Proc. Natl. Acad. Sci. USA
Vol. 86, pp. 1193-1197, February 1989
Biochemistry

Cooperative interaction of Agrobacterium VirE2 protein with
single-stranded DNA: Implications for the T-DNA transfer process

(single-stranded DNA-binding protein/T-DNA transfer complex/VirE2 protein)

VITALY CITOVSKY*, MEI LIE WONG', AND PATRICIA ZAMBRYSKI*

*Division of Molecular Plant Biology, Hilgard Hall, University of California, Berkeley, Berkeley, CA 94720; and tDepartment of Biochemistry and Biophysics,

University of California, San Francisco, San Francisco, CA 94143

Communicated by Michael J. Chamberlin, November 17, 1988 (received for review September 13, 1988)

ABSTRACT Induction of Agrobacterium tumefaciens vir
gene expression by wounded plant cells results in production of
a free transferable single-stranded (ss) copy of T-DNA, the
T-strand. One of the Vir proteins, the VirE2 polypeptide, is a
ssDNA-binding protein. In the present work, interaction of
nopaline-specific VirE2 protein (M, 69,000) with ssSDNA was
studied by using nitrocellulose filter binding, gel retardation,
and electron microscopy techniques. The VirE2 protein was
found to bind to ssDNA molecules with strong cooperativity,
forming VirE2-ssDNA complexes with a binding site of 28-30
nucleotides. The VirE2-ssDNA complexes are stable at high
salt concentrations and resistant to exonucleolytic activity.
When examined under the electron microscope, the VirE2
protein converted collapsed free ssSDNA molecules into un-
folded and extended structures. The structure and properties
of VirE2-ssDNA complexes predict possible functions in Agro-
bacterium virulence to (i) protect the T-strands from cellular
nucleases and (i) facilitate transfer of the T-strands through
bacterial membranes possibly by specific interaction with
putative membrane pores formed in plant-induced Agrobacte-
rium cells.

Proteins capable of preferential binding to single-stranded
DNA (ssDNA) sequences play an essential role in DNA
metabolism. One class of ssDNA-binding proteins (SSBs) is
those with enzymatic activities, such as RNA polymerase
and RecA protein. The latter, for example, is a DNA-
dependent ATPase that regulates an inducible pathway of
DNA repair via its proteolytic activity (1). RecA also pro-
motes pairing of ssSDNA (or partially single stranded) with
homologous duplex DNA (2). Homologous recombination in
Escherichia coli is dependent on another SSB, E. coli SSB,
which serves as an assembly site for RecA protein in its
polymerization along ssDNA (3). E. coli SSB belongs to the
class of so-called ‘‘true’” SSBs, known also as helix-
destabilizing proteins (4). The most-studied SSBs are E. coli
SSB, T4 bacteriophage gene32 protein, and fd bacteriophage
gene$S protein. Common properties of these proteins are (i)
lack of enzymatic activity, (ii) binding to ssDNA without
sequence specificity and in preference to double-stranded
DNA (dsDNA), (iii) requirement in stoichiometric rather
than catalytic amounts, and (iv) cooperative binding to
ssDNA.

E. coli SSB protects ssDNA from nucleolytic digestion, is
required for DNA recombination and repair, and stimulates
E. coliDNA polymerases (4). The ssDNA-binding properties
of E. coli SSB are complex. This protein exists as a stable
tetramer over a wide range of salt concentrations (5) and has
been shown to possess two binding modes that differ by the
number of nucleotides occluded upon DNA binding. At high
binding densities—i.e., high protein-ssDNA mass ratios—
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and low salt concentrations a smooth-contoured complex is
formed with a binding site of 33-36 nucleotides per SSB
tetramer (5). Under other conditions, low binding densities
and/or high salt concentrations, a complex with beaded
morphology and a binding site of 60-65 nucleotides per SSB
tetramer is observed (5, 6). Each ‘‘bead’’ is composed of two
SSB tetramers, and beads are interspersed by 30 nucleotides
of protein-free ssDNA (6).

