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The transferred DNA (T-DNA) portion of the Agrobacterium tumefaciens tumor-inducing (Ti) plasmid enters
infected plant cells and integrates into plant nuclear DNA. Direct repeats define the T-DNA ends; transfer
begins when the VirD2 endonuclease produces a site-specific nick in the right-hand border repeat and attaches
to the 5* end of the nicked strand. Subsequent events liberate the lower strand of the T-DNA from the Ti
plasmid, producing single-stranded DNA molecules (T strands) that are covalently linked to VirD2 at their 5*
ends. A. tumefaciens appears to transfer T-DNA into plant cells as a T-strand–VirD2 complex. The bacterium
also transports VirE2, a cooperative single-stranded DNA-binding protein, into plant cells during infection.
Both VirD2 and VirE2 contain nuclear localization signals that may direct these proteins, and bound T
strands, into plant nuclei. Here we report the locations of functional regions of VirE2 identified by eight
insertions of XhoI linker oligonucleotides, and one deletion mutation, throughout virE2. We examined the
effects of these mutations on virulence, single-stranded DNA (ssDNA) binding, and accumulation of VirE2 in
A. tumefaciens. Two of the mutations in the C-terminal half of VirE2 eliminated ssDNA binding, whereas two
insertions in the N-terminal half altered cooperativity. Four of the mutations, distributed throughout virE2,
decreased the stability of VirE2 in A. tumefaciens. In addition, we isolated a mutation in the central region of
VirE2 that decreased tumorigenicity but did not affect ssDNA binding or VirE2 accumulation. This mutation
may affect export of VirE2 into plant cells or nuclear localization of VirE2, or it may affect an uncharacterized
activity of VirE2.

Agrobacterium tumefaciens causes crown gall tumors on
many dicotyledonous plant species when the bacterium infects
wounded tissue (18). This bacterium harbors the Ti plasmid,
where genes essential for tumorigenesis are located (64, 70).
The T-DNA portion of the Ti plasmid enters plant cells and
integrates into nuclear DNA (8, 9, 72). Tumorous growth re-
sults from expression of three T-DNA genes that encode bio-
synthetic enzymes for two plant growth hormones, auxin (in-
dole acetic acid) and cytokinin (isopentenyl adenosine) (for
reviews, see references 46, 73, and 79).

Virulence (vir) genes necessary for T-DNA transmission
(transfer and integration) lie elsewhere on the Ti plasmid (22,
56). VirA, a signal receptor/kinase protein located in the bac-
terial membrane, phosphorylates VirG, a transcriptional acti-
vator, in response to phenolic compounds (55) and sugars
released by wounded plant cells (for reviews, see references 28
and 73). Phosphorylated VirG protein activates transcription
of its own gene and other vir operons (73). Export of T-DNA
and proteins (VirD2 and VirE2) from A. tumefaciens into plant
cells depends on membrane-associated proteins encoded by
the virB operon, which contains 11 genes (for reviews, see
references 28 and 79), and the virD4 gene (10, 40). The VirB
proteins are similar in amino acid sequence to pertussis toxin
liberation (Ptl) proteins of Bordetella pertussis, which mediate
export of pertussis toxin (15, 71), and to proteins that mediate
conjugal transfer of IncPa plasmid RP4 (Trb proteins) (37)

and IncN plasmid pKM101 (Tra proteins) (44). VirD4 is sim-
ilar to TraG, another protein required for conjugal transfer of
RP4 (37). Thus, proteins essential for crown gall tumorigenesis
appear to permit export of specific Vir proteins and T-DNA
into plant cells by pathways similar to those that operate in
other bacteria.

T-DNA transfer requires, in cis, the right-hand 25-bp border
sequence, while deletions that remove it abolish tumorigenesis
(43, 51, 66). The loss of a nearby sequence, designated over-
drive, reduces tumorigenesis several hundredfold (42); the virC
operon, which is also necessary for full virulence, encodes a
protein (VirC1) that binds overdrive (63). T-DNA transfer be-
gins when an endonuclease comprised of VirD1 and VirD2
nicks at a specific site within the right-hand border sequence
(67, 76) and attaches to the 59 end of the nicked strand (20, 25,
29, 68, 77). Displacement, in a 59-to-39 direction, of the bottom
(nicked) strand of the T-DNA produces linear VirD2-bound
single-stranded DNAs (ssDNAs) called T strands (1, 32, 57),
which the bacterium appears to export into plant cells (59).
A. tumefaciens also exports VirE2 into plant cells via a vir-

dependent pathway; however, transfer of VirE2 and the T-
strand–VirD2 complex can occur independently. A virE2 mu-
tant can transfer T strands into plant cells, and a virE1 strain
that lacks T-DNA can export VirE2 into plant cells; thus,
inoculation of two such nonpathogenic strains onto the same
plant wound restores tumorigenesis (41). This phenomenon,
called extracellular complementation, requires functional VirB
proteins, VirD4, and loci (chvA, chvB, and exoC) necessary for
binding of A. tumefaciens to plant cells (10). The latter obser-
vation indicates that the virE1 strain probably exports VirE2
directly into plant cells, rather than into the virE2 mutant.

