DaccR accR deletion mutant of pTiC58; Trac accc 11
pDCKI41 traG::Tn3HoHo1 insertion mutant of pTiC58DaccR; Tra2 19
pJB3 IncP1 cloning vector; Mob1 Apr Cbr 5
pRK415 IncP1 cloning vector; Mob1 Tcr 27
pDSK519 IncQ cloning vector; Mob1 Kmr 27
pMMB67HE IncQ cloning vector; Mob1 Apr Cbr 22
pVK225 Cosmid clone of virCDE region from pTiA6NC 26
pDB126 Tra1 core region and Tra2 region of RP4 cloned in ColD vector; Tra1 Cmr 2
pDB127 traG deletion mutant of pDB126; Tra2 Cmr 2
pBS141 traG of RP4 cloned in pMMB67HE; IncQ Apr Cbr 2
pBS141K187T K1873T mutant of traG in pBS141; IncQ Apr Cbr 2
pBS141K209T K2093T mutant of traG in pBS141; IncQ Apr Cbr

pBS141E211Q E2113Q mutant of traG in pBS141; IncQ Apr Cbr 2
pBS141D449N D4493N mutant of traG in pBS141; IncQ Apr Cbr 2
pBS141K456T K4563T mutant of traG in pBS141; IncQ Apr Cbr 2
pDCE20 traCDG operon of pTiC58 cloned in pRK415; IncP1 Tcr 19
pHL142 virD4 of pTiA6NC cloned in pDSK519; IncQ Kmr This study
pPLtrb traI/trb region of pTiC58 cloned in pJB3; IncP1 Apr Cbr This study
pPLtrb-DB Tra1 core region of RP4 cloned into pPLtrb; IncP1 Apr Cbr This study
pZLQR traR of pTiC58 cloned in pBBR1MCS2; Inc? Kmr 34
pZLQRF traF of pTiC58 cloned into pZLQR; Inc? Kmr This study

a Antibiotics: Amp and Ap, ampicillin; Cb, carbenicillin; Chl and Cm, chloramphenicol; Ery, erythromycin; Km, kanamycin; Nal, nalidixic acid; Rif, rifampin; Str,
streptomycin; Tc, tetracycline; Tmp, trimethoprim. Other symbols: accc, constitutive expression of acc; Inc?, unknown incompatibility group; Mob, mobilizable; Tra1,
conjugation proficient; Tra2, conjugation deficient; Trac, constitutive for conjugation.
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bilize vectors that contain the RP4 oriT but lack the Tra1 genes
required for a functional relaxosome (11). This is not surpris-
ing; the oriT of RP4 is unrelated to that of the nopaline- and
octopine-type Ti plasmids (1, 11), making it unlikely that the Ti
plasmid Dtr functions recognize and process at the RP4 nic
site. However, it is conceivable that if allowed to form, the RP4
relaxosome would be recognized by the Ti plasmid Mpf system.
Thus, we determined whether a plasmid encoding the RP4
Tra1 Dtr system but lacking the IncP1 Mpf functions could be
mobilized from an A. tumefaciens donor when provided with a
copy of the Ti plasmid trb system. To do this, we constructed
pPLtrb-DB, which contains the core Tra1 region, including
oriT, of RP4 and the entire trb operon of pTiC58 (Fig. 3).
Expression of trb requires TraR, the quorum-sensing transcrip-
tional activator (25, 31). We provided this gene, as well as traF,
the putative pilin-processing enzyme from pTiC58, in trans on
pPLQRF. Donors harboring pPLtrb-DB and pPLQRF trans-
ferred the former plasmid at a frequency of 1.3 3 1026 per
input donor. Transfer was dependent on traR and traF; donors
lacking pPLQRF failed to transfer pPLtrb-DB (data not
shown). Thus, the RP4 relaxosome can interface with the Ti
plasmid trb complex.