Gene32 protein of T4 bacteriophage is also essential for
DNA replication, recombination, and repair processes (4).
Binding of T4 gene32 protein to ssDNA is highly cooperative
and always results in formation of smoothly contoured
protein-ssDNA complexes with a binding site of 6-8 nucle-
otides per protein molecule (4, 7, 8). Though E. coli SSB and
T4 gene32 proteins are required for DNA replication, gene$
protein of filamentous bacteriophages has been proposed to
act as a repressor of complementary strand synthesis (9).
Tight and cooperative binding (10) of gene$5 protein to newly
synthesized ssDNA phage molecules prevents conversion to
replicative form template and initiates phage assembly (9).

Recently a ssDNA-binding protein was also shown to be
involved in a unique process of transfer of genetic informa-
tion from Agrobacterium tumefaciens to plant cells (11-14).
Agrobacterium genetically transforms plants by transferring
a specific segment, the T-DNA, from its Ti plasmid to plant
genome. The T-DNA is a cis-acting element that does not
itself encode products essential for the transfer (reviewed in
ref. 15). Only the ends of the T-DNA segment—i.e., 25-
base-pair (bp) direct repeat border sequences—are recog-
nized during its mobilization from the Ti plasmid. The
trans-acting functions that mediate transfer are encoded by
the Ti plasmid virulence (vir) region. This region is organized
into six loci, virA, virB, virC, virD, virE, and virG (16), and
its transcription is specifically activated by phenolic com-
pounds secreted from wounded plant cells (17). Following
plant-induced transcriptional activation of the vir region, a
free transferable copy of the T-DNA, identified as a ssDNA
molecule—the T-strand, is mobilized from the Ti plasmid (18,
19). We (12) and others (11, 13, 14) have shown that the
largest open reading frame of the virE locus, virE2, encodes
a ssDNA-binding protein. Earlier studies suggested that
protein products of virE locus may be secreted extracellularly
by plant-induced Agrobacterium, since insertional mutants
of this locus can be complemented by coinoculation with
bacteria harboring a wild-type Ti plasmid (20). These obser-
vations indicate that the VirE2 protein may function outside
the bacterial cell potentially forming complexes with the
ssDNA transfer intermediate, the T-strand. In fact, it is
conceivable that VirE2 participates directly in transfer of
T-strands from Agrobacterium into plant cells. Thus, char-
acterization of VirE2-ssDNA complexes is likely to provide
new insights regarding this process.

Abbreviations: ssDNA, single-stranded DNA; dsDNA, double-
stranded DNA; SSB, ssDNA-binding protein.
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In the present work, filter binding and gel retardation
assays were utilized to characterize the mode of VirE2
binding to ssDNA molecules. Electron microscopy studies
also revealed that VirE2 protein converts collapsed free
ssDNA molecules into thin and extended structures. Such
VirE2-ssDNA complexes are insensitive to exonuclease VII
and S1 nuclease activities. Strong and cooperative binding of
VirE2 to ssDNA suggests that in Agrobacterium the T-
strands exist as VirE2 protein-coated rather than free mole-
cules. Based on the properties of VirE2-ssDNA complexes,
we propose that the T-strands are transferred from Agrobac-
terium into plant cells as protein-ssDNA complexes and that
VirE2 molecules are a part of this transfer structure.