Additional evidence shows that VirE2 and T strands can be
exported separately to plant cells. First, export of VirE2, but
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not of T strands, requires VirE1 (60). Second, mobilization of
the IncQ plasmid RSF1010 from A. tumefaciens into plant cells
through the VirB pore (6, 7) interferes with T-DNA transmis-
sion and abolishes tumorigenesis (69) by preventing transfer of
VirE2 into plant cells (4). The presence of RSF1010 in A.
tumefaciens reduces but does not eliminate transfer of T-DNA
to plant cells (4). Thus, transfer of T strands can occur even
though export of VirE2 is blocked (4, 60).

VirE2, which binds to ssDNA cooperatively (10, 11, 13, 17,
24, 50), plays an important role inside plant cells but not inside
A. tumefaciens. T strands accumulate to the wild-type level in
virE2 mutants (58, 65), indicating that VirE2 does not stabilize
T strands inside bacterial cells. In addition, virE2 mutants can
transfer T strands into plant cells (78), although at an unknown
efficiency, proving that VirE2 is not essential for export of T
strands. Transgenic tobacco plants that produce VirE2 are
susceptible to transformation by virE mutant A. tumefaciens
(14), indicating that VirE2 is necessary inside plant cells.

VirE2 and VirD2 both contain plant nuclear localization
signals (NLSs) (14, 26, 30, 52, 61); inside plant cells these
signals appear to target both proteins and the T-DNA to the
nucleus (48, 62, 80), where the T-DNA integrates into the
plant genome. The NLSs in VirD2 and VirE2 are similar to the
type found in nucleoplasmin from the amphibian Xenopus lae-
vis (47). Proteins are directed to the nucleus by NLS sequences
and enter by ATP-dependent active transport through nuclear
pores (54). Typical NLSs are short regions rich in basic amino
acids (54). Many NLSs, including those in VirE2, VirD2, and
nucleoplasmin, are bipartite sequences that contain two inter-
dependent basic domains, both needed for full activity (14, 30,
47). NLS-binding proteins recognize NLSs and direct NLS-
containing proteins to nuclear pores, where transport into nu-
clei occurs (54). The NLS in VirD2 plays an important role in
tumorigenesis, presumably by facilitating nuclear entry of the
VirD2–T-strand complex (48). However, deletion of this NLS
does not abolish tumorigenesis (52), suggesting that VirE2,
which contains two bipartite NLSs (14), may also target T
strands to plant nuclei. Indeed, purified VirE2 mediates nu-
clear uptake of fluorescently labeled ssDNA in plant cells (80).
A T strand 15 kb long can bind 500 molecules of VirE2 (11)
but only one of VirD2; therefore, it seems likely that the VirE2
NLSs play an important role in nuclear transport of T strands.

Here we report the stability, virulence, and ssDNA binding
properties of nine mutant VirE2 proteins. A deletion removed
10 amino acids from a serine-rich putative protein-protein
interaction motif but had little effect on tumorigenesis or
ssDNA binding. Eight mutations were insertions of XhoI linker
oligonucleotides throughout virE2. Two of the insertions in the
C-terminal half of VirE2 destroyed its ability to bind ssDNA.
Other insertions, located in the N-terminal half of VirE2, af-
fected the cooperativity of ssDNA binding: one mutation re-
duced cooperativity whereas another dramatically increased
cooperativity. One particularly interesting insertion in the cen-
tral portion of virE2 did not affect ssDNA binding but pro-
foundly reduced tumorigenesis. This mutation may interfere
with export of VirE2 into plant cells or import into nuclei;
alternatively, this mutation may disrupt an uncharacterized
activity of VirE2 that is crucial for tumorigenesis.

MATERIALS AND METHODS

Bacterial strains. Table 1 lists the bacterial strains and plasmids used. All
strains of A. tumefaciens were derived from A348, which harbors the octopine-
type Ti plasmid pTiA6NC in the C58 chromosomal background (23).
Media and bacteriological methods. Drug-resistant bacteria were selected on

ampicillin (50 mg/ml) and tetracycline (10 mg/ml) in L agar or broth for Esche-
richia coli (38) and carbenicillin (100 mg/ml), kanamycin (100 mg/ml), and gen-
tamicin (50 mg/ml) in AB-glucose agar or YEP (yeast extract-peptone) broth (23)

for A. tumefaciens. Plasmid DNA was transformed into E. coli by the rubidium
chloride or calcium chloride method (38); the freeze-thaw method was used for
A. tumefaciens (27).
A virE2 null strain. To create a null allele, we replaced 1,496 bp of the virE2

