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Agrobacterium tumefaciens translocates DNA and protein substrates between cells via a type IV secretion
system (T4SS) whose channel subunits include the VirD4 coupling protein, VirB11 ATPase, VirB6, VirB8,
VirB2, and VirB9. In this study, we used linker insertion mutagenesis to characterize the contribution of the
outer-membrane-associated VirB9 to assembly and function of the VirB/D4 T4SS. Twenty-five dipeptide
insertion mutations were classified as permissive for intercellular substrate transfer (Tra�), completely
transfer defective (Tra�), or substrate discriminating, e.g., selectively permissive for transfer only of the
oncogenic transfer DNA and the VirE2 protein substrates or of a mobilizable IncQ plasmid substrate.
Mutations inhibiting transfer of DNA substrates did not affect formation of close contacts of the substrate with
inner membrane channel subunits but blocked formation of contacts with the VirB2 and VirB9 channel
subunits, which is indicative of a defect in assembly or function of the distal portion of the secretion channel.
Several mutations in the N- and C-terminal regions disrupted VirB9 complex formation with the outer-
membrane-associated lipoprotein VirB7 or the inner membrane energy sensor VirB10. Several VirB9.i2-
producing Tra� strains failed to elaborate T pilus at detectable levels (Pil�), and three such Tra� Pil� mutant
strains were rendered Tra� upon deletion of virB2, indicating that the cellular form of pilin protein is essential
for substrate translocation. Our findings, together with computer-based analyses, support a model in which
distinct domains of VirB9 contribute to substrate selection and translocation, establishment of channel subunit
contacts, and T-pilus biogenesis.

Agrobacterium tumefaciens uses the VirB/D4 type IV secre-
tion system (T4SS) to translocate oncogenic transfer DNA
(T-DNA) and effector proteins to plant cells (11, 15). Recently,
by use of a coupled formaldehyde cross-linking immunopre-
cipitation assay, termed transfer DNA immunoprecipitation
(TrIP), we obtained evidence that the T-DNA substrate forms
close contacts with 6 of the 12 VirB/D4 subunits (13). Further
TrIP studies of T4SS mutant strains led to formulation of a
DNA translocation pathway in which VirD4, a member of a
large family of ATP-binding receptors termed coupling pro-
teins (T4CPs) (20, 26, 37), recruits the DNA substrate to the
secretion machine. Next, VirD4 transfers the substrate to the
inner-membrane-associated ATPase VirB11, which in turn
mediates transfer to the integral inner membrane subunits
VirB6 and VirB8. VirB6 and VirB8 function together to trans-
fer the substrate to VirB2 and VirB9, presumably for passage
through the periplasm to the cell surface (13). Very recently,
we determined that the first two steps of this translocation
pathway, T-DNA substrate docking at the VirD4 T4CP and
transfer to VirB11, proceed independently of ATP energy uti-
lization by either of these subunits. In contrast, delivery of
substrate to the channel components VirB6 and VirB8 re-
quires ATP binding or hydrolytic activities of VirD4 and

VirB11 as well as VirB4, a third energetic component of the
VirB/D4 T4SS (2).

The TrIP assay and other biochemical, structural, and ge-
netic approaches are advancing a mechanistic understanding of
how ATP energy, the three ATP-binding subunits (VirD4,
VirB4, and VirB11), and VirB6 and VirB8 contribute to DNA
substrate transfer across the inner membrane (2, 12, 13, 26, 31,
52). Presently, however, there is very little information about
how VirB2 and VirB9 coordinate passage of DNA and, pre-
sumably, protein substrates through the periplasm and across
the outer membrane. VirB2 and VirB9 possess cleavable signal
sequences, and both subunits are exported across the inner
membrane (6, 19, 23, 43, 48). Both subunits partition predom-
inantly with the outer membrane of wild-type cells during frac-
tionation, although inner-membrane-associated forms of both
proteins are also detected (43, 48). A current working model is
that VirB2 and VirB9 form the portion of the secretion chan-
nel that extends from the inner membrane to and across the
outer membrane. VirB2 also polymerizes as the extracellular T
pilus by a mechanism dependent on the 10 other VirB proteins
(34, 35), but at this time it is not known how the secretion
channel and the T pilus physically or functionally interact.

Here, we initiated a structure-function study of VirB9 by
characterizing the phenotypic consequences of dipeptide inser-
tions introduced along the length of the protein. We report the
isolation of substrate-discriminating mutations located mainly
in the N-terminal third of the protein that enable the selective
export of the oncogenic T-DNA and VirE2 to plant cells or a
mobilizable IncQ plasmid to bacterial cells. We further identify
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mutations that affect VirB9 stability and that disrupt interac-
tions with the outer-membrane-associated VirB7 lipoprotein
(23) and inner membrane VirB10 shown recently to function as
an energy sensor subunit (12). Finally, we identify “uncou-
pling” mutations that block biogenesis of the T pilus but not
substrate transfer to recipient cells. Results of these mutational
studies together with computer analyses establish that VirB9 is
composed of distinct regions or domains that contribute in
various ways to secretion channel activity and T-pilus biogen-
esis.

