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Previous studies have implicated the obligatory requirement for the vir regulon (or “virulon”) of the Ti
plasmid for the transfer of oncogenes from Agrobacterium tumefaciens to plant cells. The machinery used in this
horizontal gene transfer has been long thought to be a transformation or conjugative delivery system. Based
on recent protein sequence comparisons, the proteins encoded by the virB operon are strikingly similar to
proteins involved in the synthesis and assembly of conjugative pili such as the conjugative pilus of F plasmid
in Escherichia coli. The F pilus is composed of TraA pilin subunits derived from TraA propilin. In the present
study, evidence is provided showing that the counterpart of TraA is VirB2, which like TraA propilin is
processed into a 7.2-kDa product that comprises the pilus subunit as demonstrated by biochemical and
electron microscopic analyses. The processed VirB2 protein is present exocellularly on medium on which
induced A. fumefaciens had grown and appears as thin filaments of 10 nm that react specifically to VirB2
antibody. Exocellular VirB2 is produced abundantly at 19°C as compared with 28°C, an observation that
parallels the effect of low temperature on the production of vir gene-specific pili observed previously (K. J.
Fullner, L. C. Lara, and E. W. Nester, Science 273:1107-1109, 1996). Export of the processed VirB2 requires
other virB genes since mutations in these genes cause the loss of VirB2 pilus formation and result in processed
VirB2 accumulation in the cell. The presence of exocellular processed VirB2 is directly correlated with the
formation of pili, and it appears as the major protein in the purified pilus preparation. The evidence provides
a compelling argument for VirB2 as the propilin whose 7.2-kDa processed product is the pilin subunit of the

promiscuous conjugative pilus, hereafter called the “T pilus” of 4. tumefaciens.

Agrobacterium tumefaciens naturally transforms competent
plant cells into tumor cells by horizontally transferring the
T-DNA of the resident Ti plasmid into the nuclear genome.
For many years, the nature of the mechanism of this interking-
dom transfer has remained elusive since at least 24 virulence
(vir) genes on the Ti plasmid were identified to play a role in
this intriguing process (reviewed in reference 7). Several ideas
on a potential transfer mechanism have been proposed, one of
which is that Agrobacterium might be using its conjugation
machinery to deliver the T-DNA into plants since the transfer
system resembles interbacterial conjugative transfer mecha-
nisms of broad-host-range plasmids (14, 20, 21, 29, 30, 32). On
the basis of genetic and protein-protein interaction studies by
several laboratories, the proteins encoded by the 11 virB genes
of the Ti plasmid appear to be critically involved since they
primarily associate with the cytoplasmic and periplasmic mem-
branes, suggesting that they constitute part of a putative trans-
membrane pore or channel through which the T-DNA com-
plex is transported (reviewed in references 1 and 7). Because
the VirB proteins show amino acid sequence homologies to
Tra proteins of plasmids of the IncP, IncN, and IncW groups
(14, 15, 20, 21, 24a) and to some of the Tra proteins involved
in the direct synthesis and assembly of the F pilus in Esche-
richia coli (29, 30), a VirB-specific promiscuous pilus has been
proposed (15) and, indeed, has been directly observed recently
(11, 16, 17, 17a).

TraA is the major structural pilin subunit of the F pilus, and
VirB2 has been found to be the homolog of TraA (29). TraA
is processed from a 12.7-kDa propilin into a 7.2-kDa pilin,
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which is the structural subunit of the F pilus (9). Likewise,
VirB2 is processed from a 12.3-kDa protein into a 7.2-kDa
protein (13, 29). The homology in amino acid sequence and the
similarity in protein processing culminating in a product of
equal size for TraA and VirB2 have led to the proposal that
VirB2 is likely the propilin (15, 29). However, it was recently
shown that a truncated VirB1 protein (VirB1*) is released into
the medium primarily when the Agrobacterium cells are pro-
tractedly vortexed (2). The detection of exocellular VirB1*
suggested that this protein might be a pilus component (2).
The question is now raised as to whether or not a VirB protein
constitutes the major structural component of the pilus, and if
so, which VirB protein is the pilin?

In the present communication, we provide several lines of
evidence in support of the hypothesis that the processed VirB2
constitutes the pilin subunit of the promiscuous conjugative
pilus structure observed on vir-induced A. tumefaciens cells.
We show herein that the processed 7.2-kDa VirB2 protein is
consistently detectable outside the Agrobacterium cell, whereas
it is not detected exocellularly when a mutation exists in virB2
and in each virB gene that was tested. In addition, the presence
of exocellular VirB2 is directly correlated with the formation of
pili, and it is observed as the major protein in the purified pilus
fraction. These results strongly suggest that VirB2 is the major
pilin subunit of the promiscuous pilus that mediates the trans-
fer of the T-DNA from Agrobacterium to yeasts and plants
(reviewed in reference 17).

