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Agrobacterium tumefaciens genetically transforms plant cells by transferring a specific DNA fragment from
the bacterium through several biological membranes to the plant nucleus where the DNA is integrated. This
complex DNA transport process likely involves membrane-localized proteins in both the plant and the
bacterium. The 11 hydrophobic or membrane-localized proteins of the virB operon are excellent candidates to
have a role in DNA export from agrobacteria. Here, we show by TnphoA mutagenesis and immunogold electron
microscopy that one of the VirB proteins, VirB8, is located at the inner membrane. The observation that a
virB8::TnphoA fusion restores export of alkaline phosphatase to the periplasm suggests that VirB8 spans the
inner membrane. Immunogold labeling of VirB8 was detected on the inner membrane of vir-induced A.
tumefaciens by transmission electron microscopy. Compared with that of the controls, VirB8 labeling was
significantly greater on the inner membrane than on the other cell compartments. These results confirm the
inner membrane localization of VirB8 and strengthen the hypothesis that VirB proteins help form a transfer
DNA export channel or gate.

The DNA transfer from the soil bacterium Agrobacterium
tumefaciens to plants that results in crown gall tumor formation
is the only known naturally occurring example of interkingdom
DNA transfer. The components necessary for DNA transfer
and plant transformation are encoded on two regions of the
extrachromosomal tumor-inducing (Ti) plasmid (for reviews,
see references 53 and 55). The first region, the transfer DNA
(T-DNA), is bordered by direct repeats and contains genes
encoding plant hormone-producing enzymes which cause neo-
plastic growth of transformed plant cells. The second region,
the virulence (vir) region, encodes gene products involved in
generating, processing, packaging, transporting, and nuclear
targeting of the T-DNA. The two-component regulatory sys-
tem of VirA and VirG responds to plant signal molecules to
activate transcription of vir genes. These vir gene products, in
turn, produce and transport the T-DNA to the plant cell. Two
proteins of virD, VirDl and VirD2, nick at the T-DNA borders
and unwind the single-stranded T-DNA (T-strand). The T-
strand then is packaged for transport as a DNA-protein
complex (T-complex). VirD2 covalently binds to the 5' end,
while VirE2 cooperatively coats the single-stranded DNA.
A critical step of plant transformation by A. tumefaciens,

namely the mechanism of T-complex export from the bacte-
rium, is yet to be elucidated. Since the T-complex is large and
long, it likely is transported through a specialized pore or
channel. To date, the best candidates to form a T-complex-
specific transport channel are the products of the virB locus.
Nine of the eleven proteins encoded by the virB operon are
predicted to be membrane localized (21, 37, 43, 46, 47). All of
the VirB proteins that have been tested individually (VirB4,
VirB8, VirB9, VirB10, and VirB1l) are essential for virulence
(2, 12, 36, 39, 48). At least nine VirB proteins have been
localized to the bacterial membranes by cell fractionation:
VirB3 (43a), VirB4 (2, 15,36), VirBlO (49), VirBll (7), VirB2,
-3, and -9 (34), and VirBl, -4, -5, -8, -9, -10, and -11 (44).
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Another essential virulence protein, VirD4, was also localized
to the bacterial inner membrane (29) and might interact with
VirB proteins to form the exit pore or channel required for
T-complex transport.

Examination of VirB proteins in subcellular fractions of A.
tumefaciens was useful to identify them as membrane-localized
proteins. Taking advantage of our collection of antibodies
against VirB proteins, we next examined the in situ localization
of VirB proteins by immunogold electron microscopy. We
undertook this technically demanding approach expecting to
observe the distribution of several VirB proteins within the
bacterial membranes, for example, at points of contact be-
tween the inner and outer membranes and clustering at
specific sites corresponding to one or a few T-complex trans-
port channels. These expectations were not fulfilled. We tested
eight polyclonal antibodies recognizing seven different VirB
proteins, and only one of them, the VirB8 antibody, gave a
sufficiently strong and reproducible signal for our analyses.
VirB8 is a 26-kDa protein encoded by the eighth open

reading frame of the virB operon. Amino acid sequence
analysis predicts that one hydrophobic stretch of about 20
amino acids in the amino-terminal third of the protein may
form a transmembrane alpha helix that spans the membrane
(see Fig. 1 and reference 20). Along with other VirB proteins,
VirB8 has homology to proteins believed to be involved in
conjugal transfer of IncW plasmids (18) and in export of
pertussis toxin in Bordetella pertussis (11, 35). Several VirB
proteins (VirB2, VirB3, VirB4, VirB5, VirB10, and VirBll)
also have homology with transfer proteins of IncP plasmids
(23). The similarity of VirB proteins to proteins involved in the
transport of conjugative plasmids was not surprising, because
transfer of both conjugative plasmids and T-DNA involves
single-stranded DNA intermediates (41). In addition, the nick
region of IncP RP4 and T-DNA borders share a 12-bp
consensus sequence (10, 50, 51) and the A. tumefaciens VirD2
and IncP Tral proteins involved in DNA nicking and binding
to the 5' end of the single-stranded DNA transfer molecules
are homologous (30, 31, 57).
VirB8 is required for the virulence of A. tumefaciens on