MATERIALS AND METHODS

Bacterial strains and induction conditions. A. tumefaciens A348 served as the
wild-type strain. PC1009 and PC1011 are A348 derivatives deleted of virB9 and
virB11, respectively (7). A nonpolar virB2 deletion mutation was introduced into
PC1009 and PC1011 by marker exchange-eviction mutagenesis as described
previously (7). Briefly, the sacB suicide plasmid pBB120 (7) carrying the �virB2
mutation with approximately 750 bp of upstream and downstream flanking DNA
sequence was introduced by electroporation into strains PC1009 and PC1011
with selection for kanamycin-resistant (Kanr) transformants. Following sucrose
counterselection, Sucr Kans tranformants were analyzed by PCR amplification
across the virB1-virB3 junction to identify the desired �virB2�virB9 and
�virB2�virB11 mutant strains, designated PC1209 and PC1211, respectively. The
�virB2 mutations were nonpolar as shown by genetic complementation. Condi-
tions for growth of A. tumefaciens and Escherichia coli and for vir gene induction
with 200 �M acetosyringone (AS) in induction medium (IM) have been de-
scribed previously (7). Plasmids were maintained in A. tumefaciens and E. coli by
the addition of carbenicillin (100 �g/ml), kanamycin (100 �g/ml), tetracycline (5
�g/ml), gentamicin sulfate (100 �g/ml), or spectinomycin (600 �g/ml).

virB9 gene constructions. Plasmid pLL373 served as the template for construc-
tion of virB9 insertion mutations. First, the unique XhoI restriction site in the
polylinker of pJW373 (51) was eliminated by XhoI digestion, blunt-ending of the
linearized plasmid with the Klenow fragment of DNA polymerase I, and religa-
tion to yield plasmid pLL373. Next, XhoI restriction sites were introduced in
frame at approximately 30-bp intervals along the length of the virB9 gene of
pLL373 by oligonucleotide-directed mutagenesis (33). The mutagenic oligonu-
cleotides carried the XhoI restriction site with at least 15 bp of 5� and 3� sequence
complementary to the regions of virB9 flanking the insertion site. The oligonu-
cleotide sequences are available upon request. Mutant alleles carrying the XhoI
site, which specifies codons for the Leu-Glu dipeptide, were identified by restric-
tion enzyme digestion and confirmed by sequencing of the entire virB9 gene. The
resulting plasmids were designated pLL9xxx, where xxx denotes the codon im-
mediately preceding the XhoI insertion site. These ColE1 plasmids were intro-
duced into A. tumefaciens by ligation to the broad-host-range plasmid pSW172
(IncP) (14) or a Kanr derivative of pSW172 designated as pXZ151 (54).

Plasmid pKVD46 expressing Ptac-GST-virB9 was constructed as follows. First,
an �2.0-kb BamHI fragment from pUI1637 (22) containing an nptII gene and
additional unique restriction sites including XbaI was introduced into the BamHI
site of pGEX-2T (Pharmacia), resulting in plasmid pKVD10. Next, an NdeI site
carried on an XbaI-HindIII fragment from pZD1398 (21) was introduced into
pKVD10, resulting in plasmid pKVD44. Finally, full-length virB9 was introduced
as an NdeI-XhoI fragment from pPC994 (7) into pKVD44 to yield plasmid
pKVD46.

TrIP. The TrIP assay was performed as previously described (13). Briefly, A.
tumefaciens cells were treated with formaldehyde and solubilized with detergent.
Anti-VirB antibodies were used to precipitate the respective VirB proteins from
the detergent-soluble fraction, and the presence of DNA in the immunoprecipi-
tates was assessed by PCR amplification. Primers for amplification of the T-DNA
region corresponding to gene 7 of the T-DNA were 5�-GGGCGATTATGGCA
TCCAGAAAGCC-3� and 5�-GTCGGCGGCCCACTTGGCACACAG-3�.
Primers for the nontransferred ophDC locus (a region of the Ti plasmid �25 kb
from the transferred T-DNA) were 5�-CCTGCGGATGTCAGGGCTCTCG
T-3� and 5�-TGTCCGTGCTTGCCAATCCCCG-3�. PCR products were sepa-
rated by electrophoresis through a 1.2% gel and were visualized by ethidium
bromide staining.

To compare levels of T-strand by quantitative TrIP (QTrIP), immunoprecipi-
tates were subjected to 20 cycles of PCR amplification using the primers specific
for gene 7 of the T-DNA. On the 21st cycle, within the logarithmic phase of the
amplification cycle (reference 13 and data not shown) a single round of PCR
amplification was performed with the addition of 1.0 �Ci of [32P]dGTP (Amer-

ican Biosciences). PCR products were column purified with a Qiaquick PCR
purification kit (QIAGEN) to remove unincorporated nucleotides. Aliquots of
the eluted material were mixed with 3.5 ml of scintillation liquid (Ecolite ICN)
and counted with a Beckman Coulter instrument. QTrIP experiments to quantify
levels of the pML122 transfer intermediate were performed as described previ-
ously (13) but with primers specific for mobA: 5�-CTCAGTGGTTCAAGCGG
TACA-3� and 5�-TGATAGTTCTTCGGGCTGGTT-3�. TrIP studies monitor-
ing translocation of pML122 through the VirB/D4 T4SS will be described
elsewhere (E. Cascales et al., unpublished data). The entire QTrIP protocol was
repeated two times in duplicate, and the average value from a single experiment
was reported.

Coimmunoprecipitation. Antibodies to VirB10 were used to assay for a VirB9-
VirB10 interaction by coimmunoprecipitation, as previously described (12).

Protein analyses and immunodetection. Sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE) using glycine or tricine buffer systems,
Western blotting, and immunostaining with anti-Vir antibodies was performed as
previously described (32). Proteins were loaded on SDS-polyacrylamide gels on
a per cell equivalent basis for comparisons between strains of steady-state levels
of T4SS subunits. Anti-VirB9 antibodies were raised by overproduction and
purification of a glutathione S-transferase (GST)-VirB9 fusion protein from E.
coli BL21(DE3, pKVD46). A 100-ml culture was grown to an optical density at
600 nm (OD600) of 0.3, IPTG (isopropyl-�-D-thiogalactopyranoside; 1 mM final
concentration) was added to induce GST-virB9 expression, and cells were incu-
bated with shaking for 4 h at 37°C. GST-VirB9 present in the soluble fraction of
cell lysates was purified by passage through a glutathione Sepharose column and
eluted according to the manufacturer’s instructions (Pharmacia). Purified GST-
VirB9 was sent to Cocalico Biologicals, Inc. (Reamstown, Pa.), for injection into
New Zealand White rabbits. Anti-VirB9 antibodies were enriched from the
polyclonal antiserum by adsorption to purified GST-VirB9 immobilized on ni-
trocellulose as previously described (3).

