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Agrobacterium represents the only natural example of transking-
dom transfer of genetic information, from bacteria to plants.
Before the bacterial transferred DNA (T- DNA) can integrate into
the plant genome, it should be targeted to and bind the host
chromatin. However, the T-DNA association with the host chro-
matin has not been demonstrated. Here, we study T-DNA binding
to plant nucleosomes in vitro and show that it is mediated by
bacterial and host proteins associated with the T-DNA. The main
factor that determines nucleosomal binding of the T-DNA is the
cellular VirE2-interacting protein 1 (VIP1), which functions as a
molecular link between the T-DNA-associated bacterial virulence
protein VirE2 and core histones. The presence of both VIP1 and
VirE2 is required for association of the T-DNA with mononucleo-
somes in which the DNA molecule exists as a tripartite complex
DNA–VirE2–VIP1. Furthermore, this nucleosome-associated ternary
complex can bind another bacterial virulence factor, VirF, which is
an F-box protein known to target both VirE2 and VIP1 for protea-
somal degradation and uncoat the T-DNA.

histones � VirE2-interacting protein 1 � VirE2 � chromatin targeting �
T-complex

In nature, Agrobacterium tumefaciens genetically transforms
plant cells, causing neoplastic growths in many plant species (1,

2). Under laboratory conditions, however, Agrobacterium can be
used as a gene transfer agent for a wide variety of eukaryotic
organisms, from fungi to humans (3, 4). Thus, the mechanism by
which Agrobacterium introduces its transferred DNA (T-DNA)
into the eukaryotic genome most likely is conserved between
most eukaryotes. This mechanism includes three major types of
DNA traffic: export into the eukaryotic cell, import into the cell
nucleus, and targeting to and association with the eukaryotic
chromatin. Whereas the first two events are relatively well
studied (e.g., refs. 1 and 5), the last process has not been studied,
or even demonstrated, at all.

Agrobacterium T-DNA is exported into the eukaryotic cell via
the type IV secretion system as a ssDNA molecule (6), the
T-strand, and its transport is mediated by bacterial virulence
(Vir) proteins, some of which accompany the T-strand into the
host cell. For example, the VirD2 protein is covalently attached
to the 5� end of the T-strand (7), whereas VirE2, an ssDNA
binding protein, is transported separately from the T-strand, and
is thought to associate with the T-strand in the host cell
cytoplasm, producing a core T-complex (8–10). Two additional
virulence proteins, VirE3 and VirF, are exported into the host
cell to facilitate the nuclear import and proteasomal uncoating
of the T-complex, respectively (11–16). The T-complex nuclear
import is thought to occur via the importin �-dependent path-
way, in which VirD2 (17) directly interacts with the importin �
and VirE2 is recognized by the importin � via a molecular
adaptor (18, 19), VirE2-interacting protein 1 (VIP1), which is
encoded by the plant cell and is able to bind both VirE2 and
importin �. VIP1 is not an abundant protein, but its function in
the T-complex nuclear import is augmented by the bacterial
effector, VirE3 (14, 15). Once in the cell nucleus, the T-complex
is expected to recognize and bind the host chromatin by an

as-yet-unknown mechanism that may involve VIP1, known to
interact with individual core histones (20, 21). Consistent with
this idea, core histones have been shown to play a role in
Agrobacterium infection (22–24). Finally, the chromatin-bound
T-complex is thought to uncoat its proteins via proteasomal
degradation mediated by the F-box protein VirF (25) that
recognizes VIP1 and destabilizes both VIP1 and its associated
VirE2 (16).

Here, we focused on the least-studied event of the T-complex
association with the host chromatin. To this end, we developed
an in vitro system for detection and characterization of the
association of the synthetic T-DNA with plant mononucleo-
somes. Using this approach, we demonstrated that the recon-
stituted core T-complex, i.e., ssDNA coated with VirE2 mole-
cules, is able to bind to plant nucleosomes and that this binding
requires the presence of VIP1.

Results
VIP1 Associates with Nucleosomes. Among all known proteins, i.e.,
VirD2, VirE2, and VIP1, that are thought to associate with the
T-strand after its nuclear import, VIP1 has been shown to bind
individual core histones (20, 21), thus representing the best
candidate for a factor that may mediate interaction with nucleo-
somes. Indeed, VIP1 efficiently bound purified mononucleo-
somes in a concentration-dependent manner (Fig. 1A). This
binding was specific because no nucleosomal association was
observed for VirD2; furthermore, no binding was detected with
the VIP1-N164 mutant (Fig. 1 A), known to retain most functions
of VIP1, but not its capacity to bind the core histones (20). The
specificity of the VIP1–nucleosome interaction was also sup-
ported by the ability of the purified Arabidopsis histone H2A,
HTA3, to inhibit this binding competitively (Fig. 1B).