coding region with the kanamycin resistance gene (nptII) from Tn5 (33). The virE
operon of pTiA6NC lies within a 3.2-kb XhoI restriction fragment, which we
inserted into the SalI site of pUC18 (75); lacZ and the virE operon are tran-
scribed in the same direction in the resulting plasmid, pGR1 (60). virE2 has a
single StuI site 30 bp from the 59 end and NaeI sites 835 and 76 bp from the 39
end (74). We digested pGR1 with StuI and NaeI and purified the remainder of
pGR1 by agarose gel electrophoresis, thereby removing 1,497 bp of the virE2
coding sequence. To the blunt-ended StuI- and NaeI-cut pGR1 fragment, we
ligated a 2.4-kb blunt-ended HincII restriction fragment that contains the nptII
gene from Tn5. This created a selectable null allele, virE2::nptII-1 (Fig. 1). The
resulting plasmid, pPD15, contains a single BamHI site which we used to insert
pPD15 into the BamHI site of broad-host-range plasmid pRK310 (19) to form
pPD16. We transformed pPD16 into A348 and used a marker exchange proce-
dure (23, 49) to isolate a homogenote (WR5000) carrying the kanamycin resis-
tance virE2::nptII-1 allele in the Ti plasmid. The structure of the Ti plasmid in
WR5000 was verified by Southern blot analysis (38) (data not shown).
Mutagenesis of virE2. We performed linker insertion mutagenesis on pGR1,

which contains the entire virE operon, to create mutations throughout virE2.
Each insertion coded for two additional amino acids without changing the read-
ing frame or adding a stop codon. First, pGR1 was cut once with one of the
following restriction endonucleases, which produce blunt ends:NaeI, PvuII, RsaI,
StuI, and XmnI. Ethidium bromide (0.02 mg/ml) was added to digestion mixtures
with restriction enzymes having multiple targets in pGR1 to maximize the
amount of pGR1 DNA that was cut only once. Full-length linear DNA (1 mg)
was purified by agarose gel electrophoresis, mixed with 1.7 mg of phosphorylated
XhoI linker oligonucleotide (59-CTCGAGCTCGAG-39) and 4 U of T4 DNA
ligase (Bethesda Research Laboratories), and incubated overnight at 158C. After
ligation, the DNA was precipitated in ethanol, redissolved in restriction buffer,
digested with XhoI, and subjected to electrophoresis through a 1% low-melting-
temperature agarose gel (SeaPlaque; FMC Bioproducts) cast in TAE (0.04 M
Tris-acetate [pH 8], 0.002 M EDTA). We excised linear plasmid DNA, melted
the agarose at 708C, and added 4 ml of ligation buffer (Bethesda Research
Laboratories), 6.5 ml of water, and 1.5 U of T4 DNA ligase to 10 ml of the molten
DNA-containing agarose. The ligation mixture was incubated overnight at room
temperature and then heated to 708C prior to transformation into E. coliMM294
or DH5a. Insertions were mapped with XhoI and BamHI, which cuts once in the
multiple-cloning site of pGR1, approximately 700 bp upstream from the start of
virE1; XhoI cuts only at the site of the mutation. We sequenced each mutation
with an Applied Biosystems model 373 sequencer using the dye-terminator
method to show that other alterations did not occur during linker insertion. This
mutagenesis yielded eight mutant derivatives of pGR1, pPD1 to pPD8 (Table 1).
Figure 2 shows the location of each insertion and the identities of the codons
inserted. One insertion, virE2-472, also changed the codon preceding the inser-
tion (codon 472) from one encoding a tyrosine to one encoding a serine.

Codons 56 through 65 were deleted from virE2 by performing oligonucleotide-
directed mutagenesis (35) on pPD20 (Table 1). This produced pPD25 (Table 1),
from which we excised a 536-bp StuI-BglII restriction fragment containing the
mutation virE2-1 (Fig. 2); we confirmed the sequence of the entire restriction
fragment. We inserted this mutant fragment into pGR1 in place of the wild-type
counterpart, creating pPD10 (Table 1).
Virulence assays. The mutant derivatives of pGR1, pPD1 through pPD10,

(Table 1) were cut at their single BamHI site and inserted into the BamHI site
of broad-host-range plasmid pRK310 such that the virE operon and the lacZ
gene of pRK310 were transcribed in the same direction. This resulted in plasmids
pPD101 through pPD110 (Table 1). These plasmids were introduced into the
virE2 null strain WR5000. For quantitative tumorigenesis assays, we infected
potato tuber disks (7-mm diameter) as described previously (53). A. tumefaciens
was grown overnight at 288C with aeration in YEP broth containing the appro-
priate antibiotics, harvested by centrifugation, and suspended in phosphate-
buffered saline (3 mM monobasic potassium phosphate, 10 mM dibasic sodium
phosphate, 120 mM sodium chloride; pH 7.2) (45). Each disk was inoculated with
10 ml (approximately 1 3 107 to 2 3 107 CFU) of A. tumefaciens. Carrot slices
were inoculated similarly. Leaves of Kalanchoe daigremontiana and stems of
tomato (cv. Bonnie Best) were infected by wounding them with a sterile tooth-
pick and packing wounds with A. tumefaciens cultured on AB-glucose agar
containing appropriate antibiotics. The potato disks and carrot slices were scored
after 3 weeks, and inoculated leaves and stems were scored after 4 weeks.
Fusion of virE to an E. coli promoter. We fused the virE operon to the trc