On the other hand, RSF1010 contains an oriT remarkably
similar to that of the Ti plasmids (11) and encodes its own
relaxosome components (46). One such component, MobA, is
the cognate relaxase and is related to TraA of the Ti plasmid
tra system (19, 45). RSF1010, while mobilized at high fre-
quency by RP4 (56), is not mobilized at detectable levels by
pTiC58 (11). Taken together, these results indicate that the Ti

plasmid mating bridge can interact with the relaxosome of RP4
but not with that of RSF1010.

TraGRP4 allows pTiC58 to mobilize RSF1010. Interaction
between the relaxosome and the Mpf complex of RP4 is
thought to be mediated by TraG (30). The TraG proteins of
RP4 and pTiC58 are closely related (1, 19) (Fig. 1) and essen-
tial for conjugal transfer (2, 19), and that of RP4 is required for
mobilization of RSF1010 (30). Based on these observations, we
hypothesized that TraGRP4, but not TraGpTiC58, could couple
the relaxosome of RSF1010 with the Ti plasmid Mpf complex.
To test this hypothesis, we determined whether pTiC58DaccR
can mobilize IncQ plasmids if provided with traGRP4. We also
tested five single amino acid substitution mutants of traGRP4
(Fig. 1), as well as two RP4-mobilizable vectors based on the
RSF1010 replicon. To exclude any influence of pAtC58 we
used A. tumefaciens UIA5, which lacks this plasmid (Table 1),
as the donor in this set of matings. As shown in Table 2,
pTiC58DaccR failed to mobilize pDSK519 and pMMB67HE,
the two RSF1010-derived vectors. However, the Trac Ti plas-
mid mobilized pBS141, the pMMB67HE clone that contains
wild-type traGRP4, at a low but easily detectable frequency
(Table 2).

The Ti plasmid also mobilized one point mutant of TraGRP4,
pBS141K456T, at frequencies similar to that of the wild-type
plasmid, pBS141 (Table 2). This allele, with a K-to-T substi-
tution at position 456, complements a traGRP4-null mutant,
pDB127, to near-wild-type levels of transfer (2). Three mu-
tants, pBS141K187T, pBS141E211Q, and pBS141D449N, were
not mobilized by the Ti plasmid at detectable frequencies,
while the remaining mutant, pBS141K209T, was mobilized but
at a frequency approximately 20-fold lower than the wild-type
parent (Table 2). The K187T, E211Q, and D449N mutations
do not complement the traGRP4 null mutation while the K209T
mutation results in a partially active protein (2). Thus,
TraGRP4 conferred on the Ti plasmid the capacity to mobilize
RSF1010. Moreover, mutations in the gene exhibited pheno-
types for Ti plasmid-mediated mobilization of RSF1010 that
mimicked those observed for complementation of a traG null
mutation in the RP4 transfer system (2).

Mobilization of RSF1010 may restrict cotransfer of the Ti
plasmid to the same recipient. We assessed transconjugants
selected for acquisition of pBS141 or its derivatives for coin-

FIG. 3. Genetic structure of pPLtrb-DB. This plasmid, based on the IncP1
vector pJB3 (thin black line) (5), contains the entire trb region from pTiC58
(open arrows) and the Tra1 core region from RP4 (light shaded arrows). traG,
which codes for the RP4-coupling protein, is indicated by the dark shaded arrow.
oriV, origin of vegetative plasmid replication; trfA, the gene coding for the
replication initiation protein of RP4; Amp/Cb, the bla gene coding for resistance
to ampicillin and carbenicillin. See Materials and Methods for details.