Next, we examined whether major histone modifications in-
dicative of the active chromatin state affect VIP1 binding. To this
end, commercial preparations of total histones were incubated
with immobilized VIP1, and the bound histones were analyzed
by Western blotting using antibodies specific to dimethyl-histone
H3 K4 and acetyl-histone H3. Under our binding conditions
where VIP1 does not saturate the entire histone preparation
(data not shown), preferential binding of VIP1 to the modified
histones would result in enrichment of the corresponding im-
munoblot signal as compared with that detected in the original
histone preparation with antibody against the same modified
histone. Fig. 1C shows that no such enrichment was observed
with either of the two antibodies, indicating that VIP1 binding
to nucleosomes is independent of H3 acetylation and H3K4
methylation. Western blotting using anti-H3 antibodies indicated
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that all samples contained equal amounts of total H3 histone
(Fig. 1C).

VIP1 Links Between Nucleosomes and VirE2. Unlike VIP1, VirE2 was
unable to bind nucleosomes under our experimental conditions,
although, at low stringency, some residual association was de-
tected (Fig. 2A). Thus, we examined whether VIP1 can mediate
association of VirE2 with nucleosomes. As expected, VIP1 as
well as VIP1-N164 bound VirE2 in our experimental system (Fig.
2B). Addition of VIP1 to VirE2 resulted in the association of
both proteins with nucleosomes (Fig. 1C). Importantly, VIP1-
N164, which retains its VirE2 binding activity, but is unable to
bind nucleosomes, did not promote nucleosomal association of
VirE2 (Fig. 1C). These results indicate formation of ternary
VirE2–VIP1–nucleosome complexes in which VIP1 most likely
functions as a molecular adapter between VirE2 and the nu-
cleosome.

Next, we examined the effect of mimicking VIP1 phosphor-
ylation at Ser-79, known to enhance its nuclear import (26), on
its ability to bind VirE2 and associate with nucleosomes. To this
end, we compared nucleosome binding of the recombinant VIP1,
which is not phosphorylated, with a VIP1 mutant, VIP1S79D,
containing a negatively charged aspartate residue known to
reproduce the biological effects of VIP1 phosphorylation (26).
We observed no detectible differences in nucleosomal associa-
tion between VIP1 and its phosphorylation-mimicking mutant
(Fig. 2D). We also detected no differences between VIP1 and
VIP1S79D in their capacity to bind VirE2 (Fig. 2E) or promote the
association of VirE2 with nucleosomes (Fig. 2F). Thus, VIP1 phos-
phorylation is not involved in chromatin targeting of this protein.

Nucleosomal Association of Synthetic T-Complexes. Can VIP1 me-
diate nucleosomal binding of not only VirE2, but also the
T-complexes? Because VirE2 is the major structural and func-

tional protein component of the T-complex, and because T-DNA
is sequence nonspecific, a simple T-complex can be reconstituted
from ssDNA and VirE2 in vitro. When such synthetic T-
complexes were incubated with nucleosomes in the presence of
VIP1, both proteins (Fig. 3A) and ssDNA (Fig. 3B Upper)
showed nucleosomal association. In the absence of VirE2, VIP1
still bound the nucleosomes, but no significant nucleosomal
association of ssDNA was observed. Also, no nucleosomal
binding of the ssDNA–VirE2 complexes occurred in the absence
of VIP1 or the presence of VIP1-N164 (Fig. 3). Thus, synthetic
T-complexes can bind eukaryotic chromatin, and this binding is
VIP1-dependent.

Interestingly, at much more sensitive detection conditions,
ssDNA was also found associated with the nucleosomes irre-
spective of the presence of VirE2 and functional VIP1 in the
amounts dramatically lower than those achieved with T-
complexes and VIP1 (Fig. 3B Lower). These results are consis-
tent with the long-standing observation that, although plant-
stable transformation can be achieved by using free DNA,
delivered, for example, by electroporation or microbombard-
ment, the transformation efficiency is much higher with Agrobac-
terium as gene vector.