MATERIALS AND METHODS

Bacteria and plasmids. A. tumefaciens strains and plasmids used are listed in
Table 1. These strains were grown on medium 523 (10 g of sucrose, 8 g of casein
enzymatic hydrolysate, 4 g of yeast extract [Difco], 3 g of dibasic potassium
phosphate, 0.3 g of magnesium sulfate [pH 7.0], 15 g of agar per liter) at 28°C.
For the selection of specific antibiotic resistance markers, rifampin and erythro-
mycin were used at 50 wg/ml each, and kanamycin was used at 20 pg/ml. For vir
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TABLE 1. Bacterial strains and plasmids

Bacterial strain or plasmid Relevant characteristic(s) Reference

A. tumefaciens
C58 Wild-type virulent strain containing nopaline type Ti plasmid pTiC58 22
NT1RE Rifampin- and erythromycin-resistant mutant of Ti plasmid-free strain 4. tumefaciens C58 18
NT1REB Flagellum-free mutant of NT1RE 6

Plasmids
pIK270 Tn5 insertion in the T-DNA of conjugative proficient pTiC58Tra“ 18
pJK502 Tn5 insertion in virB3 of pTiC58Tra“ 23
pIK190 Tn5 insertion in virB4 of pTiC58Tra® 23
pJK104 Tn5 insertion in virB5 of pTiC58Tra® 23
pIK125 Tn5 insertion in virB9 of pTiC58Tra® 23
pIK210 Tn5 insertion in virB10 of pTiC58Tra® 23
pUCD4606 virB2 nonpolar mutant of pJK270 13
pUCD2614 High-copy-number vir region plasmid derived from pTiC58 26

gene induction, 500 pl of overnight-cultured cells were collected by centrifuga-
tion (6,000 X g, 5 min) and resuspended in 5 ml of induction medium (I
medium), which consists of medium 925 (19) plus 0.15 g of KCI, 0.01 g of CaCl,,
2.5 mg of FeSO, - 7TH,0, 50 mM 2-(N-morpholine)ethanesulfonic acid, and 20 g
of glucose, pH 5.5, per liter. After growth of A. tumefaciens test strains at 28°C
to mid-log phase (4 to 6 h), 500 ul of the culture was spread on 1.5% I-medium
agar containing 200 pM acetosyringone (Adrich Chemical Company) and incu-
bated for 3 days at 19°C.

Exocellular proteins. Exocellular secreted proteins, including surface append-
ages, were collected according to Roine et al. (27) with minor modifications.
With the aid of an L-glass rod, the bacterial cells were scraped gently off the agar
surface of each plate (150-mm diameter) into 2 ml of 10 mM sodium phosphate
buffer, pH 5.3 (buffer A), and collected by centrifugation at 13,000 X g for 10 min
at 4°C. The supernatant fraction (S1) contained the secreted proteins, including
fragmented pili. The surface proteins and appendages were released from the
cells by passing the bacterial suspension in 0.4 ml of buffer A through a hypo-
dermic needle (25 gauge) five times. The cells were then removed by centrifu-
gation at 13,000 X g at 4°C for 10 min, and the supernatant (S2) contained the
surface proteins including substantially more lengthy pili than in S1. The pellet
was resuspended and adjusted to an A, of 10 in buffer A and represented the
total cell lysate (P).

Pilus purification. Pili of various lengths occur in approximately equal
amounts in both S1 and S2 fractions originally derived from cells grown on 50
agar plates. They were collected by centrifugation at 100,000 X g for 3 h at 4°C
and resuspended in 6 ml of buffer B (10 mM Tris-HCI [pH 7.5], 100 mM NaCl)
containing 0.5% sodium deoxycholate and further fractionated by velocity sed-
imentation in a 32-ml, 25 to 70% (wt/vol) linear sucrose gradient in buffer B using
a Beckman SW27 rotor at 27,400 rpm for 4.5 h at 4°C. The fractions (1.2 ml) were
collected from the top of the gradient by displacing the gradient from the bottom
of the centrifuge tube with fluorocarbon (Fluorinert FC-43; 3M Company).
Aliquots from each fraction were examined by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) (see below), dialyzed overnight at 4°C
against 1,000 volumes of 10 mM Tris-Cl (pH 7.5), negatively stained with 2%
uranyl acetate, and viewed by transmission electron microscopy (see below).