TABLE 2. TraG of RP4 allows pTiC58 to mobilize IncQ plasmidsa

IncQ plasmidb traG allelec Mobilization
frequencyd

Ti plasmid
coinheritancee

pDSK519 None ,1029 NA
pMMB67HE f None ,1029 NA
pBS141 Wild type 3 3 1027 0.04
pBS141K187T K187T ,1029 NA
pBS141K209T K209T 1.6 3 1028 0.14
pBS141E211Q E211Q ,1029 NA
pBS141D449N D449N ,1029 NA
pBS141K456T K456T 5.5 3 1027 0.28

a A. tumefaciens UIA5(pTiC58DaccR) was used as the donor in filter matings
with strain C58C1EC as described in Materials and Methods.

b All plasmids are derivatives of RSF1010 and contain the IncQ oriT and
mobilization genes mobA, mobB, and mobC.

c See Fig. 2.
d Expressed as transconjugants obtained per input donor. The full set of

matings was repeated twice with indistinguishable patterns of results. The data
from a single set of matings conducted in parallel on the same day are presented.

e Assessed by picking 100 transconjugant colonies to AT minimal medium
containing nopaline as the sole carbon source as described in Materials and
Methods. NA, not applicable.

f Vector used for construction of the pBS141 series of plasmids.
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heritance of the Ti plasmid. Frequencies of cotransfer ranged
from 4 to 28% (Table 2). However, we previously reported that
RSF1010 has no effect on the frequency of tra-mediated con-
jugal transfer of pTiC58 (11). We considered the possibility
that by allowing the Ti plasmid to mobilize RSF1010, traGRP4
influences the conjugal transfer of the Ti plasmid itself. To test
this, we mated UIA5(pTiC58DaccR) harboring either
pDSK519 or pBS141 with C58C1EC and selected indepen-
dently for transfer of the Ti plasmid and the IncQ plasmid. As
before, the Ti plasmid mobilized pBS141 but not the empty
vector (Table 3). However, neither pDSK519 nor pBS141 de-
tectably inhibited transfer of the Ti plasmid itself. Transcon-
jugants selected for inheritance of pBS141 again showed low
coinheritance of pTiC58DaccR (Table 3). As expected from
the 104-fold differences between the transfer and mobilization
frequencies, none of the tested transconjugants selected for
acquiring the Ti plasmid had coinherited pDSK519 or pBS141
(Table 3).

TraGRP4 cannot substitute for TraGpTiC58 for Ti plasmid
transfer. TraGRP4 allows pTiC58 to mobilize RSF1010, sug-
gesting that this protein and TraGC58 are functionally inter-
changeable. We assessed this possibility by determining
whether traGRP4 could restore transfer to pDCKI41, a Tra2

traG mutant of pTiC58DaccR (Fig. 2 and reference 19). We
first determined if the mutation in this plasmid is complement-
able by traGC58. pDCE20, which codes for this gene as well as
the upstream TraR-dependent promoter region (Fig. 2), re-
stored conjugal transfer of pDCKI41 to wild-type levels (data
not shown). On the other hand, neither the vector pMMB67HE
nor pBS141, the traGRP4-containing recombinant clone, de-
tectably complemented the traG mutation in the Ti plasmid
(data not shown). However, while pMMB67HE was not trans-
ferred at a detectable level, pBS141, was mobilized by the traG
mutant Ti plasmid at a frequency of 2.2 3 1026 per input
donor. Thus, while TraGRP4 will not substitute for TraGpTiC58
for Ti plasmid transfer, it will substitute for mobilization of the
IncQ vector.

VirD4 can replace TraGpTiC58 for RSF1010 mobilization but
not for Ti plasmid transfer. Given the relatedness between
VirD4 and the TraG family (Fig. 1 and reference 29), we
determined whether this vir component can restore transfer to
pDCKI41, the traG mutant of pTiC58. To test this possibility,

we introduced pHL142, which contains virD4 expressed from
the lac promoter of pDSK519 (Fig. 2), into NT1(pDCKI41).
The A. tumefaciens donor mobilized pHL142 to A. tumefaciens
and E. coli recipients but failed to transfer the mutant Ti
plasmid to the A. tumefaciens recipient at a detectable fre-
quency (Table 4). Donors harboring the empty vector,
pDSK519 failed to transfer either pDCKI41 or the IncQ plas-
mid. VirD4 also failed to complement the traGRP4 mutation in
pDB127; E. coli donors harboring the mutant DtraGRP4 plas-
mid and pHL142 failed to transfer either element at a detect-
able frequency to E. coli recipients (data not shown).