Cellular fractionation and T-pilus isolation. T pili were isolated by growth of
A. tumefaciens strains to an OD600 of 0.5 in MG/L (mannitol glutamate-Luria
salts) medium at 28°C. Cells were pelleted, diluted fivefold in IM, and incubated
for 6 h at 22°C. Next, 200 �l of an AS-induced culture was spread on IM agar
plates, and the plates were incubated for 3 days at 18°C. Cells were then gently
scraped off the plates in 1 ml of 50 mM KPO4 buffer (pH 5.5) and pelleted by
centrifugation at 14,000 � g for 15 min at room temperature. The supernatant
was removed, and the cell pellet was resuspended in 1 ml of 50 mM KPO4, pH
5.5. This suspension was passed through a 25-gauge needle 10 times to collect
flagella, pili, and surface proteins. The sheared bacterial cells were pelleted by
centrifugation at 14,000 � g for 30 min at 4°C. The remaining supernatant was
filtered through a 0.22-�m-pore-size cellulose acetate membrane to remove
unpelleted cells. T pili were harvested by centrifugation of filtered exocellular
material at 100,000 � g for 1 h at 4°C. Pelleted material was analyzed by
SDS-PAGE and immunostaining (39).

Conjugation assays. The RSF1010 derivative pML122 was introduced into
various A. tumefaciens donor strains by diparental mating with E. coli strain
S17-1(pML122) (39). A. tumefaciens strains carrying pML122 were mated with
A348Spcr recipient cells, as previously described (32, 39). Transfer frequencies
are reported as the number of transconjugants recovered per donor cell. Exper-
iments were repeated in triplicate, and results are reported for a representative
experiment.

Virulence and mixed infection assays. A. tumefaciens strains were tested for
virulence by inoculating wound sites of Kalanchoe daigremontiana leaves. As
controls, all leaves were coinoculated with wild-type (WT) strain A348 and the
isogenic �virB9 mutant (7). Relative virulence was assessed by inoculation of
serially diluted cultures adjusted to the same OD600 on plant wound sites (7).
Tumor formation was monitored over a period of 6 weeks and scored on a scale
of 0 (�, avirulent) to 4 pluses (�, WT virulence). VirB9.i2-producing strains
were also tested for the ability to export VirE2 or T-DNA to plant cells by mixed
infection assays (38). Fresh plate cultures of avirulent virB9 mutant strains were
mixed with the avirulent virE2 mutant 358mx (45) or T-DNA deletion mutant
LBA4404 (38) and the resulting mixture was inoculated on K. daigremontiana
wound sites to assay for tumor formation. Each experiment was repeated at least
three times for each strain on separate leaves.

RESULTS

VirB9 insertion mutations alter T4SS function. Twenty-five
VirB9 mutant proteins bearing dipeptide insertion mutations
(i2) were assayed for effects on substrate transfer and T-pilus
biogenesis. Initial studies showed that most of the VirB9.i2
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proteins migrated at the same position and accumulated at
comparable steady-state levels as native VirB9 in SDS-poly-
acrylamide gels (Fig. 1A). However, four mutant proteins
(96.i2, 226.i2 256.i2, and 276.i2) reproducibly accumulated at
aberrantly low levels, and two (196.i2 and 236.i2) could not be
detected in whole-cell extracts by immunostaining. Below, we
present results suggesting that these mutations might destabi-
lize VirB9 through disruption of partner protein contacts.

Strain PC1009 (�virB9) is avirulent, and WT virB9 expres-
sion from an IncP replicon restores virulence on K. daigremon-
tiana leaves, albeit not completely to WT levels (Fig. 1B).
Alleles for 17 of the 25 VirB9.i2 derivatives also complemented
the �virB9 mutation as shown by restoration of virulence, es-
tablishing that the corresponding i2 mutations did not disrupt
assembly of a functional secretion channel (Fig. 1B). The
VirB/D4 T4SS separately translocates the T-DNA and protein
substrates (8, 46, 49), which can be demonstrated by mixed
infection assays with strains deleted of the T-DNA or a gene
encoding an exported effector protein, e.g., the VirE2 single-
stranded DNA-binding protein that binds the T-DNA in the
plant cell and facilitates its movement to the plant nuclear pore
complex (16, 25). The eight VirB9.i2-producing strains that
failed to incite tumor formation also failed to export VirE2, as
shown by mixed infections with strain Mx358 (virE2 mutant),
or T-DNA, as shown by mixed infections with LBA4404 (�T-
DNA). These eight VirB9.i2 mutant proteins thus block inter-
cellular translocation of both T-DNA and the VirE2 substrates
(Fig. 1B).

In mating experiments, most of the VirB9.i2-producing
strains also mobilized the transfer of the IncQ plasmid
pML122 to A. tumefaciens recipient cells (Fig. 1B). Interest-
ingly, however, four strains competent for T-DNA transfer
(86.i2, 106.i2, 116.i2, and 236.i2) failed to translocate pML122
at detectable levels, whereas two strains defective for T-DNA
transfer (26.i2 and 66.i2) fairly efficiently translocated the IncQ
plasmid. We thus assigned the mutations to four classes ac-
cording to their effects on intercellular substrate transfer. Class
I mutations are permissive for transfer of the tested DNA and
protein substrates (Tra�), and class II mutations completely
inhibit substrate transfer (Tra�). The class III and IV muta-
tions confer substrate-selective transfer such that the class III
mutations translocate only the T-DNA and VirE2 to plant
cells. Conversely, the class IV mutations translocate only the
IncQ plasmid to agrobacterial recipients. As shown in Fig. 1B,
most class I permissive mutations are located in the central and
C-terminal regions of VirB9. The class III and IV substrate-
discriminating mutations are located almost exclusively in the
first third of the protein. The class II Tra� mutations are
distributed throughout the protein, but the results of computer
analyses showed that most of these mutations reside in clusters
of conserved residues among VirB9 family members (see Dis-
cussion).