Tricine-SDS-PAGE. Tricine-based SDS-PAGE was performed according to
Schigger and von Jagow (28) using 16.5% acrylamide and 3% bisacrylamide.
Tricine as a trailing ion provides sharper resolution of small proteins than when
glycine is used. Each protein sample derived from equivalent cell concentrations
was mixed with an equal volume of 2X SDS-gel loading buffer (0.2 M Tris-Cl [pH
6.8], 8% SDS, 0.2% bromophenol blue, 40% glycerol, 4% B-mercaptoethanol)
and incubated at 100°C for 5 min before loading. After electrophoresis, the
protein bands were visualized by staining with 0.8% aqueous silver nitrate. For
immunoblots, the fractionated proteins were electrotransferred onto nitrocellu-
lose membranes (Hybond-C; Amersham, Arlington Heights, Ill.). Molecular
weight marker proteins were from a commercial supplier (Amersham).

Immunoblot analysis. Rabbit-borne polyclonal antibodies against VirB2 were
prepared as described previously (13, 29). The antibody to the cytoplasmic Ros
protein was kindly provided by John Archdeacon of the Davis Crown Gall
Group. The VirB2-specific antibody was cross-adsorbed to sonicated cell lysates
of A. tumefaciens NT1 (without Ti plasmid) at a 1:1 volume ratio and incubated
for 4 h at 23°C or overnight at 4°C. The precipitated antibody-antigen complex
was removed by centrifugation (13,000 X g, 10 min, 4°C). The cross-adsorbed
antibodies were maintained at 4°C in the presence of 0.05% sodium azide. The
nitrocellulose membranes containing the transferred proteins were incubated for
30 min at 23°C in TBST buffer (0.05 M Tris-Cl [pH 7.5], 0.85% NaCl, 0.2%
Tween 20) containing 5% skim milk (Carnation) followed by treatment with
specific antibodies (1:2,000 dilution in TBST containing 3% skim milk) for 1 h.
After extensive washing with TBST, the membrane was incubated at 23°C with
the donkey anti-rabbit horseradish peroxidase-conjugated secondary antibody

(Amersham) (1:2,000 dilution in TBST containing 3% skim milk) for 30 min and
then washed with TBST several times. Antibody interactions with antigen were
visualized with a chemiluminescence system (ECL kit; Amersham).

Electron microscopy. The samples were deposited on carbon-Formvar films on
300-mesh, 3-mm copper grids (Electron Microscopy Sciences, Fort Washington,
Pa.). Usually 10 pl of sample was placed on each grid for 1 min and then rinsed
with sterile triple-distilled water for a few seconds and stained with 2% uranyl
acetate for 1 min. The samples were examined in a Phillips EM410 electron
microscope at 80 kV.

RESULTS

Exocellular presence of VirB2. The exocellular secreted pro-
teins in S1 and surface structure proteins in S2 prepared from
A. tumefaciens C58 were fractionated by Tricine-SDS-PAGE
and visualized by silver staining. A 7.2-kDa protein identical to
the processed VirB2 protein was observed only in samples
derived from acetosyringone-induced cells, and not in samples
derived from uninduced cells (Fig. 1A). To verify that the
7.2-kDa protein was indeed VirB2, the fractionated proteins
were reacted with VirB2-specific antibody. The results shown
in Fig. 1B confirm that this protein is indeed the processed
VirB2. To eliminate the possibility that the VirB2 protein
might be derived from Agrobacterium cells that had lysed dur-
ing handling, we used antibody to the cytoplasmic protein Ros,
which is a repressor in the cytosol encoded by the bacterial
chromosome (8), as the internal control. The immunoblot
analysis of both S1 and S2 verified that the 7.2-kDa VirB2
protein did not originate from lysed cells since no Ros protein
was detected in either S1 or S2 (Fig. 1B). Thus, it appears that
VirB2 is exported out of the Agrobacterium cell.

