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Summary
Agrobacterium tumefaciens uses a type IV secretion (T4S) system composed of VirB proteins and
VirD4 to deliver oncogenic DNA (T-DNA) and protein substrates to susceptible plant cells during
the course of infection. Here, by use of the Transfer DNA Immuno-Precipitation (TrIP) assay, we
present evidence that the mobilizable plasmid RSF1010 (IncQ) follows the same translocation
pathway through the VirB/D4 secretion channel as described previously for the T-DNA. The
RSF1010 transfer intermediate and the Osa protein of plasmid pSa (IncW), related in sequence to
the FiwA fertility inhibition factor of plasmid RP1 (IncPα), render A. tumefaciens host cells nearly
avirulent. By use of a semi-quantitative TrIP assay, we show that both of these ‘oncogenic suppressor
factors’ inhibit binding of T-DNA to the VirD4 substrate receptor. Both factors also inhibit binding
of the VirE2 protein substrate to VirD4, as shown by coimmunoprecipitation and bimolecular
fluorescence complementation assays. Osa fused to the green fluorescent protein (GFP) also blocks
T-DNA and VirE2 binding to VirD4, and Osa-GFP colocalizes with VirD4 at A. tumefaciens cell
poles. RSF1010 and Osa interfere specifically with VirD4 receptor function and not with VirB
channel activity, as shown by (i) TrIP and (ii) a genetic screen for effects of the oncogenic suppressors
on pCloDF13 translocation through a chimeric secretion channel composed of the pCloDF13-
encoded MobB receptor and VirB channel subunits. Our findings establish that a competing plasmid
substrate and a plasmid fertility inhibition factor act on a common target, the T4S receptor, to inhibit
docking of DNA and protein substrates to the translocation apparatus.

Introduction
Agrobacterium tumefaciens uses the VirB/D4 type IV secretion (T4S) system to translocate
DNA and protein effector molecules to plant cells during infection (Zhu et al., 2000; Cascales
and Christie, 2003). The VirB/D4 T4S system is assembled from 11 VirB proteins, termed the
mating pair formation (Mpf) proteins (Lessl et al., 1993), and the VirD4 coupling protein
(T4CP) (Ding et al., 2003; Gomis-Ruth et al., 2004), also termed the substrate receptor
(Atmakuri et al., 2003; Cascales and Christie, 2004a). This system is a bona fide conjugation
apparatus, as shown by its capacity to deliver oncogenic transfer DNA (T-DNA) as well as the
mobilizable plasmid RSF1010 (IncQ) to target cells through a cell-contact-dependent
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mechanism (Buchanan-Wollaston et al., 1987; Fullner, 1998). Studies of the VirB/D4 T4S
system and of related conjugation systems, e.g. F (IncF), RP4 (IncPα), R388 (IncW) and
pKM101 (IncN), have identified several early steps of conjugation (Lawley et al., 2004;
Christie and Cascales, 2005; Shroder and Lanka, 2005). DNA transfer initiates when the
relaxase and auxiliary factors bind at the origin of transfer (oriT) sequence of a DNA substrate
to form the relaxosome (Pansegrau and Lanka, 1996). The relaxosome catalyses the single-
stranded (ss) cleavage of the DNA strand destined for transfer, whereupon the relaxase remains
covalently bound to the 5′ end of ssDNA substrate (Lessl and Lanka, 1994). The DNA substrate
then docks at the T4CP via translocation signals carried by the relaxase and, for some systems,
other processing components of the relaxosome (Simone et al., 2001; Schroder et al., 2002;
Llosa et al., 2003; Beranek et al., 2004; Vergunst et al., 2005). Finally, the T4CP acts together
with the Mpf proteins, e.g. the VirB subunits, to mediate transfer of the nucleoprotein particle
across the cell envelope (Cascales and Christie, 2004a). Conjugation machines also translocate
protein substrates independently of DNA. For example, the A. tumefaciens VirB/D4 T4S
system delivers several effector proteins, e.g. VirE2, VirE3 and VirF, to susceptible plant cells
during infection (Vergunst et al., 2000; 2005; Schrammeijer et al., 2003). As shown for the T-
DNA substrate, VirE2 also docks at the VirD4 receptor for translocation through this secretion
channel (Atmakuri et al., 2003).

Conjugative plasmids often encode factors that inhibit the transfer of coresident plasmids
(Olsen and Shipley, 1975; Yusoff and Stanisich, 1984). Such fertility inhibition factors appear
to fall into two broad classes, those acting to repress expression of transfer (tra) genes (Gasson
and Willetts, 1976; Tanimoto and Iino, 1983), and those functioning at a step in the
translocation pathway subsequent to Mpf subunit synthesis and assembly of the conjugation
apparatus (Yusoff and Stanisich, 1984; Winans and Walker, 1985). Fertility inhibition via
control of tra gene regulation has been extensively characterized for the F plasmid finOP
inhibition system (van Biesen and Frost, 1994; Penfold et al., 1996; Ghetu et al., 2000). In
contrast, little is known about the mechanism(s) by which fertility inhibition factors act
downstream of T4S machine assembly (Lawley et al., 2004). In A. tumefaciens, two factors
have been shown to render wild-type (WT) cells nearly or completely avirulent, a phenomenon
termed ‘oncogenic suppression’ (Close and Kado, 1991; Ward et al., 1991). One factor is the
RSF1010 transfer intermediate composed of the MobA relaxase covalently bound to the 5′ end
of the transferred ssDNA (R-strand) (Ward et al., 1991; Stahl et al., 1998). The second is the
Osa protein encoded by the IncW plasmid pSa (Close and Kado, 1991). Osa does not affect
accumulation or membrane association of VirB proteins (Chen and Kado, 1994; 1996).
Moreover, Osa shares sequence similarities to FiwA, a fertility inhibition factor of IncPα
plasmids that interferes with transfer of coresident IncQ and IncW plasmids (Chen and Kado,
1994; Fong and Stanisich, 1989). It can thus be postulated that Osa represents a class of fertility
inhibition factors acting after T4S machine biogenesis to block one or more steps of
translocation.

Studies exploring the inhibition mechanism(s) of RSF1010 and Osa have exploited the early
finding that two avirulent strains, one deleted of the T-DNA and a second lacking a gene for
a protein substrate, e.g. VirE2, incite tumour formation when coinoculated onto plant wound
sites (Otten et al., 1984). The simplest explanation for these findings is that these strains
translocate the requisite complement of tumour-inducing T-DNA and protein substrates into
the same plant cell (Christie et al., 1988; Binns et al., 1995). Such mixed infection experiments
with ΔT-DNA or virE2 mutant strains harbouring RSF1010 or a plasmid producing the Osa
protein supplied evidence that both suppressor factors inhibit VirE2 translocation (Binns et
al., 1995; Lee et al., 1999), whereas only RSF1010 inhibits T-DNA transfer (Binns et al.,
1995; Lee and Gelvin, 2004). Osa does, however, strongly inhibit intercellular transfer of other
protein substrates, VirE3 and VirF (Schrammeijer et al., 2003), as shown by a Cre recombinase
(CRAfT) assay (Vergunst et al., 2000).
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In this study, we sought to define the mechanistic bases underlying ‘oncogenic suppression’.
We present evidence that the RSF1010 substrate follows the same translocation pathway
through the VirB/D4 secretion channel as recently described for the T-DNA substrate (Cascales
and Christie, 2004a). We further report that the RSF1010 transfer intermediate and Osa
suppress A. tumefaciens oncogenesis specifically by interfering with T-DNA and VirE2
substrate binding to the VirD4 receptor. The promiscuous plasmid RSF1010 and the pSa-
encoded Osa fertility inhibition factor thus act on a common target, the T4S receptor, to inhibit
substrate transfer through T4S machines.