VirB9 i2 mutations arrest T-DNA translocation through the
VirB/D4 T4SS. In WT strain A348, the T-DNA transfer inter-
mediate forms a series of sequentially and spatially ordered
close contacts with the inner membrane channel subunits
VirD4, VirB11, VirB6, and VirB8 and then with the periplas-
mic and outer-membrane-associated subunits VirB2 and
VirB9, as shown by TrIP (13). As expected, strains producing
the class I (Tra�) and III (T-DNA Tra�, IncQ Tra�) mutant

proteins displayed a WT pattern of T-DNA contacts with all six
of these channel subunits (Fig. 1C and data not shown). By
contrast, strains producing the class II (Tra�) and IV (T-DNA
Tra�, IncQ Tra�) mutant proteins displayed a transfer arrest
such that the T-DNA substrate formed WT contacts with the
four inner membrane channel subunits, as represented with
VirB8, but no detectable contacts with VirB2 or the VirB9.i2
derivatives (Fig. 1C). The class II and IV mutations thus ap-
pear to block progression of the T-DNA substrate beyond the
inner membrane portion of the secretion channel.

An N-terminal region confers substrate discrimination.
TrIP studies have supplied evidence that the translocation
pathway for the IncQ plasmid pML122 is identical to that of
the T-DNA substrate (E. Cascales et al., unpublished data).
Here, we quantitated the effects of the i2 mutations on T-DNA
and pML122 substrate translocation by use of the highly sen-
sitive QTrIP assay (13), with a particular interest in the sub-
strate-discriminating mutations (Fig. 2).

PC1009 (�virB9) synthesizing native VirB9 or several tested
class I (Tra�) VirB9.i2 mutants (126.i2, 186.i2, and 286.i2)
from an IncP replicon formed WT patterns of T-DNA and
pML122 substrate contacts with the VirD4, VirB11, VirB6,
VirB8, VirB2, and VirB9.i2 subunits. Quantitatively, however,
these strains displayed WT levels of substrate binding to VirB8
but appreciable reductions in levels of substrate binding to the
VirB9.i2 derivatives (Fig. 2A and B). The levels of T-DNA
binding to these channel subunits ranged from 10 to 40% of
WT values, whereas the levels of pML122 substrate binding
ranged from 5 to 15% of WT values. These levels of substrate
binding, however, were well above background levels and very
reproducible between experiments. Moreover, for a given
strain, the levels of substrate binding to the VirB9 mutants
detected by QTrIP correlated with the capacity to incite plant
tumor formation and conjugally transfer plasmid pML122 to
agrobacterial recipients (compare Fig. 1B and 2).

Strains producing the class III (T-DNA Tra�, IncQ Tra�)
and IV (T-DNA Tra�, IncQ Tra�) mutant proteins also
formed WT patterns of T-DNA and pML122 substrate con-
tacts with the inner membrane channel subunits, as repre-
sented with VirB8 (Fig. 2A and B). Very strikingly, however,
the class III mutations (86.i2, 106.i2, and 236.i2) permitted
formation of T-DNA substrate contacts with the VirB9.i2 de-
rivatives but completely blocked formation of the correspond-
ing pML122 substrate contacts (Fig. 2A and B). Conversely,
the class IV mutations (26.i2 and 66.i2) permitted formation of
pML122 substrate contacts, albeit at low levels, with the
VirB9.i2 derivatives but completely blocked formation of the
corresponding T-DNA substrate contacts. As with the class I
mutations, the levels of substrate binding to the class III and
IV VirB9.i2 derivatives correlated with the virulence and con-
jugation data (compare Fig. 1B and 2). Taken together, results
of the TrIP and QTrIP studies strongly indicate that the class
III and IV mutations selectively block passage of the IncQ
plasmid and T-DNA substrates, respectively, through the distal
portion of the secretion channel composed of VirB2 and VirB9
(see Discussion).

VirB9 partner interactions with VirB7 and VirB10. VirB9
forms an intermolecular disulfide bridge via reactive Cys resi-
due 262 with lipoprotein VirB7 (1, 4, 5, 24, 44). Assembly of
the heterodimer strongly stabilizes VirB9, as shown by insta-
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FIG. 1. Effects of VirB9 insertion mutations on substrate transfer. (A) Total cellular proteins from AS-induced A348 (WT), PC1009 (�B9), and
PC1009 producing the VirB9.i2 mutant proteins (identified by residue at i2 insertion site) were analyzed by SDS-PAGE and development of
immunoblots with antibodies specific for VirB9. Protein samples were loaded on a per cell equivalent basis.(B) Effects of i2 mutations on virulence
and pML122 and VirE2 substrate transfer. Inoculated K. daigremontiana leaves were scored for tumor formation on a scale of no tumors (�) to
tumors incited by WT A348 (����). PC1009(pLL9xx, pML122) donors were mated with A348Spcr recipients, and transfer efficiencies are
reported as the number of transconjugants per donor cell for a representative experiment. VirE2 and T-DNA transfer were monitored by
coinoculation of PC1009(pLL9xxx) strains, respectively, with the virE2 mutant strain Mx358 or the T-DNA deletion strain LBA4404. Pluses denote
VirE2 or T-DNA transfer. Dotted bars indicate WT A348 and PC1009(pLL373) producing native VirB9. PC1009(pLL9xxx) producing VirB9.i2
mutants are indicated as follows: gray bars, class I (Tra�); white bars, class II (Tra�); hatched bars, class III (T-DNA� IncQ�); striped bars, class
IV (T-DNA� IncQ�). (C) T-DNA substrate interactions with VirB8, VirB2, and VirB9 channel subunits assessed by TrIP. The T-DNA substrate
was detected in material precipitated with antibodies to the VirB proteins listed at left by PCR amplification and agarose gel electrophoresis.
PC1009 strains producing native VirB9 and the class I (Tra�) and III (T-DNA� IncQ�) mutants displayed WT patterns of substrate contacts;
PC1009 producing class II (Tra�) and IV (T-DNA� IncQ�) mutants showed no substrate contacts with VirB2 or the VirB9.i2 mutants.
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bility of native VirB9 in a �virB7 mutant (24) and of
VirB9Cys262Ser in a �virB9 mutant producing native VirB7
(44). The WT strain A348, PC1009(pLL373) producing native
VirB9, and most PC1009(pLL9xxx) strains producing the
VirB9.i2 mutants accumulated the VirB9 species almost exclu-
sively as disulfide-cross-linked VirB7-VirB9 heterodimers, as
shown by electrophoresis of cell extracts through SDS-poly-
acrylamide gels under nonreducing conditions (Fig. 3A).