DISCUSSION

We conclude from our studies that the failure of pTiC58 to
mobilize RSF1010 results from the inability of the Ti plasmid
TraG protein to recognize the relaxosome of the IncQ plasmid.
The IncQ Dtr complex can be transferred by the Ti plasmid
mating bridge but requires TraGRP4 or VirD4 as the coupling
protein (Tables 2 and 4). Furthermore, mutations in TraGRP4
that affect function in the RP4 transfer system exert a similar
effect on Ti plasmid-mediated mobilization from the IncQ
relaxosome (Table 2). This observation suggests that TraGRP4
interacts with the transfer systems of RP4 and pTiC58.

The Ti plasmid mating bridge will transfer the RP4 relaxo-
some, albeit at a low frequency. Transfer is dependent on one
or more trans-acting components of the RP4 Dtr system; the Ti
plasmid will not mobilize plasmids that contain only the RP4

TABLE 3. TraGRP4-mediated mobilization from the IncQ
relaxosome does not interfere with Ti plasmid transfer but may

restrict transfer to the same recipient

IncQ
plasmid

Transfer frequencya of:

pTiC58DaccRb
Coinheritance

of IncQ
plasmidc

IncQ
derivatived

Coinheritance
of Ti plasmide

None 7.1 3 1023 NA NA NA
pDSK519 6.7 3 1022 ,0.01 ,1028 NA
pBS141 1.2 3 1022 ,0.01 3 3 1026 0.12

a Expressed as transconjugants per input donor. The experiment was repeated
once with similar patterns of results. NA, not applicable.

b Transconjugants were selected on AT minimal medium supplemented with
chloramphenicol and erythromycin and containing nopaline as the sole carbon
source.

c Assessed by picking 100 transconjugant colonies to nutrient agar containing
kanamycin (pDSK519) or carbenicillin (pBS141) in addition to chloramphenicol
and erythromycin.

d Transconjugants were selected on nutrient agar containing kanamycin
(pDSK519) or carbenicillin (pBS141) in addition to chloramphenicol and eryth-
romycin.

e Assessed by picking 100 colonies to AT minimal agar containing nopaline as
the sole carbon source in addition to chloramphenicol and erythromycin.

TABLE 4. VirD4 couples transfer of an IncQ plasmid but not the
Ti plasmid to the Ti plasmid mating bridge

Source of
coupling
proteina

Coupling
protein

Frequency of transferb of:

pDCKI41 to
A. tumefaciens

IncQ plasmid to:

A. tumefaciens E. coli

None None ,1028 NA NA
pDCE20 TraGpTiC58 2.3 3 1023 NA NA
pDSK519 None ,1028 ,1028 ,1028

pHL142 VirD4 ,1028 1.9 3 1025 1.4 3 1026

a All A. tumefaciens donors harbored pDCKI41 (traG::Tn3HoHo1) in addition
to the recombinant plasmid providing the coupling protein. NA, not applicable.

b Expressed as transconjugants obtained per input donor. The experiment was
repeated three times with indistinguishable patterns of results.

TABLE 5. Interactions between Mpf and Dtr systems mediated by
IncRh1 and IncP coupling proteins