Exocellular VirB2 production is stimulated at suboptimal
growth temperature. Fullner et al. (11) reported that vir gene-
specific pili were produced more abundantly when A. tumefa-
ciens cells were grown at 19 than at 28°C. We therefore exam-
ined whether the amount of exocellular VirB2 produced would
be proportional to the amount of pili formed at these temper-
atures. Three independent experiments were performed, and
the results showed consistently higher amounts of exocellular
VirB2 produced at 19 than at 28°C from the same density of
cells irrespective of intracellular concentrations (Fig. 2). Den-
sitometric scanning of the exocellular VirB2 protein band ob-
tained from cells grown at the corresponding temperatures
shows that there is an average 20-fold increase at this lower
temperature. The production of exocellular VirB2 protein
therefore parallels that of virB-specific pilus production, sug-
gesting that the pili might be primarily composed of exocellular
VirB2.
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FIG. 1. Presence of the processed 7.2-kDa VirB2 protein as a surface com-
ponent of acetosyringone-induced A. tumefaciens cells. Proteins prepared from
total cell lysate (P), exocellular secreted proteins (S1), and the surface proteins
and appendages sheared from unlysed cells (S2) of A. tumefaciens C58 induced
with (+) and without (—) acetosyringone at 19°C for 3 days were fractionated by
Tricine-SDS-PAGE and detected by silver staining (A) and by immunoblotting
with anti-VirB2 and anti-Ros antibodies (B). The numbers on the left are the
positions of the molecular mass standards in kilodaltons. The arrows indicate the
positions of VirB2 and Ros.

Exocellular VirB2 production requires virB genes. To deter-
mine if the production of exocellular VirB2 protein was de-
pendent on certain virB genes, we examined the characteristics
of several virB mutants. As shown in Fig. 3, the exocellular
presence of VirB2 is strictly dependent on the virB genes, as
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FIG. 2. Production of exocellular VirB2 as a function of temperature. Total
cell lysate (P), exocellular secreted proteins (S1), and the sheared surface pro-
teins and appendages (S2) were derived from acetosyringone-induced A. tume-
faciens C58 cells, and the proteins derived from equivalent cell concentrations
were fractionated by tricine-SDS-PAGE and analyzed by immunoblotting with
anti-VirB2 antibody. The numbers on the left correspond to molecular mass
standards. The numbers over each column are the cell incubation temperature
and the length of incubation in days (d). VirB2 is indicated by the arrow.

indicated by the absence of VirB2 in the exocellular prepara-
tions from virB mutants and its presence in exocellular prepa-
rations from the parental strain, NTIRE(pJK270). Further-
more, when the cellular contents of each mutant strain were
examined, VirB2 protein was detected in all these mutants,
indicating that VirB2 is still produced within the cellular con-
fines but not exported out of the Agrobacterium cell (Fig. 3).
Thus, the processing of VirB2 propilin is not dependent on an
intact functional VirB channel. As anticipated, the mutant
strain containing a nonpolar mutation in the virB2 gene itself
was unable to produce any VirB2 protein.

To eliminate the possibility of interference caused by ap-
pendages such as flagellin and possibly the conjugative pilin
presumably encoded by the #ra operon of the Ti plasmid, we
used the flagellum-free strain NT1IREB (6) containing plasmid
pUCD2614. This plasmid contains only the vir regulon portion
of pTiC58 (26). This strain also produced the exocellular
VirB2 protein (Fig. 3). Thus, flagellin encoded by the flagellin
genes flaA, flaB, and flaC (6) and proteins encoded by regions
outside the vir regulon (“virulon”) of the Ti plasmid do not
take part in the exocellular production of VirB2.

Exocellular VirB2 production is correlated with pilus for-
mation. The above genetic and immunological analyses dem-
onstrated that VirB2 is exported, appearing perhaps as struc-
tures resembling pilus filaments. Such a finding would support
our early hypothesis that the promiscuous pilus is composed of
VirB2 as the major pilin subunit (15, 29). This hypothesis is
supported by the following electron microscopic evidence. Ex-
amination of concentrated exocellular preparations containing
VirB2 revealed long thin filaments of variable lengths (Fig. 4,
filled arrows). The average width of these filaments was 10 nm,
while flagella as an internal control are clearly larger (15 nm in
width) (open arrows in Fig. 4A, B, and C). These thin filaments
were not observed in exocellular preparations derived from
either virB mutant cells or pTiC58-free cells (Fig. 4C). The
same pilus was observed in exocellular preparations from
NTI1REB(pUCD2614) cells (Fig. 4D), confirming the fact that
these pili were not encoded by the fra genes of the Ti plasmid.