promoter in a derivative of pTrc99A (2) (Pharmacia) to produce VirE1 and
VirE2 in E. coli. First, we eliminated the SphI restriction site that lies outside the
multiple-cloning region of pTrc99A. Following a limited digestion of pTrc99A
with SphI, we isolated full-length linear plasmid DNA molecules by agarose gel
electrophoresis and created blunt ends by incubation with T4 DNA polymerase
and deoxynucleoside triphosphates. The blunt-ended molecules were ligated into
circular molecules and transformed into E. coli. From among these transfor-
mants, we isolated pBL17, a derivative of pTrc99A with a single SphI site that lies
in the multiple-cloning region. We cleaved pBL17 with NcoI and SphI and
ligated to it an annealed pair of DNA oligonucleotides with NcoI and SphI
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cohesive ends (Fig. 3) to create pWR223 (Table 1). The annealed oligonucleo-
tides contained the first seven codons of virE1; the first codon (ATG) occupied
the NcoI-compatible end, and the sequence contained the only SphI site in the
virE operon. Plasmid pGR1 contains two SphI sites, one in virE1 and another in
the multiple-cloning region of the pUC18 moiety, beyond the 39 end of virE2. By
inserting the SphI fragment into pWR223 (in the proper orientation), we recon-
structed the virE operon downstream from a strong, lactose-inducible promoter,
thereby creating pWR225 (Table 1). Plasmids that contain mutant virE2 genes
were made the same way and transformed into E. coli JC10,289, a recA mutant
(Table 1).
Extract preparation. Twenty-milliliter cultures of E. coli harboring wild-type

or mutant virE2 in pBL17 were grown at 378C in L broth with aeration to an
optical density at 595 nm of 0.7. The trc promoter was induced by the addition of
isopropyl-b-D-thiogalactopyranoside (IPTG) (0.5 mM), and the incubation was
continued for 3 h. Cells were harvested by centrifugation (9,500 rpm, Sorvall
SS34 rotor, 48C), resuspended in 1.5 ml of buffer A (10 mM Tris-HCl [pH 8],
10% glycerol, 25 mM sodium chloride, 1 mM phenylmethylsulfonyl fluoride
[PMSF], 1 mM dithiothreitol), and lysed in a French press. The lysates were
subjected to centrifugation (12,000 rpm, SS34 rotor, 48C), and 50-ml volumes of
the supernatants were frozen at 2808C. The protein concentration in each
extract was determined by the Bradford dye-binding procedure (5).
Immunoblot analysis. The amount of VirE2 in each extract was estimated by

standard immunoblot methods (3). Known amounts of purified VirE2, together
with several different volumes of extracts containing VirE2, were subjected to
electrophoresis on a sodium dodecyl sulfate-polyacrylamide gel. Proteins were
electrophoretically transferred from the gel to a nitrocellulose membrane, and
the membrane was incubated for 30 min at 208C in MTBS (20 mM Tris-HCl [pH
7.5], 500 mM sodium chloride, 5% [wt/vol] Carnation nonfat dry milk). MTBS
was replaced with TTBS (20 mM Tris-HCl [pH 7.5], 500 mM sodium chloride,
0.1% Tween 20) containing a 1:4,000 dilution of polyclonal rabbit antiserum
raised against VirE2 (17), and the incubation was continued for 45 min. Prior to
use, the antiserum was incubated in TTBS at 378C for 30 min with a 1:80 dilution
of E. coli protein extract (Promega). After incubation with the anti-VirE2 anti-
serum, the membrane was washed twice, for 5 min each, with TTBS. Next, the
membrane was incubated for 45 min with a 1:5,000 dilution of goat anti-rabbit

antiserum conjugated to horseradish peroxidase (Bio-Rad); this incubation was
performed at 208C in MTTBS (TTBS containing 5% [wt/vol] Carnation nonfat
dry milk). The antiserum was removed, and the membrane was washed twice
with TTBS (5 min each) and then twice with TBS (TTBS minus Tween 20; 10 min
each). The horseradish peroxidase was detected with an ECL Western blot
chemiluminescence development kit (Amersham). To quantitate light emissions,
we exposed the filters to flashed X-ray film and measured the band intensity with
a Molecular Dynamics densitometer coupled to ImageQuant software. For each
immunoblot, we used purified VirE2 to establish a linear relationship between
the band intensity and the amount of VirE2 in each lane; this standard curve
allowed us to determine the amount of VirE2 in each extract.
DNA binding assays. We assessed the ssDNA binding activity of each mutant

VirE2 protein. A 517-bp HinfI fragment from pUC18 was labeled with DNA
polymerase I (Klenow fragment) and [a-32P]dATP (38); the labeled DNA was
made single stranded by boiling. Protein extracts containing VirE2 were mixed
with 1 ng of 32P-labeled ssDNA (10-ml total volume) and incubated for 10 min
on ice. Loading solution (3 ml of 10% glycerol–0.1% bromphenol blue) was

FIG. 1. Replacement of virE2 with nptII. Numbers indicate codons in the
wild-type virE2 gene. Arrows indicate the direction of transcription. Restriction
sites used in the construction of pPD15 are indicated.