Effect of VIP1-Specific F-Box Protein, VirF, on VIP1 Binding to Nucleo-
somes. Once at the host chromatin, VirF is thought to mediate
uncoating of the T-complex via proteasomal degradation of
VIP1 and VirE2 (16). In this scenario, VirF should interact with
the T-complex bound to nucleosomes, and/or it should not
inhibit this nucleosomal binding. Because VirF interacts directly
with VIP1 (Fig. 4A), we first tested whether this interaction
impairs the ability of VIP1 to bind VirE2 and/or nucleosomes.
Fig. 4B shows that VIP1 was able to form ternary complexes with
VirF and VirE2, whereas Fig. 4C demonstrates that increasing
concentrations of VirF had no effect on the VIP1 ability to bind
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Fig. 1. Specific binding of VIP1 to mononucleosomes. (A) VIP1, but not VirD2 or VIP1-N164, shows a dose-response binding to increasing amounts of
immobilized nucleosomes. Lanes 1–4: 0, 5, 10, and 20 �g protein of mononucleosomal preparation, respectively; Input: 1 �g of the indicated ligand. (B)
Competitive inhibition of VIP1 (1 �g) binding to immobilized mononucleosomes by increasing concentrations of the plant histone H2A, HTA3, premixed with
VIP1 before binding. Lanes 1–4: 0, 1, 2, and 3 �g HTA3, respectively. (C) VIP1 binding to immobilized histones is independent of histone H3 acetylation and histone
H3 K4 methylation. The amount of the total histone H3 preparation loaded on gel (no VIP1) was normalized to the total amount of VIP1-bound H3 histone (�VIP1)
based on quantification using anti-H3 antibodies; this normalization allows us to compare directly what fraction of the H3 population is represented by the H3Ac
and H3K4Me subpopulations.
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nucleosomes. Furthermore, in the presence of VIP1, VirF itself
became associated with nucleosomes (Fig. 4D Upper), presum-
ably via its interaction with VIP1. Similarly, the VIP1–VirF
association did not interfere with VIP1–VirE2 binding, allowing
formation of ternary VirF–VIP1–VirE2 complexes (Fig. 4D
Upper). These complexes also bound to the nucleosomes, and the
binding depended on VIP1 because neither VirF nor VirE2 were
found associated with the nucleosomes in the absence of VIP1
(Fig. 4D Upper). Importantly, ssDNA bound to VirE2 also was
detected in the nucleosome-associated VirF–VIP1–VirE2 com-
plexes (Fig. 4D Lower). Thus, T-complexes can be recognized by
VirF while they are bound to nucleosomes.

Discussion
A long-standing question in the field of genetic engineering of
eukaryotic cells is the mechanism by which the transgene
associates with the target chromatin before integration. Because
of its ability to transfer genes to most eukaryotic species,
Agrobacterium represents a useful model system to study this
question. The bacterial T-DNA is packaged into a deoxyribo-
nucleoprotein T-complex composed primarily of ssDNA and the
VirE2 and VirD2 proteins (2). The ssDNA is sequence-
nonspecific as any DNA placed between the T-DNA borders on
the bacterial tumor-inducing (Ti) plasmid is transferred to plants
and, therefore, acts as a T-DNA. Thus, the biological functions
of the T-complex are fulfilled by its VirE2 and VirD2 compo-

nents. Of those, VirE2 is by far predominant, accounting for
�99.9% of the protein content of the T-complex (27). Based on
these considerations, a synthetic ssDNA–VirE2 complex repre-
sents a simple and well defined paradigm of the Agrobacterium
T-complex.

Because the number of the T-complexes that ultimately be-
come integrated into the genome is low, on average 1.5 T-DNA
inserts per genome (28), and the T-complex is most likely very
short-lived because of its proteasomal degradation (16), it was
necessary to develop an in vitro system to study the T-complex–
chromatin interactions. To this end, we used synthetic T-
complexes and purified plant mononucleosomes. Using this
approach, we demonstrated nucleosomal association of the
T-complexes which occurs by a VIP1-dependent mechanism.
VIP1 is a plant protein that Agrobacterium has evolved to take
advantage of during several critical steps of the infection process.
First, the bacterial VirE2 protein binds VIP1, most likely in the
host cell cytoplasm, and uses it for piggy-back nuclear import via
an importin �-dependent pathway (18); this process is up-
regulated by a host MAP kinase that phosphorylates VIP1 (26).
Because VirE2 is associated with the T-DNA, VIP1 effectively
mediates nuclear import of the entire T-complex, facilitating the
genetic transformation. Next, as our present results demonstrate,
VIP1 mediates chromatin association of the T-complex by acting
as a molecular link between VirE2 and nucleosomes via inter-
actions with the core histones. Interestingly the VIP1-