However, several VirB9.i2-producing strains inefficiently
formed the heterodimers, as shown by low levels of the 36-kDa
cross-linked species and a corresponding increase in amounts
of the 29-kDa VirB9 monomer species (Fig. 3A). Interestingly,
the mutations affecting dimer formation were juxtaposed to
those shown in Fig. 1A (96.i2, 196.i2, and 236.i2) to exert
strong destabilizing effects on VirB9. The mutations affecting
dimer formation included 96.i2 and flanking mutations (86.i2,

106.i2, and 116.i2), mutations flanking residue 196 (186.i2 and
206.i2), and mutations located distal to residue 236 (246.i2,
266.i2, and 286.i2). The 96.i2 mutant protein accumulated at
low but detectable levels, whereas the 196.i2 and 236.i2 mutant
proteins were undetectable in whole-cell extracts, reminiscent
of the instability of native VirB9 in a �virB7 mutant (24).
These three i2 mutations thus exert correlative effects on di-
sulfide cross-linking, VirB9 instability, and substrate transloca-
tion (Fig. 1A). Several mutations near these residues that af-
fected dimer formation also exerted corresponding but less
severe effects on T4SS function (Fig. 1B). While we had an-
ticipated that mutations near Cys262 would disrupt disulfide
bridge formation, clearly mutations elsewhere in the protein
also directly or indirectly affect the VirB7-VirB9 contact. In-
terestingly, residues 96, 196, and 236 are located in regions of
sequence conservation among VirB9 family members, under-
scoring the general importance of these motifs for VirB9 func-
tion (see Discussion).

The VirB7-VirB9 heterodimer interacts with the bitopic in-
ner membrane subunit VirB10 (5, 12, 18, 50), as can be shown
by immunoprecipitation with anti-VirB10 antibodies in the
absence of added reductant (12). If reducing agent is added to
extracts prior to immunoprecipitation, the VirB7-VirB9 disul-

FIG. 2. Effects of i2 mutations on the efficiency of T-DNA and
pML122 translocation through the VirB/D4 T4SS. (A) T-DNA sub-
strate precipitated with antibodies to VirB8 (background white-shaded
bars) and VirB9 (foreground bars) from cell extracts of strain A348
(WT), PC1009 (�B9), and PC1009 strains producing native VirB9 (B9)
or the VirB9.i2 mutants. (B) pML122 substrate precipitated with an-
tibodies to VirB8 (background white-shaded bars) and VirB9 (fore-
ground bars) from cell extracts of strains depicted in panel A engi-
neered to carry pML122. For both panels, levels of the precipitated
DNA substrates are presented as counts per minute of incorporated
radionucleotide during one cycle in the logarithmic phase of PCR
amplification. Values for the mutant strains are represented as per-
centages of the values for the WT strain A348 in a log scale. Standard
deviations between experiments were 	1 to 2% for a given immuno-
precipitation.

FIG. 3. Effects of i2 mutations on VirB9 partner interactions with
VirB7 and VirB10. (A) Detection of disulfide-cross-linked VirB7-
VirB9 dimers (�36-kDa) and VirB9 monomers (29-kDa) in total cell
extracts by nonreducing SDS-PAGE and immunoblot analysis with
anti-VirB9 antibodies. (B) Detection of the putative VirB9-VirB10
complexes by immunoprecipitation with anti-VirB10 antibodies. Im-
munoprecipitates were analyzed for VirB9 and VirB10 by SDS-PAGE
and development of immunoblots with antibodies to both proteins.
WT, strain A348; �B9, strains PC1009 and PC1009 producing native
VirB9 (B9) and the VirB9.i2 mutants (i2 insertion sites shown).
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fide bridge is broken, and the anti-VirB10 antibodies copre-
cipitate a stable VirB9-VirB10 complex, demonstrating that
the VirB7-VirB9-VirB10 complex forms via a VirB9-VirB10
binary interaction (Fig. 3B) (12). Formation of the VirB7-
VirB9 dimer contributes to stabilization of VirB10, as evi-
denced by a low abundance of VirB10 in PC1007 (�virB7) and
PC1009 (�virB9) mutants (5, 7, 24). Correspondingly, anti-
VirB10 antibodies immunoprecipitated a low level of VirB10
from PC1009 extracts (Fig. 2B). Formation of the VirB9-
VirB10 complex is essential for T-DNA substrate translocation
through the distal portion of the secretion channel (12, 13) (see
Discussion). As expected, therefore, the anti-VirB10 antibod-
ies coprecipitated presumptive VirB10-VirB9.i2 complexes in
all strains competent for translocating the T-DNA (Fig. 1B and
3B). Although difficult to detect in the blot shown in Fig. 3B,
the anti-VirB10 antibodies even coprecipitated a presumptive
VirB10-VirB9.i2-236 complex despite the instability of this
class III mutant protein. Similarly, the anti-VirB10 antibodies
coprecipitated detectable levels of VirB10 and several class II
Tra� mutants, including the 76.i2 mutant protein and the low-
abundance 96.i2 and 196.i2 mutant proteins (Fig. 3B).