MATERIALS AND METHODS

Purification of VirE2 Protein. The nopaline VirE2 coding
sequence, cloned in the T7 RNA polymerase expression
vector pET3b (12), was transformed into E. coli BL21(DE3)
cells that carry the T7 RNA polymerase gene (under the
lacUV5 promoter) integrated into the bacterial chromosome
(21). For overexpression of VirE2 protein, S00 ml of cells (OD
= 0.6) was induced with 0.4 mM isopropyl B-D-thiogalac-
toside for 1 hr at 37°C, centrifuged (10,000 X g for 5 min at
4°C), resuspended in 3 ml of lysis buffer (10 mM Tris-HCI, pH
8.0/200 mM NaCl/10 mM EDTA/0.5 mM dithiothreitol/0.5
mM phenylmethylsulfonyl fluoride/10% glycerol), and dis-
rupted in a French press minicell at 20,000 psi (1 psi = 6.89
kPa). The lysate was passed through a 26-gauge needle to
shear DNA and centrifuged at 10,000 X g for 5 min at 4°C. The
overproduced VirE2 protein occurred mainly in an insoluble
fraction after lysis. The final pellet fraction was washed four
times in lysis buffer containing 1 M NaCl, resuspended in the
same buffer with 2.5 M urea, and centrifuged (25,000 x g for
15 min at 4°C), and the supernatant was dialyzed against lysis
buffer. This procedure solubilizes about 50% of the overpro-
duced protein and yields 100-200 ug of soluble VirE2 per 10°
E. coli cells. The partly purified VirE2 preparation was
diluted 1:1 with Laemmli sample buffer and electrophoresed
(without preboiling) on a preparative 7.5% polyacrylamide/
SDS gel. The M, 69,000 band of VirE2 protein was excised
from the gel, electroeluted in TBE buffer (90 mM Tris
base/90 mM boric acid/20 mM EDTA), dialyzed in lysis
buffer, and stored at —70°C until use.

In Vivo Labeling of M13mp7 DNA. E. coli IM107 cells (OD
= 0.6) were infected with M13mp7 (multiplicity of infection
= 10) and grown for 12 hr at 37°C in 50 ml of low phosphate
medium (22) in the presence of 2.5 mCi (1 Ci = 37 GBq) of
32p.. The cells were centrifuged (10,000 X g for 10 min at 4°C),
the phage ?a’rticles were precipitated with polyethylene
glycol, and *?P-labeled ssDNA of M13mp7 (specific activity
of 5 x 10° cpm/ug of DNA) was isolated (23, 24). Circular
M13mp7 DNA was linearized following digestion with
BamHI.

Nitrocellulose Filter Binding Assay. Nitrocellulose filters
(0.45 um, Whatman) were pretreated by consecutive 20-min
washes in each of the following: 0.5 M NaOH, distilled water,
and 0.5 M Tris*HCI (pH 8.0). For binding experiments, the
indicated amounts of either VirE2 protein or E. coli SSB
(United States Biochemical) were incubated at 0°C for 15 min
(or as indicated) with 10 ng of *?P-labeled M13mp7 ssDNA in
20 ul of buffer B (10 mM Tris*HCl, pH 8.0/10% glycerol and
either 200 mM NaCl for experiments with VirE2 or 50 mM
NaCl for experiments with E. coli SSB). After incubation, the
samples were applied to the pretreated filters and washed
with 20 ml of buffer B at a flow rate of 5 ml/min.

Retardation of Gel Electrophoresis. VirE2 or E. coli SSB
was incubated in 20 ul of buffer B at 0°C for 15 min with 1.0
ng of heat-denatured probe DNA [587-bp Hae III fragment of
pUC18 blunt end-labeled (23) to a specific activity of 2 x 107
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cpm/ug]. At the end of the incubation period the samples
were loaded onto a 4% native polyacrylamide gel and
electrophoresed as described (12).

Electron Microscopy. M13mp7 ssDNA and M13mp7 ss-
DNA-VirE2 complexes were prepared for electron micro-
scopic visualization using two basic techniques. For direct
platinum shadowing, samples in buffer B were applied for 1
min to a glow discharged carbon-coated grid and shadowed
with platinum at an angle of 8°. For spreading on cytochrome
films, the protein-ssDNA binding was performed in buffer B
with Tris‘HCI substituted for sodium phosphate (10 mM, pH
8.0). The samples were fixed with 1% glutaraldehyde for 10
min at 37°C and spread with cytochrome c as described (24),
and the grid was shadowed with platinum as above. Pictures
were taken with a magnification of 33,000 at 80 kV.