Results
Plasmid RSF1010 (IncQ) follows the same translocation route as T-DNA through the VirB/D4
T4S system

The T-DNA transfer pathway has been depicted as a series of spatially and temporally ordered
close contacts with six VirB/D4 channel subunits – VirD4, VirB11, VirB6, VirB8, VirB2 and
VirB9, as shown with the Transfer DNA ImmunoPrecipitation (TrIP) assay (Cascales and
Christie, 2004a). We first tested whether a mobilizable RSF1010 (IncQ) derivative, pML122
(Fullner, 1998), establishes similar channel subunit contacts during translocation through the
VirB/D4 T4S system. To avoid possible competitive effects of a coresident T-DNA substrate,
TrIP assays were carried out with A. tumefaciens strain LBA4404 (ΔT-DNA) harbouring
pML122. Intact cells were treated with formaldehyde (FA) and detergent solubilized, and then
material precipitated with antibodies to the Vir proteins was subjected to polymerase chain
reaction (PCR) amplification to detect coprecipitation of cross-linked channel subunit–
pML122 substrate complexes. As a non-substrate DNA control, we included primers for
amplification of the repAB locus from pTiAch5 in the PCR amplification reaction. We further
confirmed that antibodies to the VirD2 relaxase, which is not required for RSF1010 transfer
(Buchanan-Wollaston et al., 1987; Fullner, 1998), did not precipitate detectable levels of the
pML122 or pTiAch5 plasmid fragments from LBA4404 or LBA4404(pML122) cell extracts
(Fig. 1A).

Antibodies to the six putative VirB/D4 channel subunits named above specifically precipitated
the mobA fragment carried by the pML122 substrate from extracts of the FA-treated cells (Fig.
1B and C). This fragment was undetectable in material precipitated with antibodies to the
remaining six VirB proteins – VirB1, VirB3, VirB4, VirB5, VirB7, VirB10 – or to another
postulated machine component VirJ (Pantoja et al., 2002) (Fig. 1C). This profile of RSF1010
substrate–channel subunit contacts matched that obtained previously for the T-DNA substrate
(Cascales and Christie, 2004a). Further TrIP studies established that individual virB and
virD4 null mutations blocked translocation of the pML122 substrate at the same stages as
determined previously for the T-DNA (Cascales and Christie, 2004a; data not shown). We
therefore conclude that the T-DNA and IncQ plasmid transfer intermediates follow the same
route during translocation through the VirB/D4 secretion channel.

The IncQ plasmid inhibits T-DNA binding to the VirD4 receptor
Wild-type A. tumefaciens strain A348 incites abundant tumour formation on Kalanchoe
daigremontiana leaves, whereas the isogenic strain harbouring an RSF1010 replicon is almost
avirulent (Fig. 2A; Ward et al. 1991;Binns et al., 1995). In view of the above evidence that T-
DNA and pML122 substrates share the same VirB/D4 translocation pathway, we tested
whether pML122 inhibits one or more steps of T-DNA translocation. These steps include: (i)
T-DNA processing by the VirD2 relaxase, (ii) T-DNA docking at the VirD4 receptor and (iii)
T-DNA transfer through the VirB/D4 secretion channel. Substrate processing and channel
subunit contacts were monitored by TrIP and the modified QTrIP assay (Cascales and Christie,
2004a). This latter assay is based on radiolabelling of PCR products generated from
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immunoprecipitated material to quantify levels of recovered substrate (see Experimental
procedures).

Anti-VirD2 antibodies precipitated similar levels of the T-DNA transfer intermediate from
A348 and A348(pML122) cells, showing that the IncQ plasmid does not affect VirD2
processing at T-DNA border repeat sequences (Fig. 2B). In striking contrast, the anti-VirD4
antibodies precipitated a very low level of T-DNA substrate from extracts of A348(pML122)
compared with A348. The level of T-DNA precipitated with the VirD4 receptor in the presence
of the IncQ plasmid was approximately one-tenth that in its absence, as determined by QTrIP
(Fig. 2C). Of further interest, the anti-VirD4 antibodies precipitated an abundant amount of
pML122 from A348(pML122), approximately nine times that of precipitated T-DNA (Fig.
2C).

The above findings suggest that the pML122 substrate outcompetes the T-DNA substrate for
binding to the VirD4 receptor (Fig. 2C). Next, we sought to determine whether pML122
additionally disrupts passage of the T-DNA through the VirB/D4 secretion channel. However,
antibodies to VirB11, VirB6, VirB8, VirB2 and VirB9 precipitated T-DNA and pML122 at
approximately the same 1 to 9 ratio as obtained with antibodies to VirD4 (Fig. 2C). The IncQ
plasmid thus appears to specifically disrupt T-DNA substrate-receptor binding without further
downstream effects on T-DNA translocation. Supporting genetic evidence that the inhibitory
effect of RSF1010 is restricted to substrate docking at the T4S receptor is presented below.

VirB9, VirB10 and VirB11 overproduction confer altered substrate selection
Ward et al. (1991) reported that the suppressive effects of RSF1010 can be partially reversed
by the co-overproduction of VirB9, VirB10 and VirB11 (Fig. 2A). In agreement with this
finding, antibodies to VirD4 and each of the five presumptive VirB channel subunits
precipitated T-DNA at appreciably higher levels from extracts of the VirB9-VirB11
overproducing strain A348(pML122, pED9) than from A348(pML122) (Fig. 2C). Of further
interest, these antibodies precipitated the pML122 substrate from A348(pML122, pED9) at
diminished levels compared with A348(pML122). In Fig. 2C, the amount of T-DNA or
RSF1010 substrate recovered from each strain is presented as a fraction of total T-DNA
recovered with the same antibody from WT A348. Whereas the amount of total substrate (T-
DNA plus RSF1010) recovered from A348(pML122) approximated the level of T-DNA from
A348, the amount of total substrate recovered from A348(pML122, pED9) was reproducibly
approximately 5% higher than from the WT strain (data not shown). This finding is consistent
with an earlier proposal that VirB9, VirB10 and VirB11 are rate limiting for assembly of
functional VirB/D4 T4S machines (Ward et al., 1991). Yet, this small increase in substrate
binding does not account for the pronounced approximately threefold increase in T-DNA
binding and corresponding decrease in pML122 binding to the VirD4 and VirB channel
subunits upon VirB overproduction (Fig. 2C). These findings and results of mutational analyses
(see below) support a proposal that VirB proteins act in conjunction with VirD4 to modulate
substrate selection and trafficking through the secretion channel (see Discussion).