In striking contrast, the anti-VirB10 antibodies coprecipi-
tated low levels of VirB10 but no detectable amounts of the
26.i2, 46.i2, and 256.i2 mutant proteins, which is suggestive of
a lack of interactions. The 256.i2 mutation is near the reactive
Cys262 residue and might disrupt the VirB9-VirB10 interac-
tion indirectly through unidentified effects on assembly of the
VirB7-VirB9 dimers or higher-order multimers. By contrast,
results of yeast two-hybrid (18) and substitution mutagenesis
studies (5) have led to proposals that the N-terminal region of
VirB9 mediates complex formation with VirB10. Hence, the
26.i2 and 66.i2 mutations might exert their effects directly
through disruption of this intermolecular contact. Of final in-
terest, the class III 26.i2 mutation selectively blocks T-DNA
but not IncQ plasmid transfer (Fig. 1B). An inability of the
26.i2 mutant protein to interact productively with VirB10 con-
tact might be related to this substrate discrimination pheno-
type (see Discussion).

N- and C-terminal insertion mutations disrupt T-pilus as-
sembly. Certain mutations in the VirB11 ATPase (39) and the
polytopic membrane component VirB6 (32) block T-pilus pro-
duction without preventing intercellular substrate transfer.
These mutations are postulated to “uncouple” two parallel

biochemical pathways mediating assembly of the T pilus and
the secretion channel (32, 39). As expected, most class I
VirB9.i2-producing strains (Tra�) possessed abundant levels
of exocellular VirB2 pilin, which is suggestive of T-pilus as-
sembly (Fig. 4A). In contrast, the sheared fraction from the
286.i2-producing strain did not possess detectable levels of
VirB2, even when concentrated 100-fold or subjected to ultra-
centrifugation at 100,000 � g to recover the high-molecular-
weight T pilus (Fig. 4). This mutation therefore blocks pilus
production (Pil�), without affecting substrate transfer (Tra�)
(Fig. 1B and 2A and B). Similarly, we were unable to detect
VirB2 in the exocellular fractions of strains producing two class
III mutations, 116.i2 and 236.i2 (Fig. 4). These mutations also
block pilus production but not a functional secretion channel
(Fig. 1B and 3). We discuss below how the 286.i2, 116.i2, and
235.i2 “uncoupling” mutations might exert their effects.

Finally, several PC1009(pL9xxx) strains, mainly those pro-
ducing VirB9 derivatives with i2 mutations in the C-terminal
region, accumulated low levels of the cellular form of VirB2
pilin (Fig. 4). This form of pilin is defined as that which re-
mains cell associated following removal of surface proteins,
pili, and other organelles from the cell surface by extensive
mechanical shearing. Taken together with evidence from the
TrIP studies that VirB2 and VirB9 functionally interact (13),
these findings suggest that the C-terminal region of VirB9
might mediate a stabilizing interaction with the cellular form of
VirB2 pilin.

Requirement for cellular VirB2, not the T pilus, for sub-
strate transfer. The isolation of VirB9 “uncoupling” mutations
adds to an accumulating body of evidence that the WT T pilus
is not essential for conjugal DNA transfer (32, 39). We sought
to determine whether the “uncoupling” mutations also bypass
the requirement for synthesis of the cellular form of VirB2.
We constructed two double mutant strains, PC1209
(�virB2�virB9) and PC1211 (�virB2�virB11), and then intro-
duced alleles for the “uncoupling” mutants of VirB9 (116.i2,
236.i2, and 286.i2) or VirB11 (I265T) (39). PC1009 strains
producing the 116.i2, 236.i2, and 286.i2 mutant proteins are
Tra� Pil�, as is PC1011 (�virB11) producing the VirB11.I265T
mutant (Table 1; Fig. 2 and 4) (39). In striking contrast, the
isogenic double mutant strains PC1209 and PC1211 producing
the “uncoupling” mutant proteins but no VirB2 remained avir-
ulent (Table 1). Therefore, while the “uncoupling” mutant

FIG. 4. Effects of VirB9.i2 mutations on exocellular and cellular forms of VirB2 pilin. (A) Exocellular VirB2 as a marker for the T pilus
detected in material recovered by mechanical shearing of equivalent numbers of AS-induced cells. (B) Cellular form of VirB2 in the corresponding
shear-resistant fraction. Protein samples were subjected to SDS-PAGE and development of immunoblots with anti-VirB2 antibodies. WT, strain
A348; �B9, strains PC1009 and PC1009 producing native VirB9 (B9) and the VirB9.i2 mutant proteins.
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proteins support substrate transfer in the absence of WT T-
pilus production, they do not bypass the requirement for cel-
lular VirB2. These genetic data complement the TrIP findings
(13) indicating that the cellular form of VirB2 pilin functions
together with VirB9 to mediate substrate passage through the
periplasm to the cell surface.

DISCUSSION

We initiated a structure-function analysis of VirB9, an out-
er-membrane-associated component of the A. tumefaciens
VirB/D4 secretory apparatus, by characterizing effects of two-
residue insertion mutations on machine function. Results of
these mutational studies, coupled with computer-based analy-
ses, suggest that VirB9 is composed of three functional do-
mains, as depicted in Fig. 5. Domains corresponding roughly to
the N- and C-terminal thirds of VirB9 are highly conserved
among family members and contribute to establishment of
intersubunit contacts, selection and trafficking of DNA sub-
strates, protein stability, and biogenesis of the T pilus. A cen-
tral, nonconserved region tolerates i2 mutations and might
adopt a structure required for substrate passage across the
outer membrane.