RESULTS

Binding of VirE2 Protein to ssDNA Is Highly Cooperative.
VirE2 protein has been shown to preferentially bind ssDNA
without sequence specificity (11-14). ssDNA of M13mp7
(25), which is readily available and can be easily linearized by
restriction endonucleases, was therefore utilized as a probe
for VirE2-ssDNA interactions. A filter binding assay was
used to determine the maximal amount of VirE2 protein
capable of binding to M13mp7 ssDNA. Nopaline Ti plasmid-
specific VirE2 polypeptide was titrated in the presence of a
constant limiting concentration of either circular or linearized
radioactively labeled M13mp7 ssDNA. Binding curves for
both DNAs (Fig. 14) showed similar weight ratios of 7:1 for
VirE2:ssDNA at saturation, corresponding to an apparent
stoichiometry of 30 nucleotides per VirE2 monomer. Control
experiments using SSB of E. coli (Fig. 1B) revealed a 36
nucleotides/SSB tetramer stoichiometry corresponding to a
protein:ssDNA weight ratio of 6:1 at saturation. These latter
results agree with existing data, since under the conditions
used here—i.e., saturating amounts of SSB, low salt con-
centration (50 mM NaCl), and absence of Mg?* ions—a
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FiG. 1. Saturation of limiting ssDNA by increasing amounts of
VirE2 protein or E. coli SSB. Ten nanograms of radioactively labeled
circular (0) or linearized (8) M13mp7 ssDNA was incubated with the
indicated amounts of VirE2 protein (A and C) or E. coli SSB (B and
D) and the extent of protein-ssDNA binding was determined by using
nitrocellulose filter binding. (A and B) Saturation binding curves. (C
and D) Double reciprocal plots derived from the binding data shown
in A and B, respectively. Each point represents the average from
three different experiments.
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smooth contoured binding mode with 33-36 nucleotides/SSB
tetramer binding site has been observed for the E. coli SSB
(5). Further precise analysis of VirE2 binding parameters
requires direct measurements of free ligand (protein) con-
centrations. The filter binding assay is not suitable for this
purpose, since this technique is based on irreversible binding
of proteins to nitrocellulose. However, a general mode of
VirE2-ssDNA interaction can be evaluated from double
reciprocal plots of the binding data from Fig. 1 A and B.

SSBs can bind any ssDNA with equal affinity (4, 26). As
such, ssDNA presents a continuous lattice of potential
protein-binding sites, rather than individual discrete and
isolated binding sequences. Since every nucleotide can
initiate attachment of SSB to DNA, noncooperatively bound
SSB molecules will be randomly distributed on the DNA
lattice (26). Due to steric interference, randomly bound SSB
will impair attachment of additional molecules to some of the
still unoccupied regions of the ssDNA. This type of binding
behavior is characteristic for negative cooperativity and
results in nonlinear concave double reciprocal plots of
binding data (26, 27). Positive SSB-SSB protein cooperativ-
ity antagonizes this nonlinearity and leads to plots of the
opposite convex curvature (26, 27). The results in Fig. 1C
show the double reciprocal plot for VirE2-ssDNA binding.
The plot curvature is convex, indicating a positively coop-
erative mode of binding. Similar results were obtained in
control experiments for binding of E. coli SSB (see Fig. 1D),
which exhibits positive cooperativity at saturation binding
densities (4, 5).

Further support to a cooperative mode of VirE2-ssDNA
binding is derived from gel retardation experiments. The
results in Fig. 2A show that increasing the VirE2-ssDNA
weight ratio results in a sharp transition from free, nonre-
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F1G.2. Cooperative binding of ssDNA probe by VirE2 protein or
E. coli SSB as assayed by gel retardation. Increasing amounts of
protein were incubated with 1.0 ng of 32P-labeled heat-denatured
probe DNA and protein-ssDNA complexes were resolved by using
éesl retardation. (A) Binding of VirE2 protein. (B) Binding of E. coli

B.
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tarded ssDNA to protein bound, strongly retarded probe.
This change from zero to essentially complete protein—
ssDNA binding occurs over a narrow range of VirE2 con-
centration and indicates a highly cooperative mode of protein
binding. VirE2 binding cooperativity appears to be even
stronger—namely, to exhibit a closer to ‘‘all or none”
behavior—than E. coli SSB (Fig. 2B). Distinct bands of
partially retarded ssDNA, which appear at subsaturating
concentrations of E. coli SSB (Fig. 2B), represent partly
coated ssDNA probe molecules. This result may reflect
different binding modes for E. coli SSB depending on the
protein-binding density (5, 6).