The IncQ transfer intermediate inhibits T-DNA binding to the VirD4 receptor
Processing at the oriT sequence by the MobA relaxase of RSF1010 is required for suppression
of A. tumefaciens virulence (Fig. 3A; Stahl et al. 1998). In A348 cells harbouring the RSF1010
derivative pJB31, the T-DNA transfer intermediate accumulates at WT levels, establishing that
the IncQ plasmid processing reaction does not disrupt processing by VirD2 relaxase at the T-
DNA border sequences (Fig. 3B). In these cells, however, the T-DNA substrate binds VirD4
at only 5–10% of WT levels, indicative of a nearly complete block in substrate-receptor binding
(Fig. 3C). In A348 strains harbouring the isogenic IncQ plasmids pAJ1 and pAJ6 bearing
mutations in oriT and mobA, respectively (Stahl et al., 1998), the T-DNA bound VirD4 at WT
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levels (Fig. 3C). These findings establish that formation of the MobA-R-strand transfer
intermediate is essential for the observed block in T-DNA substrate access to the VirD4
receptor.

Osa blocks T-DNA access to the VirD4 receptor
As mentioned above, the Osa protein encoded by plasmid pSa (IncW) also functions as an
oncogenic suppressor (Chen and Kado, 1994; Lee et al., 1999). By use of the mixed infection
assay, it was reported that Osa does not inhibit delivery of T-DNA to plant cells (Lee et al.,
1999; Lee and Gelvin, 2004). However, in parallel studies in both of our laboratories, we have
reproducibly detected strong suppressive effects of Osa on T-DNA transfer upon inoculation
of K. daigremontiana leaf wounds as well as tobacco leaf discs. As summarized in Fig. 4A and
Table 1, A348(pSa) expressing osa from its native promoter or A348(pUCD3960) expressing
osa from an nptI promoter displayed highly attenuated virulence. In the mixed infection studies,
coinoculation of LBA4404 (ΔT-DNA) with three independently derived virE2 null mutants
[At12516, virE2::carb and Mx358 (data not shown)] yielded tumour formation on both K.
daigremontiana and tobacco leaf discs. In striking contrast, coinoculation of LBA4404 with
these virE2 mutant strains carrying the osa-expressing pSa or pUCD3960 plasmids produced
no tumours or only a few small tumours. In these assays, the virE2 mutant strains represent
the only source for the oncogenic T-DNA, indicating that the Osa protein at least partially
blocks translocation of the T-DNA. Results of our studies examining the effects of Osa on
VirE2 translocation are presented below.

By use of the QTrIP assay, we determined that A348(pUCD3960) cells accumulate WT levels
of the T-DNA transfer intermediate (Fig. 4B), but appreciably lower amounts of the putative
T-DNA substrate–VirD4 receptor complex (Fig. 4C). In this Osa-producing strain, the T-DNA
bound the receptor at 30–40% of WT levels (Fig. 4C). Similarly, in this strain the T-DNA
substrate bound to VirB11, VirB6, VirB8, VirB2 and VirB9 at 30–40% of WT levels (Fig. 4C
and data not shown). It is noteworthy that, in contrast to pML122 (Fig. 3C), Osa does not
completely block formation of these T-DNA–channel subunit contacts, yet Osa-producing cells
are nearly avirulent (Fig. 4A). Conceivably, Osa disrupts not only the T-DNA-receptor binding
reaction, but also interferes with DNA transfer kinetics, a dynamic reaction that cannot be
measured with the QTrIP assay. Additionally or alternatively, Osa’s strong ‘oncogenic
suppression’ phenotype could be due to its ability to block VirE2 protein substrate binding to
the VirD4 receptor (see below).

Overproduction of VirB9, VirB10 and VirB11 does not reverse Osa-mediated oncogenic
suppression (Fig. 4A; Lee et al. 1999). Correspondingly, VirB9-VirB11 overproduction did
not correlate with an increase in T-DNA binding to VirD4 or the VirB channel subunits in the
presence of Osa, as shown by QTrIP (Fig. 4C and data not shown). These findings and
additional data (see below), suggest that the pML122 transfer intermediate and Osa exert their
effects on a common target, the VirD4 receptor, but most probably through different
mechanisms.

Previously, we reported that virE2 fused at its 3′ end to the gene for green fluorescent protein
(GFP) exerts negative dominance when expressed in A348 cells (Fig. 4A) (Zhou and Christie,
1999). In mixed infection experiments, virE2-GFP expression also was reported to suppress
both T-DNA and VirE2 translocation (Zhou and Christie, 1999). However, TrIP and QTrIP
studies did not reveal any effects of VirE2-GFP on T-DNA binding to the VirD4 receptor or
VirB channel subunits (Fig. 4C and data not shown). We also have attempted, without success,
to suppress dominance of virE2-GFP by overproduction of the VirB/D4 channel subunits,
VirE2, or VirE1, a secretion chaperone for VirE2 (Zhao et al., 2001). On the basis of these
findings, we suggest that VirE2-GFP acts very early in the translocation pathway, even prior
to substrate-receptor docking, to disrupt translocation of VirE2.
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The IncQ conjugative intermediate and Osa inhibit VirE2 access to the VirD4 receptor
The RSF1010 transfer intermediate and Osa also block translocation of the VirE2 effector to
plant cells (Table 1; Stahl et al., 1998;Lee et al., 1999). We next tested whether these suppressor
factors interfere with the VirE2 substrate–VirD4 receptor contact. These studies made use of
the bimolecular fluorescence complementation (BiFC) assay (Hu et al., 2002) adapted in our
laboratory for in vivo studies of the VirE2–VirD4 docking reaction (Atmakuri et al., 2003). In
this assay, VirE2 and VirD4 are tagged with half-length GFP molecules, such that the VirE2–
VirD4 interaction serves to align the half-GFP’s for reconstitution of the active fluorescent
protein (Atmakuri et al., 2003). Cells coproducing VirD4-N′GFP and C′GFP-VirE2 fluoresce
at the cell poles (Fig. 5A), in agreement with positional information reported previously for
VirD4 (Kumar and Das, 2002) and the VirE2–VirD4 complex (Atmakuri et al., 2003). In
striking contrast, the isogenic cells carrying pML122 or osa-expressing pUCD3960 failed to
display any detectable BiFC (Fig. 5A). As shown above for the T-DNA substrate, the
suppressor factors similarly block access of the VirE2 protein substrate to the VirD4 receptor.

These findings prompted a cytological test for colocalization of Osa and VirD4. As shown
previously, VirD4 and VirD4-GFP localize at A. tumefaciens cell poles (Fig. 5B) (Kumar and
Das, 2002;Atmakuri et al., 2003). We fused Osa at its C terminus to GFP, and determined that
the fusion protein is stable in A. tumefaciens and phenotypically resembles the native protein
by suppressing virulence, interfering with T-DNA and VirE2 binding to VirD4, and blocking
pML122 transfer (data not shown). Very interestingly, Osa-GFP targeted to the A.
tumefaciens poles, forming fluorescence patterns very similar to those of VirD4-GFP (Fig.
5B). Osa-GFP also targeted to poles of mutant strains deleted of VirD4, the VirB subunits, or
the VirD2 relaxase, suggesting that Osa positioning is independent of T-DNA processing or
polar localization of the VirB/D4 machine (data not shown). Moreover, native Osa did not
affect polar targeting of VirD4-GFP (data not shown), excluding a mechanism whereby Osa
interferes with targeting of the receptor to its site of action.