N-terminal substrate-specifying domain. The N-terminal
domain is postulated to extend from the signal sequence cleavage
site at residue 21 through residue 116. Complementing our ex-
perimental support (Fig. 5B) for this domain assignment, a Pro-
Dom (http://www.toulouse.inra.fr/prodom.html) (17) analysis
identifies this as a conserved region among over 70 VirB9-like
proteins (Fig. 5C). This region possesses numerous conserved
residues and an invariant Glu corresponding to residue 63 of A.
tumefaciens VirB9. As expected, the number of sequence similar-
ities and identities increase when 17 closely related VirB9 pro-
teins identified mainly in 
-proteobacterial species (Fig. 5C) are
analyzed by Clustal W multiple alignment (http://npsa-pbil
.ibcp.fr/cgi-bin/align_clustalw.pl) (47). The complete sequence
alignments of VirB9-related proteins in the database are available
through our laboratory website (http://mmg.uth.tmc.edu.web
pages/faculty/pchristie/html). The N-terminal region is gener-
ally hydrophilic with the exception of a stretch of hydropho-
bicity between residues 44 to 64. The single class I Tra� mu-
tation (56.i2) mapped within this hydrophobic stretch, whereas

all other N-terminal mutations disrupted VirB9 function in
some way.

Remarkably, several mutations in the N-terminal domain
selectively blocked translocation of the IncQ plasmid (class III)
or T-DNA (class IV) substrates. These mutations did not affect
early transfer reactions leading to formation of substrate con-
tacts with the inner membrane channel subunits VirD4,
VirB11, VirB6, and VirB8, whereas they prevented formation
of substrate contacts with the periplasmic and outer-mem-
brane-associated channel subunits VirB2 and VirB9 (Fig. 1C
and 2). The capacity of VirB9 mutants to mediate recognition
and selective transfer of two DNA substrates through the distal
portion of the secretion channel is of considerable interest
because, until now, biochemical and genetic evidence sug-
gested that the T4CP, e.g., VirD4, fulfills the task of substrate
recognition and recruitment to the secretion channel (3, 13, 20,
26, 37). Our findings indicate that VirB9, through its N termi-
nus, contributes a second substrate selection mechanism, act-
ing as a checkpoint to regulate substrate passage through the
periplasm or the outer membrane.

How might the N-terminal domain of VirB9 confer substrate
discrimination? The VirB/D4 T4SS translocates T-DNA as a
nucleoprotein particle composed of the VirD2 relaxase co-
valently bound to a single strand (T-strand) of T-DNA (41).
This T4SS also translocates the IncQ plasmid as a MobA
relaxase-R-strand intermediate (46). In view of a demon-
strated 5� to 3� directional movement of the T-strand during
conjugation, the relaxase is thought to “pilot” the T-strand
through the secretion channel (15, 16). VirB9 thus might di-
rectly interact with secretion signals carried by relaxase pro-
teins. Accordingly, the class II mutations might abolish relax-
ase signal contacts altogether, whereas the class III and IV
mutations could disrupt recognition of novel motifs carried by
MobA or VirD2, respectively.

Alternatively, VirB9 might mediate substrate recognition
indirectly through its partner subunit interactions. For exam-
ple, the N-terminal region of VirB9 probably interacts directly
with VirB10, as indicated by our coimmunoprecipitation data
(Fig. 4) and results of a substitution mutagenesis study (5). In
that study, Gly52Glu and, to a slightly lesser extent, Val68Iso
and Ala78Thr substitution mutations disrupted intercellular
DNA transfer as well as the VirB9-dependent assembly of
higher-order VirB10 complexes detectable by chemical cross-
linking (5). A complementary yeast two-hybrid screen also
detected an interaction between a VirB9 N-terminal fragment
(residues 17 to 122) and VirB10 (18). Recently, we supplied
evidence that, in A. tumefaciens, the VirB9-VirB10 interaction
is dynamic and driven by a conformational change in VirB10
that occurs upon sensing of ATP utilization by the VirD4 and
VirB11 energetic components (12). Moreover, VirB9-VirB10
complex formation is required for movement of the T-DNA
substrate through the distal portion of the secretion channel
(12, 13). The N-terminal region of VirB9 therefore might reg-
ulate substrate passage through contacts with the VirB10 en-
ergy sensor subunit. Accordingly, the VirB9 substrate-discrim-
inating mutations might exert their effects through disruption
of the VirB9-VirB10 contact. It is interesting that the 26.i2
mutation abolished detectable VirB9-VirB10 complex forma-
tion and T-DNA substrate transfer but not IncQ plasmid trans-
fer (Fig. 1B). Further studies of this mutation might unveil

TABLE 1. Uncoupling mutations do not bypass VirB2 pilin
requirement for DNA substrate translocation

Host strain Complementing construct Virulence

A348 (WT) ���
�virB9 �
�virB9 PvirB-virB9 ��
�virB11 PvirB-virB11 ��
�virB9 PvirB-virB9.i2-116 ��
�virB9 PvirB-virB9.i2-236 ��
�virB9 PvirB-virB9.i2-286 ��
�virB11 PvirB-virB11-I265T ��
�virB2�virB9 PvirB-virB2, PvirB-virB9 ��
�virB2�virB11 PvirB-virB2, PvirB-virB11 ��
�virB2�virB9 PvirB-virB9.i2-116 �
�virB2�virB9 PvirB-virB9.i2-236 �
�virB2�virB9 PvirB-virB9.i2-286 �
�virB2�virB11 PvirB-virB11-I265T �
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differences in structural or mechanistic requirements for pas-
sage of T-DNA versus IncQ plasmid substrates through the
distal portion of the secretion channel.

Finally, it is interesting that the class III and IV mutations
selectively blocked substrate transfer to agrobacterial and
plant recipient cells, respectively. Though these mutations
likely exert their effects at the periplasmic side of the inner
membrane as suggested by the TrIP data (Fig. 1C and 2), it is
possible that the capacity of VirB9 to regulate substrate trans-
fer is subject to control by secretion channel surface interac-
tions with recipient cell receptors. In the E. coli F plasmid
transfer system, early genetic studies provided evidence for
recipient contact-dependent triggering of donor conjugal

transfer, yet the mechanism by which the recipient cell com-
municates its presence to the donor cell remains unknown
(36). In A. tumefaciens, the importance of recipient-specific
signals for channel gating is illustrated by the fact that, to date,
interbacterial transmission of T-DNA-based substrates has not
been shown, even though we have demonstrated that this sub-
strate forms close contacts with all six channel subunits in
AS-induced cultures (13).