1           2              3          4             

C

VIP1

VirE2

1                 2               3          

B

VirE2

1             2             3               4

A

VIP1

VIP1      VIP1S79D                        

VIP1

D

VIP1      VIP1S79D                        

VIP1

E

VIP1      VIP1S79D                        

VIP1

VirE2

F

VirE2

Fig. 2. VIP1 mediates association of VirE2 with mononucleosomes. (A) VirE2 does not bind to immobilized mononucleosomes directly. Lane 1, nucleosomes
� VIP1 (1.0 �g); lane 2, nucleosomes � VirE2 (0.5 �g); lane 3, nucleosomes � VirE2 (1.0 �g); lane 4, nucleosomes � VirE2 (1.0 �g) under low-stringency binding
conditions. (B) VirE2 binds to immobilized VIP1 and VIP1-N164. Lane 1, VirE2 alone (0.5 �g); lane 2, VirE2 (0.5 �g) � VIP1 (1.0 �g); lane 3, VirE2 (0.5 �g) � VIP1-N164
(1.0 �g). (C) VIP1-mediated association of VirE2 with immobilized mononucleosomes. Lane 1, nucleosomes � VIP1 (1. 0 �g) � VirE2 (0.5 �g); lane 2, nucleosomes
� VIP1 (1. 0 �g) � VirE2 (1.0 �g); lane 3, nucleosomes � VIP1–164N (1. 0 �g) � VirE2 (1.0 �g); lane 4, VIP1 (1. 0 �g) � VirE2 (1.0 �g). (D–F) VIP1 and VIP1S79D
(1 �g each) exhibit similar abilities to bind immobilized mononucleosomes (D) and immobilized VirE2 (1 �g) (E) or to promote association of VirE2 (1 �g)
association with immobilized mononucleosomes (F).
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nucleosome binding does not depend on the VIP1 phosphory-
lation, effectively uncoupling the nuclear import and
nucleosomal binding activities of this protein.

Whether or not the T-DNA integration occurs preferentially
within the active chromatin has been a subject of debate.
Whereas several early studies suggested integration bias toward
transcriptionally active regions (29–31), a more recent study
challenged this view, suggesting that the integration occurs
equally in the heterochromatin and the euchromatin of the host
cell (32). Our studies of the VIP1–nucleosome interaction
showed that it does not depend on acetylation and K4 methyl-
ation of the histone H3, which represent the hallmarks of
euchromatin (33). This observation supports and provides a
molecular basis for the view that T-DNA integration in the plant
genome occurs irrespective of its transcriptional state.

VIP1 is also thought to play a role in proteasomal uncoating
of the T-complex before integration. This process is mediated by
the bacterial F-box protein, VirF, which recognizes VIP1 and
targets it for degradation (16). Although VirF does not recog-
nize VirE2, it would still promote its degradation when VirE2 is
bound to VIP1. This model is based on a hitherto unproven

assumption that binding of VirF to the VIP1-associated T-
complex can occur at the site of integration, i.e., at the host
chromatin. This notion is now supported by our observations that
VirF can exist in complex with VIP1, VirE2, and nucleosomes,
in which VIP1 represents the nucleation site for all of the other
components. Furthermore, because VirF can promote degrada-
tion of VIP1-bound VirE2 (16), it is tempting to speculate that
it also can induce degradation of the VIP1-bound histones,
effectively perturbing the host chromatin and facilitating inte-
gration of the bacterial T-DNA.