We next assayed for effects of Osa and pML122 on precipitation of a VirD4–VirE2 complex
from A. tumefaciens cell extracts (Atmakuri et al., 2003). As shown in Fig. 5C, the anti-VirD4
antibodies precipitated abundant levels of VirD4 and VirE2 from extracts of WT A348 cells,
but only a barely detectable level of VirE2 from extracts of isogenic strains carrying either
pML122 or pUCD3960. These findings comprise further evidence that the suppressor factors
act by inhibiting the VirE2–VirD4 binding reaction.

We also asked whether overproduction of the VirD4 receptor could reverse the inhibitory
effects of pML122 or Osa. Not surprisingly, elevated receptor synthesis in the VirD4-
overproducing strain A348(pKA21) was correlated with a ~5–10% increase in the amount of
T-DNA precipitated with anti-VirD4 antibodies as compared with WT A348 cells. However,
the QTrIP studies revealed no corresponding increase in T-DNA–VirB channel subunit
contacts, in agreement with evidence presented above (Fig. 2) that one or more VirB subunits,
not VirD4, is rate-limiting for assembly of the secretory apparatus. The VirD4 antibodies also
coprecipitated VirD4 and VirE2 from extracts of A348(pKA21, pML122) (Fig. 5C),
establishing that VirD4 overproduction also enabled detection of VirE2-receptor binding in
the presence of the IncQ plasmid. In striking contrast, VirD4 overproduction in strain A348
(pKA21, pUCD3960) did not reverse the inhibitory effect of Osa on VirE2–VirD4 complex
formation (Fig. 5C). VirD4 overproduction therefore reversed the inhibitory effects of pML122
but not Osa on VirE2–VirD4 receptor binding.

Osa inhibits IncQ plasmid access to the VirD4 receptor
Osa also inhibits conjugative transfer of pML122 to agro-bacterial recipients (Fig. 6A; Lee and
Gelvin, 2004). As assessed by QTrIP, Osa interfered with pML122 binding to the VirD4

Cascales et al. Page 6

Mol Microbiol. Author manuscript; available in PMC 2009 September 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



receptor without further negative effects on substrate binding to the VirB subunits, as illustrated
for VirB9 (Fig. 6B and data not shown). The magnitude of the Osa inhibitory effect –
approximately 1 log reduction in conjugative transfer frequency and 65% reduction in pML122
binding to the VirD4 receptor as shown by QTrIP – correlate with each other and with the
observed effect of Osa on the T-DNA substrate-receptor binding reaction (see Fig. 4B). Also
in agreement with data presented above for the T-DNA substrate, VirE2-GFP did not affect
pML122 transfer or VirD4 receptor binding (Fig. 6A and B). It is noteworthy that the strains
characterized in this study carry two T4S systems in addition to the VirB/D4 T4S system
(Hamilton et al., 2000;Chen et al., 2002). However, these T4S machines are not synthesized
or functional under conditions required for vir gene expression and VirB/D4-mediated
translocation, as shown previously and here by lack of detectable pML122 transfer by a PC1000
(ΔvirB operon) donor strain (Fig. 6A;Fullner, 1998;Lee and Gelvin, 2004). Thus, Osa inhibits
conjugative transfer of pML122 specifically by interfering with substrate binding to the VirD4
receptor.

The IncQ transfer intermediate and Osa do not affect VirD4-independent, VirB-dependent
pCloDF13 transfer

Agrobacterium tumefaciens mobilizes the transfer of another plasmid, pCloDF13, to recipient
cells (Escudero et al., 2003). pCloDF13 encodes its own VirD4 homologue, MobB, but lacks
genes for the VirB Mpf subunits, and therefore transfer is dependent on assembly of a chimeric
T4S system composed of the MobB receptor and VirB channel subunits. To determine whether
RSF1010 and Osa act specifically to inhibit VirD4 receptor activity, we assayed for effects of
these suppressor factors on pCloDF13 mobilization.

Table 2 shows that WT A348 and the virD4 null mutant Mx355 transferred the pCloDF13
derivative pJClo (See Experimental procedures) to agrobacterial recipients. Mx355 with or
without pJClo failed to transfer pML122, showing that VirD4 is required for mobilization of
the IncQ plasmid (Table 2; Fullner, 1998). Very interestingly, both A348 and Mx355 donor
cells carrying pJClo and either pML122 or pUCD3960 (Osa producer) transferred pJClo at
frequencies comparable to cells lacking the oncogenic suppressors. These findings show that
the IncQ plasmid and Osa specifically inhibit VirD4 receptor activity without affecting
activities of the MobB receptor or the VirB channel subunits.

Discussion
In this study, a combination of biochemical, cytological and genetic findings established that
two ‘oncogenic suppressors’ act on a common target, the VirD4 receptor, to block passage of
the T-DNA and the VirE2 effector protein through the A. tumefaciens VirB/D4 T4S system.
One suppressor factor, RSF1010 (IncQ), is a promiscuous plasmid that parasitizes the VirB/
D4 system as well as many other T4S systems of Gram-negative bacteria (Rawlings and Tietze,
2001). Studies have shown that TrIP and the semi-quantitative version of this assay permit
refined mechanistic studies of T4S machines (Atmakuri et al., 2004; Cascales and Christie,
2004a,b; Jakubowski et al., 2005). Here, by TrIP we provided evidence that the RSF1010
substrate follows the same pathway through the VirB/D4 T4S system as previously shown for
the T-DNA (Cascales and Christie, 2004a). Moreover, in strains producing both DNA
substrates, the IncQ transfer intermediate formed close contacts with the channel subunits at
levels eight to nine times higher than the T-DNA substrate. The copy numbers of RSF1010
and the Ti plasmid in A. tumefaciens are estimated at 10–20 and 1–2 respectively (Binns et
al., 1995). This correlation between substrate binding and plasmid copy number suggests the
RSF1010 substrate accumulates in stoichiometric excess and probably outcompetes the T-
DNA for available receptors. By contrast, data presented here and elsewhere (see below)
suggest that the second suppressor factor, the Osa protein of pSa (IncW), blocks VirD4 receptor
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activity not as a competing substrate but rather through a mechanism shared by related fertility
inhibition factors encoded by IncP, W and N conjugative plasmids.

Although we favour a model in which RSF1010 competitively blocks T-DNA access to VirD4,
our studies also have supplied evidence that the VirB channel subunits influence receptor
activity as well as trafficking through the T4S system. Strikingly, cells engineered to
overproduce VirB9, VirB10 and VirB11 displayed a pronounced shift in favour of T-DNA
versus RSF1010 binding to VirD4 and the VirB channel subunits (Fig. 2). The VirB
overproducing strain might assemble elevated numbers of channel complexes compared with
the WT strain, as suggested by an overall increase in levels of substrate binding to channel
subunits. However, this slight increase, estimated at approximately 5% by QTrIP, by itself
cannot account for the shift in the ratio of T-DNA versus RSF1010 substrate binding. On the
basis of these findings, we suggest that overproduction of these VirB proteins preferentially
stimulates the VirD4–T-DNA binding reaction. Cells overproducing only one of these subunits,
VirB9, VirB10 or VirB11, still display RSF1010 suppression of T-DNA transfer (Ward et
al., 1991; data not shown), further indicating that these VirB proteins function together as a
subcomplex to modulate receptor activity. Consistent with this view, elsewhere we have
presented evidence for a network of VirD4, VirB9, VirB10 and VirB11 interactions in directing
substrate translocation across the A. tumefaciens cell envelope. Specifically, ATP utilization
by VirD4 and VirB11 induces a conformational switch in VirB10 that enables stable complex
formation with the outer membrane-associated VirB9. In turn, the T-DNA substrate passes
from the inner membrane to the periplasmic and outer membrane portions of the secretion
channel (Cascales and Christie, 2004b). Such dynamic interactions between VirB9, VirB10,
VirB11 and VirD4 conceivably also regulates early substrate recruitment and receptor binding
reactions.