Central structural and C-terminal stabilization domains.
The central domain, proposed to span residues �126 to 186,
tolerated all i2 mutations (Fig. 5). With the exception of a
cluster of related residues between 132 to 139 (Fig. 5C), this
region is not conserved among the VirB9-related proteins. Of

FIG. 5. VirB9 domains identified by mutational and computer analyses. (A) VirB9 domains identified by i2 mutagenesis are depicted in the
schematic at the top, with residue numbers identifying the approximate boundaries. The i2 mutations with positions indicated with short vertical
dashes are classified according to the effects (in parentheses) on substrate translocation by host strains as follows: I (Tra�), no effect on substrate
transfer; II (Tra�), transfer defective; III (T� Q�), T-DNA Tra�, pML122 (IncQ) Tra�; IV (T� Q�), T-DNA Tra�, pML122 (IncQ) Tra�. Scale
in 25-residue intervals. (B) Effects of i2 mutations on VirB9 stability (B9 stab.) and assembly of the disulfide-cross-linked VirB7-VirB9 dimers
(B7-B9), the VirB9-VirB10 complex (B9-B10), and the T pilus. Short and long dashes, respectively, correspond to modest and severe deviations
from WT patterns. For the T pilus, the sites of i2 mutations that completely abolished (bold typeface) or significantly diminished (normal typeface)
T pilus production are identified. Residues marked with an asterisk correspond to sites of the “uncoupling” (Tra� Pil�) mutations. No marks or
residue numbers indicate a WT pattern. (C) Computer predictions of features of interest, domain structures, and sequence conservation of VirB9
family members. Schematic shows the locations of two stretches of hydrophobicity (speckled bars), the first corresponding to the signal sequence
and nine possible �-barrel transmembrane segments (black bars). Two conserved domains, corresponding to the N- and C-terminal domains
identified by the i2 mutational studies, are separated by a nonconserved central region. Conserved residues are distributed throughout the N- and
C-terminal domains among VirB9-related proteins: bold residues, conserved among over 70 VirB9 family members; gray residues, additionally
conserved residues among 17 closely related VirB9 proteins identified mainly in 
-proteobacterial species. Glu631 and Gly206 residues are
invariant among all VirB9 homologs; underlined residues are invariant among the 17 close homologs; subscripts represent the numbers of
intervening nonconserved residues.
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possible significance, the central domain possesses several po-
tential �-strands according to algorithms of Schirmer and
Cowan (42; S. Buchanan, personal communication) and Zhai
and Saier (53). These findings led Cao and Saier (10) to sug-
gest that this region of VirB9 spans the outer membrane. At
this point, this hypothesis remains untested, but it is interesting
that none of the i2 mutations throughout this region affected
VirB9 function (Fig. 5A and B). Studies have shown that mem-
brane �-barrel proteins often tolerate small insertion muta-
tions, particularly if the mutations map in extramembranous
loops. The Bordetella pertussis Fha transporter retains the ca-
pacity to secrete hemagglutinin when bearing a two-residue
insertion at 35 of 48 positions (28). Most derivatives of the E.
coli BtuB transporter bearing six-residue insertions also retain
the capacity to transport at least a subset of its substrates (27).
Outer membrane secretins XcpQ and XpsD tolerate small
insertions of less than five residues at multiple positions (9),
whereas larger insertions tend to inactivate secretins (29, 30).
Most of the i2 mutations in the central region of VirB9 also
reside in predicted extramembranous loops (Fig. 5A and C).
Presently, we are testing a model that the central domain of
VirB9 forms part of the outer membrane channel for this
T4SS.

The C-terminal region of VirB9 possesses several distinctive
features. The ProDom and Clustal W alignment algorithms
also identify this as a conserved region among VirB9-related
proteins (Fig. 5 C) (see our laboratory website at http:
//mmg.uth.tmc.edu.webpages/faculty/pchristie/html). The com-
puter analyses identify several potential �-strand transmem-
brane segments suggesting this region might also associate with
the outer membrane. As with the N-terminal mutations, inser-
tions mapping within or adjacent to highly conserved sequence
motifs (196.i2, 206.i2, and 256.i2) abolished protein function,
demonstrating the importance of these conserved motifs (Fig.
5C). Mutations in these and flanking sites also correlated with
diminished steady-state abundance of the VirB9 mutant (Fig.
1A) as well as the cellular form of VirB2 pilin, suggesting that
the C terminus of VirB9 might adopt a structure or critical
partner contacts for stabilization of both subunits. Indeed,
several C-terminal mutations disrupted complex formation
with the lipoprotein VirB7 and one (256.i2) disrupted complex
formation with VirB10. Effects of the C-terminal mutations on
partner contacts thus might account for the observed instabil-
ities of VirB9, VirB2, and VirB10.

Contribution of cell-associated VirB2 pilin to substrate
translocation. A central question surrounding type IV secre-
tion is the role of the T pilus and the pilin protein in translo-
cation. The isolation of “uncoupling” mutations in this (Fig.
5C) and previous studies (32, 40) suggests minimally that a WT
T pilus is dispensable for intercellular substrate transfer. Here,
we further determined that the “uncoupling” mutations do not
obviate the requirement for the cellular form of VirB2 pilin for
transfer (Table 1). These findings, the correlative effects of
C-terminal mutations on VirB9 and VirB2 stabilities (Fig. 1A
and 4), and results of the TrIP studies of T4SS mutants (Fig.
1B and 2) (13) together strongly argue that the cellular form of
VirB2 functionally and probably physically interacts with
VirB9 to deliver substrates to the cell surface. Intriguingly, no
direct interactions between VirB2 and VirB9 have been re-
ported, although VirB9 and VirB7 form a precipitable complex

with inner membrane VirB6 (32), and there is also evidence for
an interaction between VirB7 and the exocellular form of
VirB2 (40). Deciphering the complexity of the channel subunit
interactions in the periplasm and the overall architecture of
this portion of the secretion channel remains a fascinating area
for future study.
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