VirB2 is the major component of the pilus. To further sup-
port that our observations were being made on VirB2 as the
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FIG. 3. Exocellular VirB2 is not produced in the absence of virB genes. Total cell lysate (P) and exocellular proteins prepared as for Fig. 1 as fractions S1 and S2
were derived from acetosyringone-induced strains grown at 19°C for 3 days. The S1 and S2 fractions were combined and further centrifuged at 100,000 X g for 3 h at
4°C, and the pellet was solubilized in buffer B containing 0.5% sodium deoxycholate (Exocellular Concentrate). The resulting exocellular concentrated proteins and
proteins of the total cell lysate were fractionated by Tricine-SDS-PAGE and detected by immunoblotting with anti-VirB2 antibody. Lanes 1, intact virB genes (pJK270);
lanes 2, a nonpolar mutation in virB2 (pUCD4606); lanes 3 to 7, TnS insertions in virB3 (pJK502), virB4 (pJK190), virB5 (pJK104), virB9 (pJK125), and virB10 (pJK210),
respectively; lanes 8, flagellum-free strain NTIREB containing intact virulon (pUCD2614) only; lanes 9, NTIREB without the plasmid. The numbers on the left are

molecular mass standards. VirB2 is indicated by the arrows.

pilus structural component, the concentrated exocellular pro-
tein preparation of A. tumefaciens C58 was fractionated by
velocity sedimentation in a 25 to 70% linear gradient of su-
crose. Thirty-one fractions were collected and resolved by
SDS-PAGE followed by immunoblotting. VirB2 was detected
in fractions 6 to 13 (Fig. 5A), with the highest concentration of
VirB2 appearing in fractions 8 and 9 (Fig. 5C). As judged by
silver staining, these fractions contained a single visible protein
as processed VirB2 (Fig. 5B). Transmission electron micros-
copy confirmed that fractions 8 and 9 contained the majority of
aggregated pilus filaments (Fig. 5D).

DISCUSSION

In the present study, we have shown that 7.2-kDa processed
VirB2 is present outside the induced Agrobacterium cell as the
major exocellular protein, which was previously predicted to
constitute the promiscuous pilus (15). As evidenced by velocity
gradient sedimentation analysis, this exocellular protein is
largely a homocomplex composed of the 7.2-kDa VirB2 “pilin”
complexed into thin 10-nm-diameter filaments. This essentially
parallels what has been observed in the analysis of purified F
pilus, which is composed of a processed 7.2-kDa TraA pilin (9).

Additional support for the presence of the VirB2-specific
pilus comes from analyzing the amount of exocellular VirB2
protein as a function of temperature. We found that the in-
crease in exocellular VirB2 protein at 19°C correlates well with
the optimal temperature for VirB-specific piliation as observed
by Fullner et al. (11). Interestingly, processed VirB2 accumu-
lates in the cell in similar amounts irrespective of the growth
temperature (19 versus 28°C). This suggests that the temper-
ature effect is on the exportation of VirB2. Early studies on
temperature effects on tumorigenesis demonstrated that crown
gall tumor sizes were dramatically decreased when the host
plants were inoculated between 28 and 30°C, with no galls
appearing at 31°C or above (5, 25). Recent studies on the effect
of temperature on the efficiency of transfer of IncQ plasmid
RSF1010 by the T-DNA transfer machinery of A. tumefaciens
showed that it was severely affected at temperatures above
28°C (10), with optimum transfer occurring at 19°C, correlating
well with the amount of piliation observed by Fullner et al.
(11). Since piliation is necessary for T-DNA transfer, one

would suspect that the efficiency of VirB2-specific piliation
might be one of the limiting factors in the transfer process.

The mechanism of bringing the VirB2 subunit to the exterior
of the cell is not known, although the virB operon is likely
involved. The conservation of plasmid transfer genes based on
sequence homologies has been noted between broad-host-
range plasmids (20, 21) and extends to the virB operon. The
genes of this operon are likely involved in the synthesis and
assembly of the promiscuous pilus (15). We find that mutations
in the virB genes cause loss of pilus formation. No VirB2
protein and VirB2-specific filaments are detected outside the
Agrobacterium cell, and yet, the 7.2-kDa VirB2 protein accu-
mulates within these mutant strains. Thus, there is support for
the notion that the proteins encoded by the remaining virB
genes make up the transmembrane transport apparatus (or
channel) and serve in facilitating the export of the processed
VirB2 subunits to the cell exterior. Interestingly, VirB2 is sta-
bly expressed and maintained inside the Agrobacterium cell in
the absence of other VirB proteins that we have examined so
far. Likewise, TraA propilin is processed and localized to the
cytoplasmic membrane in the absence of tra genes that are
required for F-pilus formation (reviewed in reference 31). The
only exception is traQ, which is required for the accumulation
of F pilin (reviewed in reference 31). So far no TraQ homolog
has been found in 4. tumefaciens (13). Jones et al. (13) showed
that VirB2 is processed and inserted into the cytoplasmic
membrane without the aid of TraQ or vir gene products, sug-
gesting that VirB2 can remain in the cytoplasmic membrane in
the absence of other vir genes.