Additional evidence that VirB subunits contribute to substrate selection derives from
mutational studies. Small peptide insertions in both VirB9 and VirB11 were shown to confer
a substrate discrimination phenotype, such that strains producing the mutant proteins
translocate either but not both of the T-DNA or RSF1010 substrates (Sagulenko et al., 2001;
Jakubowski et al., 2005; Cascales and Christie, unpublished data). In principle, such mutations
could modulate substrate selection through effects on VirD4 receptor activity. However, at
least for VirB9 the QTrIP studies instead supplied evidence that the substrate discrimination
mutations do not affect the efficiencies of RSF1010 and T-DNA binding to VirD4 or early
reactions leading to transfer across the inner membrane. Rather, the mutations selectively block
passage of one but not the second DNA substrate through the distal portion of the channel
comprised of VirB2 and VirB9. Consequently, VirB9 is postulated to function as a checkpoint
to regulate delivery of DNA substrates through the periplasm to the cell surface. Given that
these DNA transfer intermediates correspond to the VirD2 and MobA relaxases covalently
bound to their respective ssDNA substrates, VirB9 might regulate substrate trafficking through
recognition of novel translocation signals carried by the two relaxases (Jakubowski et al.,
2005).

Finally, it is noteworthy that RSF1010 also blocks access of the VirE2 effector protein to the
VirD4 receptor. This is in spite of the fact that WT A. tumefaciens cells synthesize VirE2 in
far greater excess than the RSF1010 transfer intermediate (Binns et al., 1995; Zhou and
Christie, 1999; Zhao et al., 2001). Conversely, abundant synthesis of native VirE2 or even of
VirE2-GFP, a protein that could conceivably jam into the secretion channel due to rapid folding
kinetics of GFP, does not affect transfer frequencies of either RSF1010 or T-DNA (Figs 4 and
6; Lee and Gelvin, 2004). These observations strongly suggest that RSF1010 inhibits VirE2
translocation by a mechanism other than simple competitive inhibition. It is also noteworthy
that RSF1010 blocks access of both DNA and protein substrates to VirB/D4 channel
complexes, whereas native substrates of this T4S system, e.g. T-DNA and VirE2, appear to
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have coevolved to minimize competition for available channels. Overall, these observations
raise intriguing questions relating to substrate selection by individual VirB/D4 channel
complexes. Is a given channel competent to translocation both DNA and protein substrates
and, if so, what reactions temporally regulate recruitment and translocation of these substrates?
Alternatively, is a channel competent to translocation one type of substrate – DNA or protein
– and, if so, what factors govern the biogenesis and function of such dedicated systems? In
future studies, it will be of interest to explore mechanistic differences underlying T4S-
dependent trafficking of DNA versus protein substrates.

In contrast to RSF1010, pSa-encoded Osa most probably is not a secretion substrate of the
VirB/D4 T4S system, as judged by the absence of a characteristic C-terminal translocation
signal (Vergunst et al., 2005) and experimental evidence that Osa localizes at the inner
membrane (Chen and Kado, 1996). Additionally, Osa does not affect T-DNA substrate
processing (Fig. 4), or synthesis or subcellular localization of VirB subunits (Chen and Kado,
1994; 1996). Similar findings for the related FiwA fertility inhibition factor of plasmid RP1
strongly suggest that Osa and FiwA represent a class of plasmid-encoded factors that block
trafficking by heterologous T4S systems at a stage subsequent to machine assembly (Olsen
and Shipley, 1975; Fong and Stanisich, 1989; Chen and Kado, 1996). Here, we supplied
evidence that Osa exerts its effects specifically on the substrate-receptor docking reaction (Fig.
4). The effect of Osa on DNA substrate-receptor binding is less pronounced, however, than
that of RSF1010, and general comparisons of QTrIP and virulence data (Cascales and Christie,
2004a; Jakubowski et al., 2005; this study) suggest that this level of inhibition is not sufficient
to account for the nearly avirulent phenotype of Osa-producing A. tumefaciens cells. Moreover,
VirB9, VirB10 and VirB11 overproduction did not reverse Osa-mediated oncogenic
suppression or confer elevated levels of T-DNA binding to VirD4 or the VirB channel subunits
(Fig. 4). Together, these observations suggest, first, that Osa differs from RSF1010 in its
mechanism of action, in agreement with a proposal derived from results of plant infection
assays (Lee et al., 1999; Lee and Gelvin, 2004). Second, Osa likely suppresses virulence
predominantly by inhibiting the binding of VirE2 and possibly other effector proteins to the
VirD4 receptor. Very interestingly, Osa-GFP colocalized with VirD4 at the A. tumefaciens
poles, constituting the first report of a cell positioning phenotype for a plasmid fertility
inhibition factor. Yet, Osa targeting proceeds independently of VirD4 or the VirB channel
subunits, and even occurs in a strain deleted of the Ti plasmid. Additionally, we have been
unable to gain biochemical or two-hybrid evidence for complex formation between Osa and
VirD4 (data not shown). Therefore, while enticing it remains a working model that Osa exerts
its effects by modulating VirD4 receptor activity through a direct protein–protein interaction.

To complement our biochemical studies, we exploited a genetic screen originally devised in a
characterization of the FipA and PifC fertility inhibition factors of plasmids pKM101 and F
respectively (Santini and Stanisich, 1998). In that study, FipA and PifC were shown to block
transfer of IncPα plasmid RP1 (equivalent to RP4) as well as RSF1010 through the RP1-
encoded T4S system, but not the transfer of pCloDF13 by cells carrying a RP1 traG mutant.
pCloDF13 encodes its own MobB receptor, which interacts with the RP1 Mpf proteins to yield
a functional, chimeric T4S system. This specificity of PifC and FipA for RP1 TraG and not
for pCloDF13 MobB constituted early genetic evidence that these factors inhibit plasmid
transfer via effects on the RP1 TraG receptor (Santini and Stanisich, 1998). Similarly, we
determined that Osa inhibits VirD4 but not CloDF13 MobB receptor activities. Thus, a
combination of genetic, cytological, and biochemical findings (Santini and Stanisich, 1998;
this study) strongly support a general proposal that a class of fertility inhibition factors
represented by Osa (IncW), PifC (IncF), FipA (IncN) and FiwA (IncP) exert their effects by
interfering with substrate docking at cognate VirD4/TraG-like receptors. The ability of MobB
to interface with various T4S systems, together with its apparent immunity to inhibition factors,
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makes this an intriguing receptor for future structure–function studies exploring molecular
details of substrate–receptor and receptor–Mpf channel subunit contacts.