The gel retardation experiments shown in Fig. 2 also define
the minimum protein: DN A weight ratios needed for complete
binding: 7.5:1 for VirE2-ssDNA and 6.5:1 for E. coli SSB-
ssDNA complexes. The size of binding sites expected from
these ratios will average to 28 nucleotides for nopaline VirE2
and 34 nucleotides for E. coli SSB tetramer. This confirms the
sizes of the binding sites derived from filter binding experi-
ments (Fig. 1).

Visualization of VirE2-ssDNA Complexes. When VirE2
binding to ssDNA was examined under the electron micro-
scope, dramatic changes in DNA conformation were ob-
served. Fig. 34 shows that free ssDNA molecules of M13mp7
appear as folded and collapsed structures. These disappear
upon addition of VirE2 polypeptide, indicating formation of
protein-ssDNA complexes. These putative complexes, how-
ever, could not be readily visualized by using direct platinum
shadowing, and only careful examination reveals contours of
unfolded DNA molecules (Fig. 3B) in an otherwise seemingly

E

F1G. 3. Visualization of VirE2 or E. coli SSB complexes with
ssDNA. M13mp7 ssDNA (0.03 ug) was incubated for 15 min at 4°C
alone (A and C) or in the presence of 0.6 ug of either VirE2 protein
(B and D) or E. coli SSB (E). Samples were processed for direct
platinum shadowing (A and B) or fixed and spread on cytochrome
films (C-E).
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empty field. Since the potential function of VirE2 protein is
to facilitate transfer of ssDNA molecules through cell mem-
branes, one might expect it to form very thin extended
structures with ssDNA. To better visualize these VirE2-
M13mp7 ssDNA complexes we used the technique of spread-
ing nucleic acids on a cytochrome film (24). A similar
approach has been successfully used for visualization of gene
32 protein complexes with fd DNA (8). When spread on
cytochrome film, free M13mp7 ssDNA appears as partially
unfolded circles (Fig. 3C) with an average length (mean *
SD) of 0.84 * 0.12 um. Binding of the VirE2 protein leads to
an increase in length of about 55% to 1.3 + 0.19 um. In this
respect binding of VirE2 to ssDNA differs from that of
another SSB, E. coli SSB, which, under the same conditions,
condenses ssDNA molecules by one-third (Fig. 3E).

Previous studies using gel retardation (11-14) showed that
VirE2 protein does not bind to dsDNA. The probe DNA used
in this assay is necessarily very short (usually 500 bp), and
thus the possibility of potential affinity to long native dssDNA
molecules could not be excluded. Indeed, T4 bacteriophage
gene32 protein has been shown to bind and locally denature
dsDNA of simian virus 40 and of bacteriophage A when
prepared for electron microscopy (8). Such structures, how-
ever, were not found following incubation of VirE2 protein
with dsDNA of A bacteriophage (data not shown).