Kalanchoe species (12) but its function is not known. In
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FIG. 1. Position of TnphoA insertion in the VirB8 amino acid.
sequence shown with respect to the hydropathy profile. The amino acid
position of VirB8 (21) is indicated on the horizontal axis. The
single-letter amino acid sequence is shown for amino acids 31 to 70.
Positively charged amino acids (+) are indicated. A stretch of hydro-
phobic amino acids (underlined sequence) represents the predicted
membrane-spanning region. The site of TnphoA fusion with virB8
(arrowhead) is also indicated. The hydropathy profile was performed
by the method of Kyte and Doolittle (22), with a window size of 7
amino acids. Hydrophobic regions are indicated by more negative
hydrophilicity values (vertical axis).

subcellular fractions ofA. tumefaciens, VirB8 was mainly found
associated with the inner membrane fractions but was also
associated with the outer membrane fractions (44). The less-
than-total specificity of the localization was attributed to
cross-contamination of the fractions that is inherent in the
fractionation procedure. Here, we provide direct evidence,
using immunogold electron microscopy and TnphoA mutagen-
esis of VirB8, that VirB8 localizes exclusively to the inner
membrane.

MATERIALS AND METHODS

TnphoA mutagenesis of VirB8. TnphoA mutagenesis was

accomplished with the vector XTnPhoA (16) which was prop-

agated in Escherichia coli LE392 (33). The target plasmid for
TnphoA mutagenesis was pVirB8 (44) containing virB8 in
pGEMEX-2, a protein overexpression vector (Promega). Mu-
tagenesis was carried out for 1 h at 30°C by adding XTnPhoA
at a multiplicity of infection of 0.5 to E. coli MM294A (25) at
an optical density at 600 nm of 0.5 to 1.0. Following mutagen-
esis, E. coli colonies containing mutagenized plasmids were

directly plated for selection on Luria-Bertani (LB) plates
containing 30 ,ug of kanamycin. A single pool ofDNA from the
kanamycin-resistant colonies was isolated by alkaline lysis and
polyethylene glycol purification (25). The mutagenized DNA
was then transformed into the alkaline phosphatase-negative
E. coli strain CC118 containing the helper plasmid pGP-1 (42).
Alkaline phosphatase-positive colonies were detected as blue
colonies on L83 plates containing 40 ,ug of the chromogenic
phosphatase 4ubstrate 5-bromo-4-chloro-3-indolylphosphate
(X-P) per liter, as described previously (4), and alkaline
phosphatase activity was quantified by the method of Stachel
et al. (38), except that X-P was used instead of X-Gal
(5-bromo-4-chloro-3-indolyl-,-D-galactopyranoside). Double-
stranded templates of plasmid DNA from each blue colony
were isolated by an alkaline lysis method (25), annealed to
the TnphoA complementary primer 3'CTAGTCTGACGG
CGAG5' by the method of Chen and Seeburg (5), and

sequenced by a dideoxy chain termination method using
Sequenase (United States Biochemicals).
Immunogold electron microscopy. A. tumefaciens A3850

(56) and Mx306 (39) were grown, and vir gene expression was
induced with 100 ,uM acetosyringone (Aldrich) as described
elsewhere (8, 40). Fixation by freeze substitution of induced
and uninduced A. tumefaciens cells was performed essentially
as described previously (58) except that 0.5 to 1.0% instead of
3% glutaraldehyde was used. The tissue was embedded in the
acrylic resin LR White (Ted Pella). Formvar-coated 200-mesh
nickel grids (Ted Pella) were carbon coated and treated by ion
discharge in a Denton 502A vacuum evaporator. Ultrathin
(silver) sections of plastic-embedded cells were cut with an
MT-7 or MT6000 ultramicrotome (LKB) and picked up on
Formvar grids.