Coupling
protein

Mating bridgea (commentb)
Relaxosome

IncRh1 trb IncP IncRh1 vir

TraGpTiC58 1 (C) 2 (32) IncRh1 tra
IncP

2 (11) IncQ
2 (33) IncRh1 vir

TraGRP4 2 (TS) 2 (32) IncRh1 tra
1 (TS) 1 (C) IncP
1 (TS) 1 (56) IncQ

2 (33, 47) IncRh1 vir
VirD4 2 (TS) IncRh1 tra

2 (TS) IncP
1 (TS) 2 (TS) 1 (3, 6, 20, 21) IncQ

1 (C) IncRh1 vir

a 1, effective interface; 2, ineffective interface.
b C, cognate system; TS, this study. Numbers denote references in which

interactions were observed or can be inferred from the data.
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oriT (11). Furthermore, transfer is dependent on TraR and
AAI, which are required for expression of the Ti plasmid trb
operon (31). Dependence on the quorum-sensing regulatory
components rules out the possibility that transfer of the RP4
relaxosome is mediated by some other conjugal system in the
A. tumefaciens donor. Transfer of the RP4 Dtr complex by the
Ti plasmid Mpf system is not surprising considering the degree
of relatedness between the Mpf proteins of the two conjuga-
tion systems (31). However, the components of the two Mpf
systems are not interchangeable; the IncP1 Tra2 system will
not restore transfer to Ti plasmids with mutations in any one of
the nine essential trb genes (32). Furthermore, failure of such
Ti plasmid trb mutants to transfer from donors that also harbor
an IncP1 plasmid indicates that neither TraGIncP1 nor TraGpTiC58
can interface the Ti plasmid relaxosome with the IncP1 mating
bridge. Our studies show that the IncP1-coupling protein will
not restore conjugation to a Ti plasmid traG mutant. Thus,
while TraGRP4 productively interfaces with the Ti plasmid
mating bridge, it cannot interact with the Ti plasmid relaxo-
some.

These results, as summarized in Table 5, are reminiscent of
those reported by Cabezón et al. (7), who concluded that
specificities between the relaxosomes and mating bridges of
RP4 and the IncW plasmid R388 are conferred by the respec-
tive coupling proteins, TraG and TrwB. TraGRP4 can function
with the Mpf system but not the relaxosome of R388 (7).
Similarly, TraGRP4 allowed pTiC58 to mobilize an IncQ plas-
mid but did not complement a traGpTiC58 mutant for transfer
of the Ti plasmid. Furthermore, Cabezón et al. reported that
maximum transfer frequencies occurred only in combinations
that included cognate Dtr, Mpf, and coupling proteins (7).
Similarly, while RP4 mobilizes RSF1010 at high frequency (30,
56), TraGRP4-mediated mobilization of the IncQ plasmid via
the Ti plasmid mating bridge occurs at a low frequency (Table
2). This difference in frequency suggests that the IncP1-cou-
pling protein does not efficiently interface the RSF1010 rel-
axosome to the Ti plasmid Mpf system.

Remarkably, VirD4, the TraG homolog from the Ti plasmid
vir system, can couple relaxosomes to the Ti plasmid conjugal
mating bridge. Like TraGRP4, VirD4 exhibits specificity in this
interaction, coupling the relaxosome of RSF1010 but not that
of the Ti plasmid to the Ti plasmid Mpf system (Table 4).
Furthermore, VirD4 failed to complement an RP4 traG mu-
tation for transfer from the RP4 relaxosome. We conclude
from these results that VirD4 can productively recognize the
Mpf complex of the Ti plasmid conjugal transfer system, and
also the RSF1010 relaxosome, but not the relaxosomes of the
Ti plasmid or RP4 (Table 5). Similarly, VirD4 will couple the
IncQ relaxosome to the Ti plasmid mating bridge but not to
that of RP4 (Table 5). This observation is surprising given the
close phylogenetic relationships between the Mpf systems of
the two plasmids. On the other hand, neither TraG from an
IncP plasmid nor that from pTiC58 will complement mutations
in VirD4 for VirB-mediated transfer of T strands to plant cells
(33, 47). Whether either TraG protein can interact with VirD2-
border complexes, the T-strand equivalent of the relaxosome,
remains to be determined.