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Characteristics Reference

Strains
E. coli

DH5a F2 recA1 gyrA96 thi-1 hsdR17 supE44 relA1 deoR D(lacZYA-argF)U196 f80dlacZDM15 3
CJ236 dut-1 ung-1 thi-1 relA1 (pCJ105); chloramphenicol resistant 35
JC10,289 F2 D(srl-recA)306::Tn10 thr-1 leuB6 thi-1 lacY1 galK2 ara-14 xyl-5 proA2 his-4 argE3 rspL31

tsx-33 supE44 mtl-1
16

MM294 F2 endA1 thi-1 hsdR17 supE44 49

A. tumefaciens
A348 pTiA6NC in C58 chromosomal background 23
WR5000 pTiA6NC with virE2 replaced by nptII This work
WR5100 pPD100 in WR5000 This work
WR5101 to WR5108 pPD101 to pPD108 in WR5000 This work
WR5110 pPD110 in WR5000 This work

Plasmids
pBL17 pTrc99A with a single SphI site This work
pGR1 virE operon on 3.2-kb XhoI fragment in pUC18 SalI site 60
pPD1 to pPD8 pGR1 with XhoI linker 30, 281, 638, 768, 1,133, 1,414, 1,489, or 1,526 bp, respectively, from

virE2 start
This work

pPD10 pGR1 with codons 56 to 65 of virE2 deleted This work
pPD15 pGR1 with virE2 replaced by nptII This work
pPD16 pPD15 in BamHI site of pRK310 This work
pPD20 pUC118 with 1.9-kb EcoRI fragment of virE2 (59 end) This work
pPD25 pPD20 with codons 56 to 65 of virE2 deleted This work
pPD100 pGR1 in BamHI site of pRK310 This work
pPD101 to pPD108 pPD1 to pPD8 in BamHI site of pRK310 This work
pPD110 pPD10 in BamHI site of pRK310 This work
pPD201 to pPD208 pWR223 with virE2 mutant SphI fragments from pPD1 to pPD8 This work
pPD210 pWR223 with SphI fragment containing virE2-1 from pPD10 This work
pRK310 IncPa broad-host-range plasmid; tetA; pUC9 cloning site 19
pTrc99A trc promoter; lacIq 2
pWR223 pBL17 with first 7 codons of virE1 as NcoI-SphI fragment This work
pWR225 pWR223 with wild-type virE operon (from pGR1) This work
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added prior to electrophoresis on a 4% polyacrylamide gel cast in low-ionic-
strength buffer (6.7 mM Tris-HCl [pH 7.5], 1 mM EDTA, 3.3 mM sodium
acetate). A potential of 75 V was applied to the gel for 15 min at 48C prior to
loading samples and for 1 h 15 min after loading. The gel was dried and exposed
to a PhosphorImager screen. Signals were quantitated with a Molecular Dynam-
ics PhosphorImager with ImageQuant software. The signal which shifted to the
top of the gel due to binding to VirE2 was divided by the total signal in each lane;
this took into account small differences in the amount of labeled ssDNA loaded
in each lane. To test for ssDNA binding by other proteins in the extracts, we
incubated labeled ssDNA with an extract from E. coli containing only pTrc99A;
the amount of protein added (estimated by the Bradford dye-binding method)
equalled the total protein in incubation mixtures containing the most VirE2. The
control extracts shifted only 3 to 6% of the labeled ssDNA probe to the top of
the gel, indicating that the contribution by other ssDNA-binding (SSB) proteins
was minimal.

RESULTS
Proteolysis of VirE2 in E. coli. A fraction of the VirE2

protein produced in E. coli was cleaved by an unidentified
cellular protease, in spite of the presence of the protease in-
hibitor phenyl methylsulfonyl fluoride during extract prepara-
tion; cleavage of VirE2 may have occurred during cell growth.
Therefore, the VirE2 antiserum recognized two species: full-
length VirE2, which exhibited the same electrophoretic mobil-
ity as a 66,000-molecular-weight standard (bovine serum albu-
min), and a slightly smaller species (apparent molecular
weight, ;64,000) that migrated as a separate band during
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
The signal from both bands was used to estimate the amount of
VirE2. In most preparations, approximately half of the VirE2
protein appeared to be full length (data not shown). However,
cells harboring insertions virE2-497 and virE2-509 contained
mostly the smaller form of VirE2, whereas insertion virE2-94
rendered VirE2 resistant to this proteolysis (data not shown).
Due to the increased cleavage of VirE2, we were unable to
determine the effects of the virE2-497 and virE2-509 mutations
on ssDNA binding.
Abolition of DNA binding and virulence. Insertion muta-