Grids containing bacterial sections were labeled by floating
them sequentially, section side down, on 25- to 30-,ul drops of
each solution as follows: (i) 0.1% glycine or 2% sodium
borohydride for 15 min to quench unreacted aldehyde groups
(optional), (ii) blocking agent (described below) for 15 to 30
min, (iii) primary antibody (described below) diluted 1:500 in
blocking agent at 4°C overnight, (iv) 0.5 M NaCl in phosphate-
buffered saline, three times for 5 min each, (v) secondary
antibody buffer (1.0% bovine serum albumin in 10 mM Tris
[pH 7.5]-150 mM NaCl [TBS]) for 5 min, (vi) secondary
antibody (10-nm-diameter gold-conjugated goat anti-rabbit
immunoglobulin G [Ted Pella]) diluted 1:50 in secondary
antibody buffer for 40 to 60 min, (vii) TBS, three times for 5
min each, (viii) 1% glutaraldehyde in TBS for 15 min, (ix)
distilled water at least twice for 5 to 10 min each, and (x) 2%
aqueous uranyl acetate for 15 to 20 min. The grids were then
washed by submersion in a beaker of distilled water and air
dried. The primary antibody was either polyclonal antiserum
against VirBl, VirB4, VirB5, VirB8, VirB9, VirB10, or VirB1l
protein (44), VirE2 protein (9), or preimmune serum. All steps
were performed at room temperature except where indicated.
Labeled cells were observed in the JEOL 100CX or Zeiss 109
transmission electron microscope operating at 80 kV and
photographed. The blocking agent for immunogold labeling
was 5% normal goat serum or 2% ovalbumin supplemented
with 0.2% Tween 20.
The number of gold particles were counted in all longitudi-

nal sections (length greater than twice the width) that were
observed. The maximum expected distance between a gold
particle on the secondary antibody and a labeled antigen is 30
nm, corresponding to the length of the primary-secondary
antibody complex (19). Using a conservative estimate, we
counted gold particles that were within 10 nm (one gold
particle width) on either side of the membrane as being
localized to the inner membrane. Since the width of the inner
membrane itself was 10 nm, the total width of the band
counted as inner membrane was 30 nm. All other gold particles
within a cell section were counted as non-inner membrane
localized.
To calculate the average cell area, images of longitudinally

sectioned cells were imported from photographic negatives by
a video camera (Javelin Ultrichip HiRes CCD) connected to a
Macintosh IIfx computer with Image 1.47 (National Institutes
of Health). By tracing the perimeter of the inner and outer
membranes in Canvas 3.0 (Deneba Systems, Inc.) using the
Bezier curve option, two polygons were created and measured.
One had an area equal to the total area of the cell section, and
the other one had an area equal to the area of the sectioned
cytoplasm. The area of the inner membrane was calculated as
the perimeter of the inner membrane multiplied by 30 nm (see
the explanation above). The area corresponding to the non-
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FIG. 2. Electron micrographs of an independent control, showing localization of VirE2 in ultrathin sections of A. tumefaciens. Two
representative views of VirE2-labeled sections of vir-induced strain A3850. vir gene expression was induced by the addition of acetosyringone to
the growth medium. VirE2 was visualized first with VirE2-specific antiserum as a primary antibody followed by secondary antibody conjugated to
10-nm-diameter gold particles (black dots). Bar = 1 ,um.

inner membrane compartments was calculated as the total area
of the section minus the area of the inner membrane.

Statistical analyses were performed with Systat 5.2.1 (Systat
Inc.). The data were used to test the statistical null hypothesis
that the gold particle concentration associated with the inner
membrane corresponds to the concentration of the other cell
compartments. A generalized likelihood ratio test based on the
frequency distributions in the different cell compartments
allowed a chi-square test of this hypothesis. The chi-square
values have degrees of freedom equal to the number of
sectioned cells counted. The chances of observing a chi-square
value larger than those reported are given as P values.

RESULTS AND DISCUSSION

virB::TnphoA fusions. To test the hypothesis that VirB8
localizes to the membrane, we randomly mutagenized virB8
with the transposon TnphoA. TnphoA is a Tn5 derivative that
contains a truncated form of the alkaline phosphatase gene
phoA in the left inverted repeat of the transposon (26). The
phosphatase gene lacks both a promoter and the signal se-
quences necessary for transport of the enzyme to the periplasm
where it is functional (17). Insertion of TnphoA in the correct
reading frame and orientation, i.e., after a transmembrane or
membrane signal sequence in the target protein, is expected to
yield E. coli colonies with phosphatase activity (26). The
generation of translational fusions with TnphoA has been used
as a technique to identify membrane or periplasmic proteins
and to determine the topology of membrane proteins such as
VirA (28, 54) or VirBlO (49).
We produced TnphoA insertions in a plasmid containing