Materials and Methods
Plasmids. Coding sequences of HTA3 (At1g54690) and VIP1-N164 (the gene
segment corresponding to the 164 N-terminal amino acids of VIP1) were
PCR-amplified from an Arabidopsis thaliana cDNA library, using forward
primers 5�-CCGGAATTATGAGTTCCGGCGCCGGCAGT-3� and 5�-CCGGAAT-
TCATGGAAGGAGGAGGAAGAGGA-3�, and reverse primers 5�-CCGCTCGAGT-
TAAAACTCTTGAGAAGCAGATCC-3� and 5�-CCGCTCGAGTTATTCGATATTA-
AACGACGCCGA-3�, respectively, and subcloned in the EcoRI–XhoI sites of
pET28-a (Novagen). The VirF ORF was PCR-amplified from purified Ti-plasmid
from Agrobacterium strain 15955, using forward primer 5�-CGCGGATTCCGAT-
GAGAAATTCGAGTTTGCGTG-3� and reverse primer 5�-CGCGTCGACTAGAC-
CGCGCGTTGATCG-3�, and subcloned into the BamHI–SalI sites of pET28-c (Nova-
gen). The S79D mutant of VIP1 was cloned in two steps; first, the DNA segment
encoding the 79 N-terminal amino acids of VIP1 and containing a point mutation
replacing serine with aspartate at position 79, was PCR-amplified, using forward
and reverse primers 5�-CCGGAATTCATGGAAGGAGGAGGAAGAGGA-3� and 5�-
CATGGGATCAGCTTGCGGTTG-3�, respectively; then a second PCR was per-
formed, using the fragment amplified in the first step as forward primer and the
reverse primer 5�-CCGCTCGAGTCAGCCTCTCTTGGTGAAATCCATGTA-3�, and its
product was subcloned as an EcoRI–XhoI fragment into pET28a. All PCR products
in these reactions were obtained by using a high-fidelity DNA polymerase (Pfu),
and all constructs were verified by DNA sequencing. The plasmids for expression
of VirE2 and VIP1 have been described (18).

Protein Purification. Proteins were expressed in BL21(DE3) Escherichia coli
strain (Novagen) and extracted by using a 10 mM phosphate buffer, pH 8,
supplemented with either 1 M NaCl for purification of HTA3 or 1 M NaCl and
4 M urea for purification of all other proteins, in the presence of 1 mM PMSF
and 1 mM �-mercaptoethanol. Protein extracts were adsorbed onto a nickel-
agarose resin (Qiagen) and renatured on the resin by sequential washes with
the 10 column volumes of 10 mM phosphate buffer, pH 8, containing 1 mM
PMSF, 10 mM imidazole, and 1 mM �-mercaptoethanol and supplemented
first with 1 M NaCl and decreasing concentrations of urea (4, 3, 2, and 1 M) and
then only with decreasing concentrations of NaCl (1, 0.6, and 0.3 M). Proteins
were then eluted in 10 mM phosphate buffer, pH 8, containing 0.3 M NaCl, 1
mM PMSF, 10% glycerol, 250 mM imidazole, and 1 mM �-mercaptoethanol,
and dialyzed extensively against 10 mM phosphate buffer, pH 8, containing
100 mM NaCl, 1 mM, PMSF, 10% glycerol, and 1 mM �-mercaptoethanol. All
proteins were purified to near homogeneity (95%), as verified by SDS/PAGE
and silver staining. In our experience, His tag has no detectible nonspecific
effects on VirE2, VirF, or VIP1 activities (data not shown). Here, this point is
illustrated by specific differences between biological activities of His-tagged
VIP1 and VIP1-N164, both of which interacted with VirE2, but only VIP1
interacted with nucleosomes.

Nucleosome Purification. As source for nucleosomes, we chose cauliflower flo-
rets; cauliflower is a close relative of A. thaliana, its florets provide large amounts
oftissuedevoidofchloroplasts thatmayinterferewithnucleiextraction,andthey
have low concentrations of oxidative molecules as compared with leaf tissues.
Mononucleosomes were purified from cauliflower florets as described (34);
briefly, chromatin extracted from purified nuclei was partially digested by mi-
crococcal nuclease and the products of digestion were separated by ultracentrif-
ugation on a 10–40% glycerol gradient for 20 h at 45000 � g and 4°C. The
fractions containing a DNA band of �150 bp, all four core histones, but lacking
the linker histone H1, were pooled and concentrated to �1 mg/ml.