The strong blocking action by Osa on an effector protein–T4S receptor binding reaction is of
special interest because, as noted above, plasmid fertility inhibition has been considered a
mechanism for preventing translocation of coresident plasmids. With a revised view that such
factors also inhibit protein substrate trafficking through T4S systems, it is tempting to suggest
that Osa or molecular mimics will prove effective in suppressing virulence of medically
significant pathogens, e.g. Helicobacter pylori, Legionella pneumophila, and Bartonella and
Burkholderia spp. whose infection cycles are dependent on T4S-mediated protein translocation
(Segal and Shuman, 1998; Vogel et al., 1998; Cascales and Christie, 2003; Dehio, 2005).
Additionally, there is increasing evidence that conjugation systems translocate protein
substrates independently of DNA to bacterial recipients (Wilkins and Thomas, 2000; Luo and
Isberg, 2004). Studies with fertility inhibition factors also should prove useful in evaluating
the extent to which T4S-mediated protein trafficking represents a source of information flow
in bacterial communities.

Experimental procedures
Strains, growth conditions and plasmids

Agrobacterium tumefaciens A348 is strain C58 bearing the octopine-type pTiA6NC plasmid
(Zhu et al., 2000). A348 derivatives include Mx358 (virE2), Mx355 (virD4) (Stachel and
Nester, 1986), At12516 (virE2) (Fullner et al., 1996), PC1000 (ΔvirB operon) (Fernandez et
al., 1996) and LBA4404 (ΔT-DNA) (Ooms et al., 1982). C58C1RS (C58, Strr, Rifr) (Van
Larebeke et al., 1975) and the Ti-plasmid-less strain UIA143 (C58 recA, Eryr) (Farrand et
al., 1989) were used for conjugation experiments. Strain KA2000 (A348ΔvirD4) was
constructed by deletion of the virD4 gene in A tumefaciens strain A348 by marker exchange-
eviction mutagenesis (Berger and Christie, 1993) using plasmid pKA126 (Atmakuri et al.,
2004).

Agrobacterium tumefaciens strains were grown in Luria–Bertani (LB) supplemented with
mannitol and glutamate at 28°C (Zhou and Christie, 1999). Conditions for induction of the A.
tumefaciens vir genes in AB inducing medium [ABIM, glucose-containing minimal medium
(pH 5.5), 1 mM phosphate, 200 μM acetosyringone (AS)] have been described previously
(Zhou and Christie, 1999). When necessary, medium was supplemented with antibiotics (in
μg ml−1) as follows: gentamicin (100), kanamycin (100), tetracycline (5), carbenicillin (100
or 5 for strain LBA4404), spectinomycin (500), rifampicin (75), erythromycin (100),
streptomycin (100).

RSF1010 plasmid derivatives used in this study are: pML122 (Genr, Kanr) and pML122ΔKan
(Genr) (Fullner, 1998), pJB31 (Spcr) (Beaupre et al., 1997), pAJ1 (pJB31 mobA) and pAJ6
(pJB31 oriT) (Stahl et al., 1998). Additional plasmids include pSa (osa expressed from native
promoter), pUCD3960 (Spcr, Crbr; osa constitutively expressed from nptI promoter) (Chen
and Kado, 1994), pXZ66 (Kanr, PvirB-virE2-gfp) (Zhou and Christie, 1999), pED9 (Tetr,
PvirB-virB9-10-11) (Ward et al., 1990), pJClo, a pBin19 derivative carrying the mob region of
pCloDF13 (Kanr; gift from J. Escudero, A. Vergunst and P. J. J. Hooykaas) (Nijkamp et al.,
1986), pBSBBR (Crbr, Kanr) constructed by ligation of pBluescript plasmid (Crbr) with the
broad host range vector pBBR1MCS2 (Kanr) (Kovach et al., 1994), the IncP derivative pKA21
(PvirB-virD4) (Atmakuri et al., 2003), and ColE1 plasmids pKA64 (PvirB-virD4-N′GFP) and
pKV38 (PvirB-GFP′C-virE2) (Atmakuri et al., 2003), respectively, ligated into the broad host
range plasmids pBBRMCS-General (Genr) (Kovach et al., 1994) and pSW172 (Tetr) (Chen
and Winans, 1991).
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The osa gene was PCR-amplified with primers 5′-
GCGCTAACGATGCATATGTTGCTACGGCGG-3′ and 5′-
AAAGCGCAGGGACTCGAGTCACTATTCTAGAATCTTCCT GCATTG-3′ and
pUCD3960 (Lee et al., 1999) as a template. Amplified DNA was cloned as a 0.57-kb NdeI/
XhoI fragment into corresponding sites of pPC914KS+ (Berger and Christie, 1994) to obtain
pKA165, which expresses PvirB-osa. Osa fused at its C terminus to GFP was constructed as
follows. The MCS upstream of the virB promoter was destroyed by digesting pKA165 with
SacII/EcoRV, blunt-ending and religating to obtain pKA166. A 0.73-kb XbaI/KpnI fragment
containing GFP from pXZ63 (Rashkova et al., 2000) was ligated into the corresponding sites
of pKA166 to obtain pKA167, which expresses PvirB-osa-gfp.

Virulence and extracellular complementation assays
Kalanchoe leaf assay. Agrobacterium tumefaciens strains were tested for virulence by
inoculating wound sites of K. daigremontiana leaves as previously described (Berger and
Christie, 1994). For extracellular complementation experiments, 0.5 ml of both strains at a
similar optical density (OD600~0.8) were mixed in an Eppendorf tube and centrifuged. The
pellet was resuspended in 100 μl and 25 μl was used to inoculate wounded K.
daigremontiana leaves. WT A348 and avirulent mutant strains served as controls for the
tumorigenesis assay. Virulence of strains or mixed infections was assayed at least three times
on separate leaves.

Tobacco leaf square assay. Pieces (4 mm2) from surface sterilized mature young vegetative
leaves of Nicotiana tabacum cv H425 plants were briefly soaked in a bacterial culture in LB
(OD600~0.5) and then placed onto MS basal media plates supplemented with 300 μM AS. After
2 days at 25°C in the dark, pieces were washed with LB medium containing timentin (200 μg
ml−1) and vancomycin (200 μg ml−1). Pieces were then placed onto MS basal medium plates
supplemented with timentin and vancomycin. After 10 days at 25°C in the dark, tumours arising
along the edges of each piece were counted. In each experiment, 16 leaf pieces were tested per
bacterial strain (or mix) and each experiment was repeated in triplicate.