How the processed VirB2 protein is exported is unknown.
The structure of the transmembrane transport apparatus is
being elucidated by identifying the membrane locations and
interplay of VirB proteins. Various interesting hypothetical
models of the putative transport complex associated with the
Agrobacterium membranes have been proposed (1, 2, 4, 7).
Yet, the mechanism of pilin exportation as well as the transfer
of the T-DNA complex remains obscure. Whatever structure
the transmembrane transporter ends up to be, it is clear that
the major component appearing on the surface as thin pili is
processed VirB2. This does not rule out other VirB proteins
that might be transported out of the cell but to a lesser extent
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FIG. 4. Electron microscopic analysis. The exocellular concentrate derived from acetosyringone-induced cells was negatively stained with 2% uranyl acetate. Thin
pilus filaments are indicated by the filled narrow arrow, and the flagella are indicated by the open arrows. (A) Filaments from strain C58; (B) filaments from
NT1RE(pJK270); (C) filaments from NTIRE; (D) filaments from NTIREB(pUCD2614). Scale bar = 200 nm.

than VirB2. The VirB1 protein, identified as a lytic transgly-
cosylase (3, 24), is processed into a 12-kDa protein termed
VirB1* (2). VirB1* has been hypothesized as a potential com-
ponent of the pilus (2). Since the pilus preparations that we
have examined are composed entirely of processed VirB2, we
conclude that this protein and not VirB1 is the subunit that is
assembled into the promiscuous pilus. However, it remains
plausible that VirB1 might be the internal catalytic component
that facilitates initial passage of the VirB2 protein through the
peptidoglycan barrier of the Agrobacterium cell wall and is
cleaved into VirB1* during catalysis, ending up in the VirB-
specific pore or channel. The 12-kDa protein is loosened upon
lengthy agitation from the pore, making its appearance extra-
cellularly.

Since conjugative pili are entirely composed of conjugative
pilin subunits (31), the processed VirB2 subunit may likewise
make up the entire promiscuous conjugative pilus of A. tume-

faciens. The VirB2-specific pilus is hereafter designated the “T
pilus” since accumulating evidence strongly suggests that it is
directly involved in T-DNA transfer and since the designation
distinguishes the pilus from other pili such as the one presum-
ably encoded by Ti plasmid #ra genes. Although we have pro-
vided several lines of evidence for the T pilus being composed
of primarily processed VirB2, the presence of this structure
does not answer the central question of how the T-DNA com-
plex is transported out of the Agrobacterium cell and into the
plant cell. In the case of conjugative transfer of F-plasmid
DNA, the F-pilus filaments are cylindrical with an outside
diameter of 8 nm and a central, hydrophilic lumen of 2 nm
(31). Does the pilus mediate close contact between donor and
recipient cells? Or once the pilus makes contact with the re-
cipient cell, does it serve as a conduit for the DNA to pass
through? The 2-nm lumen is certainly of sufficient size for
DNA to traverse it. Harrington and Rogerson (12) have pro-
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FIG. 5. Velocity sedimentation and electron microscopic analyses of VirB2 pili under the conditions described in Materials and Methods. The exocellular
concentrate (S) and fractions 1 to 13 were resolved by tricine-SDS-PAGE and analyzed by immunoblotting with anti-VirB2 antibody (A) and by silver staining (B). The
numbers on the left are molecular mass standards in kilodaltons. The arrows mark the positions of VirB2 as visualized by both procedures. (C) Velocity sedimentation
of VirB2 as a function of sucrose concentration. (D) VirB2 filaments from fraction 9 visualized by electron microscopy. Scale bar = 200 nm.

vided evidence that the F pilus is capable of acting as a stable
conduit for DNA transfer between donor and recipient, sug-
gesting that the pilus lumen is indeed of sufficient size to
accommodate DNA and its piloting proteins. Expanding our
knowledge on the physical characteristics of the T pilus would
certainly provide interesting insights into and clues to answer-
ing the central question of how the T-DNA complex is trans-
ferred between Agrobacterium and the plant cell.
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