Kinetics and Salt Dependence of VirE2 Binding to ssDNA.
The strength of protein binding to DNA is often reflected by
the concentration of salt required to inhibit formation of the
protein-DNA complexes. By using the filter binding tech-
nique and saturating amounts of VirE2 protein we found that
50% inhibition of formation of VirE2-ssDNA complexes is
achieved at 0.6 M NaCl (Fig. 44). Concentrations greater
than 1 M NaCl almost completely prevented binding of VirE2
to ssDNA. These data suggest that VirE2-ssDNA complexes
are very stable under physiological (0.1-0.2 M) salt concen-
trations. Binding of VirE2 to ssDNA is a rapid process. The
results in Fig. 4B demonstrate that at 0°C VirE2 forms
complexes instantaneously with both linear and circular
ssDNA molecules. These observations indicate a strong
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F1G6. 4. Binding of VirE2 to linear ssDNA molecules: Effect of
salt concentration and kinetics. (A) VirE2 protein (100 ng) was
incubated at 0°C for 15 min with 10 ng of radioactively labeled linear
ssDNA of M13mp7 in the presence of the indicated concentrations
of NaCl. After incubation, the samples were applied to nitrocellulose
filters, washed with 5 ml of the corresponding incubation buffer, and
then washed with 20 ml of buffer B. (B) VirE2 protein (80 ng) was in-
cubated at 0°C with 10 ng of radioactively labeled linear (®) or circular
(0) M13mp7 ssDNA in 20 ul of buffer B. At the indicated time
intervals samples were withdrawn and the extent of protein-ssDNA
binding was determined by using nitrocellulose filter binding.
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FiG. 5. Effect of VirE2 protein on exonucleolytic degradation of
linear ssDNA. 32P-labeled linear ssDNA of M13mp7 (10 ng) was
incubated in 20 ul at 0°C for 15 min either alone (@) or with 100 ng
of VirE2 protein (0). One-half unit of exonuclease VII (A4) or 1 unit
of S1 nuclease (B) was added in 80 ul of the appropriate reaction
buffer (prewarmed to 37°C) and the incubation was continued at
37°C. At the indicated times, samples were withdrawn and precip-
itated with 5% cold trichloroacetic acid in the presence of 10 ug of
carrier tRNA per ml. Acid-insoluble DNA was pelleted (12,000 x g
for 5 min at 4°C), and one-half of the supernatant was assayed for
radioactivity in a Tri-Carb Packard 4530 liquid scintillation counter.

affinity of VirE2 for ssDNA, a characteristic feature of SSBs
).

VirE2-ssDNA Complexes Are Resistant to Exonucleases.
Linear ssDNA of M13mp7 is readily degraded by exonu-
clease VII (Fig. SA) and by S1 nuclease (Fig. 5B) (both
enzymes are 3’ and 5’ exonucleases specific for ssDNA and
S1 nuclease also acts as an endonuclease). The susceptibility
of ssDNA to exonucleases is dramatically decreased follow-
ing formation of VirE2-ssDNA complexes. Only 5% of
protein-bound ssDNA is degraded after 10 min at 37°C with
exonuclease VII, whereas as much as 80% of the free DNA
is degraded under the same conditions. Moreover, even after
1 hr of incubation with exonuclease VII, when 100% of the
free ssDNA has been destroyed, most of the ssDNA in
complex with VirE2 protein is still intact (Fig. 5A). Similar
results were obtained following S1 nuclease treatment of
VirE2-ssDNA complexes (Fig. 5B).

DISCUSSION

We present evidence that the nopaline-specific VirE2 protein
of Agrobacterium binds cooperatively to ssDNA. Electron
microscopy shows that this binding produces unfolded pro-
tein—ssDNA complexes with a characteristic and potentially
unique structure. These complexes are unusually thin, their
diameter being at the limit of resolution under the electron
microscope using direct platinum shadowing—i.e., about 20
A. The calculated length of these complexes is about 1.8 A
per nucleotide. This is in contrast to other SSBs. For
example, gene 32 protein also forms an extended complex
with ssDNA (4.6 A per nucleotide), but this complex has a
diameter of up to 70 A (8). Also, the VirE2-binding mode
differs from that of E. coli SSB. Upon its binding the latter
condenses rather than extends ssDN A molecules (ref. 28 and
this work) and possesses only a limited cooperativity (29) in
its biologically active beaded binding morphology (3). This
difference may explain why the virE2 gene product does not
complement a ssh mutation in E. coli (14).
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In addition to its high cooperativity, binding of VirE2 to
ssDNA is characterized by very rapid, almost instantaneous
kinetics resulting in the formation of stable protein-ssDNA
complexes. Furthermore, these complexes, when formed
with linear ssDNA, appear to be extremely resistant to
exonucleolytic digestion. This efficiency of VirE2 binding to
ssDNA, as well as its relative abundance in plant-induced
Agrobacterium (12, 30), makes sense. VirE2 protein is pro-
duced following the activation of the T-DNA transfer pro-
cess. The transfer intermediate, the T-strand, is a sSDNA
molecule produced at about one copy per induced bacterial
cell (18). The relative abundance of the VirE2 protein and its
high affinity for ssDNA would allow this protein to rapidly
find and coat a single T-strand molecule before it is destroyed
by intracellular and/or extracellular nucleases. Once the
VirE2-T-strand complex is formed, it will potentially remain
stable during the process of T-DNA transfer. We propose,
therefore, that the T-strand is transferred to plant cells not as
a free ssDNA molecule but as a protein-ssDNA structure
designated the T (transfer)-complex.