Conjugation assays
Agrobacterium tumefaciens donor strains carrying the RSF1010 derivative pML122ΔKm were
mated with recipient strains A348 or At12516 (virE2 −) carrying plasmid pBBR1MCS (Strr).
Briefly, mid-log phase (OD600~0.4) cells grown in MG l−1 broth were harvested and incubated
in ABIM for 8 h at 22°C to induce vir gene expression. Cells were adjusted to an OD600~0.5,
mixed in a donor to recipient ratio of 1 to 5 and spotted onto a nitrocellulose filter placed on
an ABIM agar plate. A. tumefaciens donor cells carrying pJClo and UIA143 (Eryr) recipient
cells were mixed in a ratio of 1 to 25 before inoculation on filter discs. The mating mixtures
were incubated for 4 days at 18°C. Cells were recovered from the filters, serially diluted, and
plated onto MG/l medium selective for transconjugant or donor cells. Frequencies of transfer
were estimated as transconjugants recovered per donor. Experiments were repeated three times
and results are reported for a representative experiment.

Coimmunoprecipitation
Coimmunoprecipitation was performed as described previously (Atmakuri et al., 2003).
Briefly, 500 ml of induced A. tumefaciens cultures were harvested and cells were lysed by
French press treatment. Total membranes were recovered by ultracentrifugation, cross-linked
with 0.5 mg ml−1 of dithiobis(succidimidyl propionate; DSP), and solubilized with 1.5% N-
Lauoryl sarcosine. The solubilized membranes were used as starting material for
immunoprecipitation with anti-VirD4 antibodies coupled to Protein A-Sepharose CL-4B beads
(Amersham Biosciences).
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Bimolecular fluorescence complementation interaction assay
The BiFC assay was carried out as previously described (Atmakuri et al., 2003). Freshly
transformed A. tumefaciens cells were incubated in ABIM and examined between 6 and 16 h
post induction by fluorescence microscopy using an Olympus BX60 microscope equipped with
a 100× oil immersion phase-contrast objective (Ding et al., 2002).

Transfer DNA ImmunoPrecipitation
Transfer DNA ImmunoPrecipitation and semi-quantitative TrIP (QTrIP) were carried out as
previously described (Cascales and Christie, 2003). Primers for amplification were: 5′-
GGGCGATTATGGCATCCAGAAAGCC and 5′-GTCGGC GGCCCACTTGGCACACAG
for gene 7 present on the TL-DNA, 5′-CCTGCGGATGTCAGGGCTCTCGT and 5′-TGTC
CGTGCTTGCCAATCCCCG for the ophDC locus on pTiA6NC (control), 5′-
CTCAGTGGTTCAAGCGGTACA and 5′-TGATAGTTCTTCGGGCTGGTT for a fragment
of mobA carried on RSF1010 derivatives used in this study, and 5′-
GTGAGCAAAGCCGCTGCC and 5′-AGCCAATTGATCCT GCA for a fragment of the
repAB loci on pTiAch5 (control).
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Fig. 1. An RSF1010 derivative forms close contacts with six VirB/D4 subunits during translocation.
Strain LBA4404 (ΔT-DNA) with or without pML122 was assayed for formation of pML122
contacts with VirB/D4 channel subunits by TrIP
A. Control experiment showing PCR amplification of pTiAch5 repAB (Ct) and pML122
mobA (IncQ) fragments in the soluble fraction (S) but not material immunoprecipitated (IP)
with anti-VirD2 antibodies from LBA4404 extracts.
B and C. Antibodies to the VirD4 receptor (panel B) and the VirB/VirJ subunits listed on the
left (panel C) were used to immunoprecipitate material from extracts of FA-treated LBA4404
and LBA4404(pML122) cells. Both the repAB control (Ct) and pML122 mobA (IncQ)
fragments were detected in solubilized material (S) by PCR amplification. The mobA fragment
was detected only in the material precipitated with antibodies to VirD4, VirB2, VirB6, VirB8,
VirB9 and VirB11.
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Fig. 2. The pML122 IncQ plasmid substrate blocks formation of T-DNA close contacts with VirB/
D4 channel subunits
A. Inoculated Kalanchoe daigremontiana leaves were scored for tumour formation on a scale
of no tumours (−) to WT tumours (+++) 5 weeks after inoculation with WT A348, A348
(pML122), or A348(pML122, pED9). The latter strain overproduces VirB9, VirB10 and
VirB11 from an IncP replicon.
B. Effects of pML122 and VirB9, VirB10 and VirB11 overproduction on formation of the T-
DNA transfer intermediate. Antibodies to VirD2 relaxase precipitated equivalent amounts of
the T-DNA substrate from extracts of A348 strains listed in A, as shown by TrIP (bottom) and
QTrIP (top). TrIP: The ophDC control (Ct), pML122 mobA (IncQ) and gene 7 (T-DNA)
fragments were detected by PCR amplification from soluble fractions (S) and
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immunoprecipitates (IP) of A348, A348(pML122) and A348(pML122, pED9). QTrIP: Levels
of processed T-DNA (T-strand) in the immunoprecipitates were quantitated as described
previously (Cascales and Christie, 2004a). Results are presented as a fraction of the T-DNA
detected in the immunoprecipitates from WT A348 (normalized to 1.0).
C. Antibodies to the VirD4 receptor and the five putative VirB channel subunits presented at
the left of each TrIP panel were used to immunoprecipitate material from extracts of strains
listed in A. TrIP: Detection of PCR amplification products corresponding to ophDC (Ct),
pML122 and T-DNA fragments from soluble fractions (S) and immunoprecipitates (IP)
recovered from the three strains listed in A. QTrIP: Levels of processed T-DNA (middle
histograms) and pML122 (top histograms) in the immunoprecipitates, presented as described
in B.
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Fig. 3. The IncQ plasmid transfer intermediate inhibits T-DNA transfer
A. Kalanchoe daigremontiana leaves were scored for tumour formation on a scale of no
tumours (−) to WT tumours (+++) 5 weeks after inoculation with WT A348 strain carrying
RSF1010 plasmid pJB31 or the isogenic derivative plasmids pAJ1 (mobA) or pAJ6 (oriT), or
control plasmid pBS-BBR.
B. Effects of the IncQ plasmid and derivatives on T-DNA processing, as monitored by
precipitation of the VirD2-T-strand substrate with antibodies to VirD2 from extracts of the
strains listed in A. Bottom: TrIP data showing amplification of ophDC (Ct), pML122 mobA
(IncQ) and gene 7 (T-DNA) fragments from soluble fractions (S) and immunoprecipitates (IP).
DNA size markers (kb) are at the left. Top: QTrIP data showing levels of T-DNA recovered
from the various strains as a fraction of T-DNA substrate from WT A348 (normalized to 1.0).
C. Effects of the IncQ plasmid and derivatives on T-DNA transfer. Lower panel: TrIP data
showing amplification of pTiAch5 repAB (Ct), pML122 mobA (IncQ) or T-DNA. DNA size
markers (kb) are at the left. Upper panel: QTrIP data showing levels of T-DNA in the
immunoprecipitates recovered with antibodies to VirD4 (left panels) and VirB9 (right panels).
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Fig. 4. The pSa Osa protein blocks VirD4 receptor access to the T-DNA
A. Kalanchoe daigremontiana leaves were scored for tumour formation on a scale of no
tumours (−) to WT tumours (+++) 5 weeks after inoculation with WT A348, or A348
derivatives producing Osa from plasmid pUCD3960 (Osa) or VirE2-GFP (E2-GFP) from
plasmid pXZ66, or overproducing VirB9, VirB10 and VirB11 from pED9.
B. Effects of Osa and VirE2-GFP production on T-DNA processing, as monitored by
precipitation of the T-DNA substrate with antibodies to VirD2 from extracts of the strains listed
in A. For the QTrIP data presented in the upper histogram, the amounts of T-DNA recovered
from the various strains are presented as a fraction of T-DNA recovered from WT A348
(normalized to 1.0).
C. Effects of Osa and VirE2-GFP production on T-DNA transfer. Lower panels: TrIP data
showing amplification of ophDC (Ct) and gene 7 (T-DNA) fragments from soluble fractions
(S) and immunoprecipitates (IP) with antibodies to VirD4 (left) or VirB9 (right). Upper panels:
QTrIP data showing levels of T-DNA recovered from the various strains.
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Fig. 5. The IncQ plasmid substrate and Osa disrupt VirE2 substrate–VirD4 receptor binding
A. A348 strains coproduced VirD4-N′-GFP and GFP′C-VirE2 from plasmids pKA64 and
pZD89, respectively, and harboured pML122 (IncQ plasmid) or pUCD3960 for Osa production
as denoted at the left. Cells were examined at 12 h after vir gene induction by Nomarski (DIC)
microscopy and fluorescence (Fluor) microscopy for detection of bimolecular fluorescence
complementation (BiFC). Number to the right of each panel represents the percentage of cells
with polar fluorescence among 104 cells examined.
B. Colocalization of Osa-GFP and VirD4-GFP at the cell poles. A348 (WT) cells producing
Osa-GFP from pKA167 (this study) or VirD4-GFP from pKA62 (Atmakuri et al., 2003) were
photographed 12 h after vir gene induction by Nomarski (DIC) and fluorescence (Fluor)
microscopy. Number to the right of each panel represents the percentage of cells with polar
fluorescence among 104 cells examined.
C. Coimmunoprecipitation of VirE2–VirD4. Isolated membranes were cross-linked with DSP
and detergent-solubilized complexes were subjected to immunoprecipitation with antibodies
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to VirD4. Immunoblots were developed with antibodies listed at the right of the top two panels.
Strains: Mx355 (virD4), At12516 (virE2), WT A348 (−), A348(D4) VirD4 is overproduced
from pKA21. The latter strains also harboured pML122 (IncQ plasmid) or pUCD3960 for Osa
production. Molecular weight markers are listed at the left of each panel. Asterisk, crossreactive
IgG heavy chain. Except for the virE2 mutant, the A348 derivatives accumulated similar
steady-state levels of VirE2 (data not shown); VirD4 overproduction in A348(pKA21) has
been documented previously (Atmakuri et al., 2003).
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Fig. 6. The pSa Osa protein blocks VirD4 receptor access to the pML122
A. Conjugative transfer frequencies of LBA4404 (ΔT-DNA) donor strains carrying IncQ
plasmid pML122ΔKan without or with plasmids producing Osa protein (pUCD3960) or VirE2-
GFP (pXZ66). Donors were mated with either WT A348 carrying plasmid pBBR1MCS
(Strr). PC1000 (ΔvirB operon) carrying pML122ΔKan served as a donor in a control mating.
Data are presented for a representative experiment.
B. Effects of the IncQ plasmid and derivatives on T-DNA transfer. Lower panel: TrIP data
showing amplification of pTiAch5 repAB (Ct) and pML122 mobA (IncQ). Upper panel: QTrIP
data showing levels of pML122 in the immunoprecipitates recovered with antibodies to VirD4
(left panels) and VirB9 (right panels).
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Table 1
Effects of pML122 plasmid and Osa production on T-DNA and VirE2 translocation assessed by plant mixed infection
assays.a