tions virE2-378 and virE2-472, which lie in the 39 half of virE2
(Fig. 2), severely reduced tumorigenesis (Table 2; Fig. 4) and
eliminated binding to ssDNA (Fig. 5e). A. tumefaciens strains
carrying these insertions had avirulent phenotypes similar to

that of WR5000, a virE2 null mutant, when inoculated onto
carrot or K. daigremontiana, although all three strains occa-
sionally induced tiny tumors on tomato stems (data not shown).
Although WR5000 did not form tumors on potato, the virE2-
378 and virE2-472 mutants induced tumors on potato at an
extremely low frequency (Table 2). The virE2-378 mutation
slightly decreased accumulation of VirE2 in A. tumefaciens,
whereas VirE2 was barely detectable in the virE2-472 mutant
(Fig. 6b).
Changes in cooperativity. Insertions virE2-94 and virE2-213,

located in the 59 half of virE2 (Fig. 2), influenced the cooper-
ative binding of VirE2 to ssDNA. Highly cooperative DNA
binding is characterized by a sigmoidal binding curve (Fig. 7),
which results from an abrupt transition from unbound to fully
bound ssDNA as the concentration of SSB protein (VirE2)

FIG. 2. Mutations in virE2. Allele numbers 10 through 509 indicate the codon immediately preceding each XhoI linker insertion; the deletion of codons 56 to 65
is indicated by the black box. Amino acids inserted (or removed in the case of virE2-1) are indicated in the standard single-letter code. Binding values are the amounts
(in nanograms) of wild-type or mutant VirE2 needed to bind 50% of the ssDNA probe. Virulence values are 100 times the mean number of tumors per potato disk
induced by a mutant strain divided by the mean tumors/disk induced by WR5100 (WT) (Table 2). “Stability” refers to whether mutant VirE2 accumulates to normal
(1) or subnormal (2) levels in acetosyringone-induced A. tumefaciens. Bars above the map indicate regions required for binding to ssDNA or for cooperative (Coop.)
binding. The shaded boxes represent NLSs; NLS1 occupies codons 205 to 221 (KLRPEDRYVQTERYGRR), and NLS2 includes codons 273 to 287 (KRRYGGET
EIKLKSK). ND, not determined.

FIG. 3. Construction of pWR223. Annealed oligonucleotides containing the
first seven codons of virE1 were ligated to pBL17 to facilitate expression of the
virE operon in E. coli. Letters indicate the amino acid specified by each codon,
numbers are the codon number in virE1, and the horizontal arrow indicates the
direction of transcription.
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increases over a narrow range. As binding cooperativity de-
creases, the transition from unbound to fully bound ssDNA
occurs over a broader range of SSB concentrations. The virE2-
94 mutation decreased the ability of VirE2 to bind ssDNA
cooperatively. Although 10 ng of wild-type VirE2 fully re-
tarded the electrophoretic mobility of all of the labeled ssDNA
probe (Fig. 5a), even as much as 22 ng of virE2-94 mutant
VirE2 did not retard migration of the probe fully (Fig. 5b),
indicating that the majority of the ssDNA molecules were not
completely coated with VirE2. The ssDNA binding curve in-
dicates that this mutation reduced binding cooperativity (Fig.
7). The virE2-94 allele greatly reduced the accumulation of
mutant VirE2 in A. tumefaciens (Fig. 6a) and nearly abolished
tumorigenesis on all plants tested (Table 2; Fig. 4). Instability
of the mutant protein in A. tumefaciens probably caused this
severe decrease in tumorigenesis.

The insertion virE2-213 lies in one of the NLSs (NLS1) of
VirE2 (Fig. 2). Although deletion of NLS1 decreases ssDNA
binding cooperativity (14), the virE2-213 mutation increased
cooperative ssDNA binding (Fig. 5c). This resulted in a sharp
transition from unbound to fully bound ssDNA probe that
occurred over a very narrow range of VirE2 concentrations (0
to 2.2 ng) (Fig. 5c and 7). The virE2-213 mutation slightly
decreased tumorigenesis on potato disks, to 47% of the wild-
type level (Table 2; Fig. 4). A Student t test (36) indicated that
this modest difference was significant (P , 0.01); however, this
strain appeared to be fully virulent on K. daigremontiana, car-
rot, and tomato (data not shown). This insertion did not affect
the accumulation of mutant VirE2 in A. tumefaciens (Fig. 6a).
Wild-type ssDNA binding and virulence. VirE2 shares a

serine-rich region (SSSLYSGSEH) with another SSB, phage
T4 gene 32 protein (gp32) (SSSGSSSS). Because this region of
gp32 interacts with other proteins during T4 DNA replication
(31, 34), we tested the importance of this serine-rich motif in
VirE2. Deletion of these 10 amino acids near the N terminus
of VirE2 (virE2-1 [Fig. 2]) had little effect on the ability of
VirE2 to bind ssDNA (Fig. 5e and 7) or on tumorigenesis
(Table 2; Fig. 4). A. tumefaciens containing mutation virE2-1
was fully virulent on carrot, K. daigremontiana, and tomato
(data not shown), and the mutant protein was stable in A.
tumefaciens (Fig. 6c). Consequently, this serine-rich region was
not important for VirE2 function.
Wild-type ssDNA binding and decreased virulence. Inser-