Nononcogenic Ti plasmids, where most of the internal
sequences of the T-DNA have been deleted and replaced by
DNA of interest, have been successfully used as vectors for
plant transformation (see ref. 15). This observation implies
that any DNA located between 25-bp border sequences can
be transferred to plants and function as the T-DNA. Thus, the
T-DNA as well as its T-strand derivative and the putative
T-complex are sequence nonspecific. Therefore, electron
micrographs presented here may actually visualize a poten-
tial structure of the T-DNA transfer complexes. DNA trans-
fer from Agrobacterium to plant cells was proposed to
represent an adaptation of bacterial conjugation (18, 31). By
analogy with this process, T-DNA transfer is likely to occur
through pores or channels in bacterial and plant membranes
(possibly formed by other vir proteins) (31, 32). Thus, it is
especially interesting that the electron microscopic data show
VirE2-ssDNA complexes are very thin and extended, po-
tentially adapted to be transferred through such putative
channels. Extracellular complementation of insertional mu-
tants of the virE locus (20) implies that its protein products are
indeed capable of transmembrane trafficking. Thus, we
expect that VirE2, as a part of the T-complex, will specifi-
cally recognize the putative membrane pores to facilitate
passage of the T-complex.

Results presented in this work indicate that the VirE2
protein plays a direct role in transfer of T-DNA. This idea is
further strengthened by observations that intact virE operon
is required for full expression of Agrobacterium virulence.
Genetic studies revealed that insertional mutants of the
octopine-specific virE locus are completely avirulent on
Kalanchoe spp. and cause attenuated tumors on Nicotiana
tabacum (16), whereas deletion mutants of nopaline-specific
virE locus are nononcogenic both on Kalanchoe spp. and
tomato (33). Why virE mutants still possess a residual
oncogenic activity on some plant hosts is not clear. By
analogy with the F-factor SSB in bacterial conjugation (34),
the absence of VirE2 protein might be in part compensated by
other bacterial and/or plant ssDNA-binding proteins. Bind-
ing of these proteins to the T-strand may protect it sufficiently
to allow some T-strand to be transferred. This low efficiency
of T-DNA transfer may suffice to cause attenuated tumors in
particularly susceptible plants but will be completely aviru-
lent on other, less susceptible host species.

The physiological role of VirE2 protein remains to be
demonstrated. Direct interaction of VirE2 with Agrobacte-
rium membrane proteins [for example, with plant-inducible
virB proteins, which were shown to fractionate to the
bacterial envelope (30)] should now be sought. Furthermore,
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demonstrating that VirE2 protein is present on native T-
strand—protein complexes isolated from Agrobacterium and/
or infected plant cells is critical to proving its role in the
T-DNA transfer process.

We are grateful to Bruce Alberts for stimulating and helpful
discussions and critical reading of this manuscript. This work was
supported by National Science Foundation Grant (DMB-8617772)
and in part by Department of Energy Grant (DE-FG03-88ER13882)
(to P.Z.). V.C. is the recipient of the Dr. Chaim Weizmann Post-
doctoral Fellowship.