T-strand donorb VirE2 donorc K. daigremontiana leaves Tobacco leaf discs

virE2 – – 0

– ΔT-DNA – 0

virE2 ΔT-DNA +++ 4.1 ± 0.6

virE2 (pML122)d – – 0.2 ± 0

– ΔT-DNA (pML122) – 0

virE2 (pML122) ΔT-DNA + 0

virE2::carb (pML122) ΔT-DNA + 0.2 ± 0.1

virE2 ΔT-DNA (pML122) – 0.1 ± 0

virE2 (pUCD3960)e – – 0

– ΔT-DNA (pUCD3960) – 0

virE2 (pUCD3960) ΔT-DNA + 0

virE2::carb (pUCD3960) ΔT-DNA + 0.2 ± 0.1

virE2 ΔT-DNA (pUCD3960) – 0

virE2 (pSa)f – – 0

– ΔT-DNA (pSa) – 0

virE2 (pSa) ΔT-DNA + 0

virE2::carb (pSa) ΔT-DNA + 0.9 ± 0.3

virE2 ΔT-DNA (pSa) – 0

a
T-DNA and VirE2 donor strains were coinoculated on wounded K. daigremontiana leaves or tobacco leaf discs as described in the Experimental

procedures. Results are expressed as sizes of tumours on K. daigremontiana leaves 5 weeks after inoculation [on a scale of no tumour (−) to WT tumour
(+++)], or as an average number of tumours arising along the edges of tobacco 16 leaf pieces.

b
virE2 – strain At12516 (Fullner, 1998) or virE2::carb (this study).

c
ΔT-DNA – strain LBA4404 (Ooms et al., 1982).

d
pML122, a derivative of RSF1010 (IncQ) (Fullner, 1998).

e
pUCD3960, produces Osa from a constitutive nptI promoter (Chen and Kado, 1996).

f
pSa, produces Osa from its native promoter (Close and Kado, 1991).
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Table 2
Mobilization of pCloDF13 and RSF1010 derivatives between Agrobacterium strains.a

Transfer of:

RSF1010 CloDF13

Donorb C58C1RSc UIA143c C58C1RS UIA143

A348 (pML122d) 2.3 × 10−4 1.7 × 10−6 NA NA

A348 (pJClo) NA NA 6.4 × 10−5 4.1 × 10−7

A348 (pJClo, pML122d) 8.9 × 10−5 5.8 × 10−7 2.1 × 10−5 1.3 × 10−7

A348 (pJClo, pUCD3960f) NA NA 7.9 × 10−5 4.9 × 10−7

Mx355 (pML122e) < 10−8 < 10−8 NA NA

Mx355 (pJClo) NA NA 0.9 × 10−4 6.8 × 10−7

KA2000 (pML122d) < 10−8 < 10−8 NA NA

KA2000 (pJClo) NA NA 8.1 × 10−5 6.0 × 10−7

KA2000 (pJClo pML122e) < 10−8 < 10−8 7.7 × 10−5 5.4 × 10−7

KA2000 (pJClo, pUCD3960f) NA NA 7.4 × 10−5 5.7 × 10−7

a
Matings were carried out on a solid surface for 4 days at 20°C, as described in the Experimental procedures. Results are expressed as transconjugants

per donor (Tc’s/donor).

b
Donor cells: WT A348; Mx355 or KA2000 (two independent virD4 mutants).

c
Recipient cells: C58C1RS (carries Ti plasmid which stimulates plasmid DNA acquisition); UIA143 (Ti plasmidless). Mobilizable plasmids:

d
pML122ΔKan;

e
pML122ΔGen; pJClo, a pCloDF13 derivative.

f
pUCD3960, constitutively synthesizes Osa protein.

NA, not applicable.
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