virB8 and tested them for phosphatase activity in a phos-
phatase deletion strain of E. coli. We obtained 12 isolates

containing insertions of TnphoA in the target plasmid that
restored phosphatase activity. Alkaline phosphatase activity
was measured for 7 of the 12 isolates. The average activity was
63 ± 12 U/min, compared with 3.5 U/min for an alkaline
phosphatase-negative control. Nucleotide sequence analysis
revealed that all TnphoA insertions were in the correct reading
frame with respect to virB and were at the same position in virB
DNA, resulting in a fusion protein that contains the first 60
amino acids of VirB8, a novel amino acid at position 61, and
the alkaline phosphatase protein of TnphoA (Fig. 1). The
insertion site is at the end of the predicted membrane-
spanning region of hydrophobic amino acids in VirB8 (Fig. 1).
The cluster of three positively charged amino acids upstream
of the hydrophobic stretch may function to orient the amino
terminus of VirB8 in the cytoplasm (for a review, see reference
3). The isolation of a virB8::TnphoA fusion that restores
alkaline phosphatase activity confirms earlier evidence that
VirB8 is localized to the bacterial membrane and suggests that
its orientation in the inner membrane may be similar to that of
VirBlO (49).
The finding that the 12 isolates of TnphoA insertions were in

the same position in VirB8 was surprising, since the transposon
from which TnphoA was derived, TnS, has been reported to
have a low specificity for insertion in DNA (14). In contrast, in
parallel experiments where we mutagenized plasmids contain-
ing other virB genes (virB2, virB3, and virB5), we obtained a
more random distribution of insertion sites (12 insertions in
five different sites [data not shown]). Thus, there may be a "hot
spot" for insertion events at this particular site in virB8.
Another group reported a similar result from using TnphoA
mutagenesis of gene IV of the filamentous bacteriophage fl,
where 85% of the insertions were at the same site (32).
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B~~~~~~~*
FIG. 3. Electron micrographs of ultrathin sections of A. tumefaciens labeled with VirB8 antiserum. Induction of A3850 for v'ir gene expression

and immunogold labeling with VirB8 antiserum was done as described for Fig. 2. Control experiments which included vir-induced A3850 labeled
with preimmune serum and uninduced A3850 labeled with VirB8 showed less than one gold particle per section on the inner membrane. Bars =
300 nm. (A) Longitudinal sections. The top two panels are representative of cells from experiment I in Table 1. The bottom two panels are
representative of experiments II and III in Table 1. (B) Representative cross sections of cells from experiment II.

Immunogold labeling of VirB8. The ability to directly ob-
serve the in situ localization of proteins by immunogold
labeling is an obvious advantage over the localization of
proteins by cell fractionation. Immunogold labeling potentially
reveals the location of antigens in relation to the overall cell
architecture and their distribution (i.e., uniform, random, or
clustered) within a cell compartment. For example, immuno-
gold electron microscopy was used to demonstrate the polar

TABLE 1. Gold concentration at inner membrane or non-inner
membrane in immunolabeled ultrathin sections ofA. tumefaciensa

No. of Gold concn (particles/prm2)
Expt and treatment sections Inner Non-inner

observed membrane membrane

Expt I
VirB8 label 68 13.5 1.9
Preimmune control 45 0.8 0.5

Expt II
VirB8 label 123 12.5 4.4
Preimmune control 111 3.0 3.3

Expt III
VirB8 label 83 18.9 5.7
Uninduced control 147 3.5 3.4

aGold label was counted in all longitudinal sections observed. Gold particles
per square micrometer were calculated by dividing the total number of gold
particles observed on the inner membrane (IM) or non-inner membrane (NIM)
by the total area of IM or NIM observed (number of sections observed x
average area of IM or NIM). Average areas of sections through the IM or NIM
were determined independently for samples from two different fixations because
the cell shape was slightly different in each. In the sections from the first fixation
(experiment I and the top two panels of Fig. 3A), the area of IM, averaged from
17 sections, was 0.11 pm2 per cell and NIM area was 0.62 p.m2 per cell. In the
sections from the second fixation (experiments II and III and the bottom two
panels of Fig. 3A), the areas were 0.09 and 0.35 p.m2 per cell, respectively,
averaged from 22 sections.

distribution of a membrane-localized chemoreceptor complex
in Caulobacter crescentus (1, 24).
We analyzed the abilities of polyclonal antisera against seven

different VirB proteins to reveal a pattern of antigen distri-
bution on ultrathin sections of vir-induced A. tumefaciens.
Antibodies bound to VirB proteins were detected by gold-
conjugated secondary antibody and transmission electron mi-
croscopy. Signals produced by all but one of the antibodies
were difficult to detect, either because they were too weak or
the background was too strong. Only antiserum raised against
VirB8 protein produced a sufficiently strong and clean signal to
warrant further analysis.
Immunogold labeling of theA. tumefaciens virulence protein