tions virE2-10 (near the 59 end of virE2) and virE2-256 (in the

center of virE2) significantly reduced tumorigenesis on potato
disks (Table 2; Fig. 4) without affecting the ability of these
mutant VirE2 proteins to bind ssDNA (Fig. 5 and 7). The
virE2-10 mutation severely decreased tumorigenesis on potato
disks (4.5% of the wild type [Table 2; Fig. 4]) and carrot (data
not shown). A. tumefaciens containing mutation virE2-10 was
tumorigenic on tomato and exhibited variable virulence on K.
daigremontiana, forming small to normal-sized tumors (data
not shown). The virE2-10 allele destabilized mutant VirE2 in
A. tumefaciens (Fig. 6a), which probably accounts for the re-
duction in tumorigenesis resulting from this mutation.

Insertion virE2-256 did not diminish the ability of mutant
VirE2 to bind ssDNA (Fig. 5d and 7); however, this mutation
drastically reduced tumorigenesis on carrot (Fig. 8) and on
potato disks (0.6% of the wild type [Table 2; Fig. 4 and 8]).
Fewer tumors appeared on tomato and smaller tumors formed
on K. daigremontiana inoculated with the virE2-256 mutant
than on plants inoculated with wild-type A. tumefaciens (data
not shown). The mutant VirE2 protein produced by the virE2-
256 strain was stable in A. tumefaciens (Fig. 6a). This mutation
must affect an important property of VirE2 other than its
ssDNA binding activity; for example, the virE2-256 allele may
interfere with VirE1-dependent export into plant cells or nu-
clear localization.
Insertions near the C terminus. Linker insertion mutations

virE2-497 and virE2-509 destabilized the corresponding mutant
VirE2 proteins in E. coli (data not shown), which prevented an
accurate determination of the ssDNA binding abilities of these
proteins. Both mutations affect VirE2 near the C terminus
(Fig. 2), and each insertion reduced tumorigenesis on potato
disks to about 40% of the wild-type level (Table 2; Fig. 4).
Tumorigenesis was also reduced on carrot, but both mutants
exhibited full virulence on K. daigremontiana and tomato (data
not shown). Each of these mutant VirE2 proteins accumulated

FIG. 4. Virulence of virE2-mutant A. tumefaciens on potato. The data con-
tained in Table 2 are summarized in graph form; shown are the mean numbers
of tumors/disk that arose on potato 3 weeks after inoculation.

TABLE 2. Virulence of virE2 mutant A. tumefaciens on potato

Strain virE2 allele No. of
disks

Mean no. of
tumors/disk

6 SD

Relative
virulencea

WR5100 Wild type 548 8.3 6 8.8 100
WR5000 virE2::nptII-1 60 0 0
WR5101 virE2-10 125 0.37 6 0.7 4.5
WR5102 virE2-94 123 0.02 6 0.15 0.24
WR5103 virE2-213 174 3.9 6 4.8 47
WR5104 virE2-256 273 0.05 6 0.3 0.60
WR5105 virE2-378 79 0.04 6 0.19 0.48
WR5106 virE2-472 88 0.13 6 0.47 1.6
WR5107 virE2-497 133 3.5 6 4.7 42
WR5108 virE2-509 140 3.1 6 4.7 37
WR5110 virE2-1 300 5.5 6 6.7 66

a The relative virulence of each strain is expressed as a percentage of that of
WR5100. We used a Student t test to determine the probability that the virulence
of a virE2 mutant differed significantly from that of WR5100. A P value less than
or equal to 0.01 indicates that the two strains almost certainly differ significantly.
The virulence of each mutant strain in this table was significantly different from
the virulence of WR5100 (P , 0.01).
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to the wild-type level in A. tumefaciens (Fig. 6b). Because both
mutations had only a modest effect on tumorigenesis, we infer
that these mutations did not decrease significantly the ability of
the mutant proteins to bind ssDNA.

DISCUSSION

The C-terminal half of VirE2 is required for ssDNA binding,
but the N-terminal half appears to be nonessential for SSB
activity. Two mutations in the C-terminal region, virE2-378 and
virE2-472, eliminated ssDNA binding, whereas mutations that
altered the N-terminal half of VirE2 did not abolish ssDNA
binding. Deletion of NLS2, which lies near the center of VirE2,
abolishes ssDNA binding (14), and ssDNA binding is also
eliminated if both the C-terminal lysine residues of NLS2 are
replaced with glycine residues (12). In addition, elimination of
36 C-terminal residues from VirE2 destroys its ability to bind
ssDNA (17). The work reported here confirms that the region
of VirE2 from NLS2 to the C terminus is essential for binding
to ssDNA, and this study establishes that the N-terminal region
is not required for ssDNA binding.