Taken together, the results point to these coupling proteins
as determinants of recognition and specificity. Thus, TraG of
the Ti plasmid does not recognize the relaxosomes of RSF1010
or RP4. TraGRP4, on the other hand, can couple its own rel-
axosome and that of RSF1010 to the Ti plasmid mating bridge
(Table 5). But, based on its inability to restore transfer to a
traG mutant of pTiC58, TraGRP4 does not recognize the rel-
axosome of the Ti plasmid. In this regard, most of the available
data indicate that specificity is conferred through interactions

between the coupling protein and the relaxosome. However,
two experimental observations point to specificities with re-
spect to the coupling protein and the mating bridge. First,
IncP1 plasmids do not restore transfer to trb mutants of
pTiC58DaccR (31, 32). Thus, the Ti plasmid TraG protein
apparently cannot couple the Ti plasmid relaxosome to the
IncP1 Mpf complex. Second, VirD4 can interface the RSF1010
relaxosome to the Ti plasmid mating bridge (Table 4) and also
to the vir mating bridge (6), but VirD4 does not allow a traG
mutant of the RP4 system to mobilize the IncQ plasmid (data
not shown). This observation suggests that VirD4 can couple
the IncQ relaxosome to the Ti plasmid Mpf but cannot couple
this relaxosome to the RP4 mating bridge.

TraGRP4-mediated mobilization of the IncQ plasmid via the
Ti plasmid tra system does not interfere with conjugal transfer
of pTiC58 (Table 3). However, although pTiC58 transfers at
frequencies 3 to 4 orders of magnitude higher than pBS141,
transconjugants selected for receiving the IncQ plasmid coin-
herit the Ti plasmid at relatively low frequencies (Tables 2 and
3). These observations suggest that Ti plasmid mating bridges
catalyzing TraGRP4-mediated transfer of the IncQ plasmid
cannot also transfer the Ti plasmid. Thus, we suggest that
relaxosome recognition by any given mating bridge is deter-
mined by the coupling protein involved in the interaction. This
hypothesis could explain why RSF1010 inhibits VirB-mediated
T-strand transfer to plants (4, 51) but not trb-mediated Ti
plasmid transfer to bacteria (11). In the first case, transfer of
both nucleoprotein intermediates is mediated by VirD4 only,
and the RSF1010 relaxosome competes with the VirD2-T
strand complex for VirB mating bridges (4), perhaps through
VirD4. In the latter case, we propose that any given mating
bridge is associated with TraGpTiC58 or TraGRP4 but not with
both. The former recognizes the relaxosome of the Ti plasmid
but not that of RSF1010, while the latter recognizes the rel-
axosome of RSF1010 but not that of the Ti plasmid. Thus,
when both coupling proteins are available, there is no compe-
tition between the two relaxosomes for a single mating bridge.

Although there is no direct evidence that the coupling pro-
teins physically interact with the mating bridge, our genetic
evidence, as well as that of Cabezón et al. (8), supports this
hypothesis. Moreover, should they exist, it is not clear if these
interactions are transient, with the coupling protein moving
into and out of the complex, or permanent, in which the cou-
pling protein is an integral part of the apparatus itself. How-
ever, TraGRP4 is not required for Mpf-associated pilus pro-
duction or for sensitivity to infection by Mpf-dependent
bacteriophages (24, 30, 53), suggesting that the coupling pro-
tein is not essential for the construction or structural integrity
of the mating bridge itself.

Our results support a model in which the coupling protein
interfaces the relaxosome with the mating bridge. The speci-
ficity of these proteins for any given component dictates
whether the substrate, in the form of the nucleoprotein relaxo-
some, will be recognized and transported by the mating bridge
to a recipient cell. Remarkably, there exists considerable lati-
tude in such specificities (7, 8, 44). It remains to be determined
which, if any, components of the relaxosome and of the mating
bridge interact with the coupling protein. Similarly, although
the C terminus of TraD, the F-coupling protein, confers some
degree of specificity (44), the domains of these coupling pro-
teins that are involved in these interactions have yet to be
identified.
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