1. Radding, C. M. (1982) Annu. Rev. Genet. 16, 405-437.
2. Little, J. W. & Mount, D. W. (1982) Cell 29, 11-22.
3. Griffith, J. D., Harris, L. D. & Register, J., III (1984) Cold
Spring Harbor Symp. Quant. Biol. 49, 553-559.
4. Chase, J. W. & Williams, K. R. (1986) Annu. Rev. Biochem.
55, 103-136.
S. Lohman, T. M. & Overman, L. B. (1985) J. Biol. Chem. 260,
3594-3603.
6. Chrysogelos, S. & Griffith, J. D. (1982) Proc. Natl. Acad. Sci.
USA 79, 5803-5807.
7. Alberts, B. & Frey, L. (1970) Nature (London) 227, 1313-1318.
8. Delius, H., Mantell, N. J. & Alberts, B. (1972) J. Mol. Biol. 67,
341-350.
9. Salstrom, J. S. & Pratt, D. (1971) J. Mol. Biol. 61, 489-498.
10. Alberts, B., Frey, L. & Delius, H. (1972) J. Mol. Biol. 68, 139~
152.
11. Gietl, C., Koukolikova-Nicola, Z. & Hohn, B. (1987) Proc.
Natl. Acad. Sci. USA 84, 9006-9010.
12. Citovsky, V., De Vos, G. & Zambryski, P. (1988) Science 240,
501-504.
13. Das, A. (1988) Proc. Natl. Acad. Sci. USA 85, 2909-2913.
14. Christie, P. J., Ward, J. E., Winans, S. C. & Nester, E. W.
(1988) J. Bacteriol. 170, 2659-2667.
15. Zambryski, P. (1988) Annu. Rev. Genet. 22, 1-30.
16. Stachel, S. & Nester, E. W. (1986) EMBO J. 5, 1445-1454.
17. Stachel, S., Messens, E., Van Montagu, M. & Zambryski, P.
(1985) Nature (London) 318, 624—-629.
18. Stachel, S., Timmerman, B. & Zambryski, P. (1986) Nature
(London) 322, 706-712.
19. Stachel, S., Timmerman, B. & Zambryski, P. (1987) EMBO J.
6, 857-863.
20. Otten, L., DeGreeve, H., Leemans, J., Hain, R., Hooykass, P.
& Schell, J. (1984) J. Bacteriol. 144, 82-91.
21. Studier, F. W. & Moffatt, B. A. (1986) J. Mol. Biol. 189, 113~
130.
22. Lindqvist, B. & Sinsheimer, R. L. (1967) J. Mol. Biol. 28, 87—
94,

23. Maniatis, T., Fritsch, E. F. & Sambrook, J. (1982) Molecular
Cloning: A Laboratory Manual (Cold Spring Harbor Lab., Cold
Spring Harbor, NY).

24. Koller, B. & Delius, H. (1984) Cell 36, 613-622.

25. Messing, J., Crea, R. & Seeburg, P. H. (1981) Nucleic Acids
Res. 9, 309-321.

26. McGhee, J. D. & von Hippel, P. H. (1974) J. Mol. Biol. 86,
469-489.

27. Levitzki, A. (1980) in Cellular Receptors for Hormones and
Neurotransmitters, eds. Schulster, D. & Levitzki, A. (Wiley,
New York), pp. 9-28.

28. Chrysogelos, S., Dunn, K., Griffith, L., Manning, M. & Moore,
C. (1981) Proc. Annu. Meet. Electron Microsc. Soc. Am. 39,
448-451.

29. Bujalowski, W. & Lohman, T. M. (1987) J. Mol. Biol. 195, 897-
907.

30. Engstrom, P., Zambryski, P., Van Montagu, M. & Stachel, S.
(1987) J. Mol. Biol. 197, 635-645.

31. Stachel, S. & Zambryski, P. (1986) Cell 47, 155-157.

32. Citovsky, V., Howard, E., Winsor, B. & Zambryski, P. (1989)
UCLA Symp. Mol. Cell. Biol. New Ser. 101, in press.

33. McBride, K. E. & Knauf, V. C. (1988) J. Bacteriol. 170, 1430-
1437.

34. Chase, J. W., Merr, B. M. & Williams, K. R. (1983) Proc.
Natl. Acad. Sci. USA 80, 5480-5484.