FIG. 5. ssDNA binding by mutant VirE2. Extracts from E. coli that produce
VirE1 and wild-type or mutant VirE2 were assayed for ssDNA binding activity.
Lanes marked “vector control” contain proteins extracted from E. coli that
harbor pTrc99A (without the virE operon); the amount of protein added
equalled the total protein in incubation mixtures containing 22 ng of VirE2. (a)
Wild-type VirE2; (b) mutant VirE2 showing reduced cooperativity (virE2-94
allele); (c) mutant VirE2 showing increased cooperativity (virE2-213 allele); (d)
mutant VirE2 showing wild-type ssDNA binding (weakly pathogenic virE2-256
allele); (e) mutant VirE2 proteins that do not bind ssDNA (virE2-378 and
virE2-472 alleles). Mutant VirE2 proteins that exhibited wild-type ssDNA bind-
ing were included for panels b (virE2-10 allele) and e (virE2-1 allele).

FIG. 6. Accumulation of mutant VirE2 in A. tumefaciens. Immunoblots of
proteins extracted from A. tumefaciens cultured in the presence (1) or absence
(2) of acetosyringone (a.s.) indicate the level of VirE2 contained in each mutant
strain. Arrows indicate the electrophoretic mobility of purified wild-type VirE2.
Allele numbers indicate which mutant virE2 gene encoded the VirE2 protein
contained in each lane.
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The virE2-94 and virE2-213 insertions define regions that
influence the cooperativity of ssDNA binding. The virE2-94
mutation decreased cooperativity and also rendered the mu-
tant VirE2 protein unstable in A. tumefaciens. This instability
likely accounts for the large decrease in virulence caused by
this mutation. virE2-94 provided the first evidence that the
region near the N terminus of VirE2 is involved in cooperative
ssDNA binding. Deletion of NLS1, which lies near the center
of VirE2, reduces the cooperativity of ssDNA binding (14).
The virE2-213 mutation, which lies within NLS1, increased the
cooperativity of ssDNA binding by mutant VirE2, confirming
the importance of this region for cooperative ssDNA binding.
The virE2-213 mutation did not reduce the stability of VirE2
and reduced tumorigenesis only slightly. This decrease in vir-
ulence may be due to disruption of one of the two NLSs in
VirE2. To determine whether tumorigenesis depends upon
cooperative ssDNA binding by VirE2, we must create muta-
tions that eliminate cooperativity without destabilizing the pro-
tein or affecting NLS activity. Nevertheless, the virE2-213 mu-
tation, which increased cooperativity, should prove useful in
future studies of protein-protein interactions involved in coop-
erative ssDNA binding.

Two mutations, virE2-10 and virE2-256, reduced tumorigen-
esis but had no effect on ssDNA binding. Immunoblots showed
that the virE2-10 insertion significantly reduced accumulation
of VirE2 in A. tumefaciens, which probably accounts for the
20-fold decrease in tumorigenesis caused by this mutation. In
contrast, the virE2-256 allele encoded a mutant VirE2 protein
that was stable in A. tumefaciens and retained wild-type ssDNA
binding activity. Therefore, this mutation must alter an impor-
tant property of VirE2 other than ssDNA binding or protein
stability. The virE2-256 mutation may inhibit an activity of
VirE2 inside plant cells. Because the virE2-256 insertion lies
between the two NLSs of VirE2, it may interfere with nuclear
localization of VirE2 or VirE2-bound T strands. However, the
virE2-256 mutation instead may affect integration of incoming
T-strand DNA into the plant genome, suggesting a role for

VirE2 in T-DNA integration, which was proposed previously
(21).

Alternatively, the virE2-256 mutation may block tumorigen-
esis at an early step by preventing export of VirE2 into plant
cells. VirE1 is required for export of VirE2 into plant cells
(60), suggesting a direct interaction between VirE1 and VirE2.
Additional observations support the idea of direct VirE1-
VirE2 contact. Although VirE2 is stable in A. tumefaciens
without VirE1 (60), VirE1 is required for the stability of VirE2
in E. coli (19a, 39). Because extracts from strains harboring
either the wild-type or virE2-256 allele contained similar quan-
tities of active VirE2, it is unlikely that this insertion affects the
putative stabilizing interaction between VirE2 and VirE1. Ex-
port of VirE2 also depends upon VirD4 and proteins encoded
by the virB operon (10). The virE2-256 mutation may prevent
an interaction with one or more of these proteins and thereby
block export of VirE2 from A. tumefaciens. Further experimen-
tation will be needed to establish the reason this mutation
decreases crown gall tumorigenesis.
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FIG. 7. ssDNA binding by wild-type and mutant VirE2. The symbols indicate
VirE2 encoded by virE2 alleles, as follows: h, wild type; Ç, virE2-1; e, virE2-10;
■, virE2-94; }, virE2-213; and E, virE2-256.

FIG. 8. Virulence of WR5100 (virE21) and WR5104 (virE2-256) on carrot
(a) and potato (b).
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