VirE2 was used as an independent control for subcellular
localization of proteins in vir-induced cells. VirE2 is known to
be abundant in the cytoplasm, as determined by cell fraction-
ation (6) and as predicted by its function in binding single-
stranded T-strand DNA (6, 8, 13). As expected, the gold
particles labeling VirE2 protein were mainly found in the
cytoplasm (Fig. 2). Interestingly, we noticed strings of label
that might correspond to VirE2-coated single-stranded nucleic
acid in two different VirE2-expressing cell types. Because the
strings were observed both in a VirD2 mutant strain lacking
T-strands (M306 [data not shown]) and in a wild-type strain
containing T-strands (A3850), this pattern of labeling may
represent labeling of T-complexes in wild-type cells and non-
specific labeling of single-stranded nucleic acids, such as the
abundant mRNA population, in cells lacking T-strands.
Immunogold labeling of VirB8 was distinct from that of

VirE2. The overall density of labeling was reduced, and the
label was concentrated on the inner membrane (Fig. 3).
Intriguingly, the label associated with the inner membrane
tended to be most dense at the poles of the cells. The statistical
significance of this result is difficult to assess, since the labeling
frequency is low and there is a very small sample size, i.e., it is
relatively improbable that a random section will have occurred
exactly through both poles of the cell. The observation that A.

VOL. 176, 1994



1716 THORSTENSON AND ZAMBRYSKI

tumefaciens binds in a polar fashion to plant cells (27) supports
the idea that a T-DNA export channel containing VirB8 might
be concentrated at the bacterial poles. Since there are func-
tional implications for polar localization of a VirB-containing
export channel, further investigation of this observation is
warranted. The low labeling density was unexpected but may
reflect the possibility that VirB8 is localized only at discrete
sites of the inner membrane that might not be exposed on the
surface of every section and therefore is not detected.
To conclusively demonstrate the in situ localization of VirB8

by immunogold electron microscopy, we performed a statisti-
cal analysis of the gold particle distribution. We counted the
number of gold particles in 577 longitudinal sections of A.
tumefaciens from three different experiments and compared
the concentration of gold particles associated with the inner
membrane with that in the rest of the cell (non-inner mem-
brane). The control for each experiment was either vir-induced
cells labeled with preimmune serum or uninduced cells labeled
with VirB8 antiserum. The data are reported in Table 1 as the
number of gold particles per square micrometer.
The significance of the observation that VirB8 was concen-

trated on the inner membrane of A. tumefaciens was demon-
strated with a chi-square test of data combined from the three
experiments. To combine the data, we first demonstrated that
there were no statistically significant differences between the
three different experiments in the distribution of the label
(data not shown). We then compared the concentration of gold
particles associated with the inner membrane in VirB8-labeled
sections with that of the controls, repeating the comparison for
the non-inner membrane compartments. The difference in the
concentration of gold particles in the non-inner membrane
compartments in VirB8-labeled cells and the concentration in
the negative controls was statistically insignificant (3.81 versus
2.67 gold particles per rnm2; P > 0.05). In contrast, the quantity
of the label on the inner membrane of VirB8-labeled sections
ofA. tumefaciens, 12.8 gold particles per pum2, was significantly
greater (P < 0.001) than that of the controls, with 2.85 gold
particles per pLm2. These statistical analyses support the notion
that VirB8 is localized on the inner membrane of vir-induced
cells.
The inner membrane localization of VirB8, along with its

requirement for virulence (12) and its homology to proteins of
other transport machinery (18, 52), strongly suggests that
VirB8 is a component of the T-DNA export machinery. The
homologies of VirB proteins with the conjugative transfer
proteins do not yet reveal how VirB proteins function to
transport T-DNA, because so little is known about conjugative
transfer mechanisms themselves. However, the intriguing ho-
mologies of VirB proteins with pertussis toxin export machin-
ery suggest VirB-encoded channels may principally function to
transport protein. Indeed, in the process of T-strand produc-
tion, the DNA becomes covalently attached to the VirD2
protein and coated with VirE2 single-stranded binding protein.
In essence, the DNA is hidden and only protein is exposed for
transport. Just as a DNA-protein conjugate could be imported
into mitochondria via the protein import pathway (45), the
T-complex might exit the bacterium through a protein export
channel.
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