Protein Binding to Nucleosomes. A modified ELISA was used, in which purified
mononucleosomes (10 �g protein unless indicated otherwise) were first ad-
sorbed onto Nunc MaxiSorp 96-well plates overnight at 4°C in a 50 mM sodium
carbonate buffer, pH 9.5, followed by blocking for 4 h at 4°C with 5% BSA in
PBS, pH 7.4. The same adsorption protocol was used when purified proteins
were used as binding substrates. Next, the tested proteins in PBS (pH 7.4)
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Fig. 3. VIP1 mediates association of ssDNA–VirE2 complexes with mononu-
cleosomes. (A) Detection of protein. (B) Detection of ssDNA. Lane 1, nucleo-
somes � VIP1 (1. 0 �g) � VirE2 (1.0 �g) � ssDNA (0.1 �g); lane 2, nucleosomes
� VIP1 (1.0 �g) � VirE2 (0.5 �g) � ssDNA (0.1 �g); lane 3, nucleosomes � VIP1
(1. 0 �g) � ssDNA (0.1 �g); lane 4, nucleosomes � VirE2 (1.0 �g) � ssDNA (0.1
�g); lane 5, nucleosomes � VIP1-N164 (1. 0 �g) � VirE2 (1.0 �g) � ssDNA (0.1
�g). (Upper) Twenty PCR cycles. (Lower) Thirty-five PCR cycles. Arrowhead
indicates the ssDNA-specific 500-bp PCR fragment.
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supplemented with 1% BSA, 0.05% Tween 20 and 1 mM DTT were added in
the wells and incubated for 50 min at room temperature. The wells were
rinsed three times for 1 min with PBS (pH 7.4) containing 0.1% Tween 20 for
detections of binding at low stringency and 10 times for 3 min with PBS (pH
7.4) containing 1% Tween 20 for all other experiments. For experiments
testing binding of multiprotein complexes, the corresponding components
were premixed in the same buffer and allowed to form complexes for 20 min
at 4°C. For studies of effects of histone modifications, purified calf thymus
histones (Sigma) were used. Proteins bound to the immobilized mononucleo-
somes or other substrates were resuspended in Laemmli buffer, resolved by
SDS/PAGE and analyzed by Western blotting using the corresponding primary
antibodies [i.e., rabbit polyclonal anti-VIP1 (1:1,000 titer) or anti-VirE2 anti-
bodies (1:1,000 titer), mouse monoclonal anti-T7 tag antibodies (Sigma)
(1:5,000 titer), or antibodies against histone H3, acetyl-histone H3, dimethyl-
histone H3 lysine 4 (K4) (1:2,000 titer each) (Upstate Biotechnology)], and
secondary anti-rabbit or anti-mouse antibodies conjugated to alkaline phos-
phatase or horseradish peroxidase (1:3,000 titer) (Pierce) detected by using
chemiluminescent substrate according to the manufacturer’s instructions
(Millipore). All experiments were repeated at least three times.

ssDNA-Protein Binding to Nucleosomes. M13mp18 ssDNA (New England Bio-
lab) and purified VirE2 were allowed to form a complex as described (18), VIP1
or one of its derivatives was then added and the mix was used for binding
experiments as described above. After resuspension in Laemmli buffer and
DNA extraction using the GE kit (GE Healthcare), the bound ssDNA was
detected by PCR using ExTaq polymerase (TaKaRa) and the M13mp18-
specific forward primer 5�-AGGCGATGATACAAATCTCC-3� and reverse
primer 5�-CAACAGTTTCAGCGGAGTGA-3�, which amplify a 500-bp frag-
ment. The PCRs were performed for 20 or 35 cycles under the following
conditions: denaturation for 30 s at 94°C, annealing for 30 s at 56°C, and elon-
gation for 1 min at 72°C.
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Fig. 4. Nucleosomal binding of VirF–VIP1–VirE2-ssDNA complexes. (A) VIP1 binds immobilized VirF. Lane 1. VIP1 alone (1 �g); lane 2, VIP1 (1 �g) � VirF (3 �g); lane
3, VIP1 (1 �g) � VirF (5 �g). (B) Both VIP1 and VirE2 bind to immobilized VirF. Lane 1, VIP1 (1.0 �g) � VirE2 (0.5 �g); lane 2, VIP1 (1.0 �g) � VirF (5.0 �g); lane 3, VIP1
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lane 2, nucleosomes � VIP1 (1.0 �g) � ssDNA (0.1 �g) � VirF (2 �g); lane 3, nucleosomes � VIP1 (1 �g) � VirE2 (0.5 �g) � ssDNA (0.1 �g) � VirF (2.0 �g). (Upper) Detection
of proteins. (Lower) Detection of ssDNA. Arrowhead indicates the ssDNA-specific 500-bp PCR fragment produced after 20 PCR cycles.
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