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Agrobacterium tumefaciens infects plant cells by a
unique mechanism involving an interkingdom genetic
transfer. A single-stranded DNA substrate is trans-
ported across the two cell walls along with the bacterial
virulence proteins VirD2 and VirE2. A single VirD2 mol-
ecule covalently binds to the 5�-end of the single-
stranded DNA, while the VirE2 protein binds stoichio-
metrically along the length of the DNA, without
sequence specificity. An earlier transmission/scanning
transmission electron microscopy study indicated a so-
lenoidal (“telephone coil”) organization of the VirE2-
DNA complex. Here we report a three-dimensional re-
construction of this complex using electron microscopy
and single-particle image-processing methods. We find a
hollow helical structure of 15.7-nm outer diameter, with
a helical rise of 51.5 nm and 4.25 VirE2 proteins/turn.
The inner face of the protein units contains a continu-
ous wall and an inward protruding shelf. These struc-
tures appear to accommodate the DNA binding. Such a
quaternary arrangement naturally sequesters the DNA
from cytoplasmic nucleases and suggests a mechanism
for its nuclear import by decoration with host cell fac-
tors. Coexisting with the helices, we also found VirE2
tetrameric ring structures. A two-dimensional average
of the latter confirms the major features of the three-
dimensional reconstruction.

Agrobacterium tumefaciens is the causative agent of the
crown gall disease in many plant species (1, 2). To attack its
host, Agrobacterium employs a unique and complex transfor-
mation process. Genetic material is transported from the bac-
terium into the host cell and then into the nucleus, where it
integrates stably to the host genome (for review, see Refs. 3–7).
Expression of the genes encoded by the invading DNA leads to
cell proliferation and to gall formation. Within this tumor-like
tissue, genes are expressed for enzymes that govern production
of opine compounds, amino acid derivatives utilized exclusively
by the Agrobacterium (8). In nature its host range is limited
mainly to dicotyledonous plants (1). Under controlled culture
conditions, on the other hand, Agrobacterium has been shown

to possess a broad range of hosts, including monocots (e.g. see
Ref. 9), yeast (10), fungi (11, 12), and even human tissue cells
(13).

The molecular basis for the genetic transformation process is
the transfer of a well defined single-stranded DNA fragment,
the tDNA, from the Agrobacterium tumor-inducing plasmid to
the host cell nucleus. The process is mediated by a set of
chromosomal (chv) and tumor-inducing plasmid-encoded viru-
lence (vir) genes (for review, see Refs. 3–7), as well as by
specific host factors (for review, see Refs. 4, 6, and 7). The tDNA
itself does not carry any signals for its processing, transport,
nuclear import, and integration; the only cis elements that
define the tDNA region are specific 25-bp direct repeats at its
left and right borders (14, 15). For this reason primarily, tDNA
transfer is not sequence-dependent, leading to the emergence
of Agrobacterium as a powerful tool for modifications of plants
both in the laboratory and in molecular plant breeding (16–18).

Upon induction of the vir region by detection of plant-specific
wound signals, the VirD1-VirD2 bacterial protein complex
nicks both borders on the non-coding strand of the tDNA region
and releases a single-stranded tDNA molecule (the T-strand).
A single VirD2 molecule remains attached to the T-strand
5�-end (19, 20), while the remaining oligonucleotide is covered
stoichiometrically with VirE2 molecules (21–23). It remains a
matter of debate whether the T-strand is exported fully assem-
bled with VirE2 (23) or whether the formation of a mature
T-complex occurs only within the host cell cytoplasm (24, 25).
In one model, the T-complex is exported to the host cell cyto-
plasm through a virB/virD4-encoded channel (26, 27). Alterna-
tively, the T-strand-VirD2 complex and the VirE2 molecules
may be exported from the Agrobacterium independently and
meet only later in the host cytoplasm, where they assemble into
a mature T-complex. The T-complex is then imported into the
host cell nucleus, where it may be expressed transiently or
integrated into the host genome, thus finalizing the transfor-
mation process.

Both VirD2 and VirE2 play crucial roles in tDNA nuclear
import and integration. VirD2 promotes nuclear import
through its interaction with a host karyopherin � receptor (28).
It also appears to be involved in intranuclear transport and in
tDNA integration (29–32). Association of VirE2 with the T-
strand is required for protection from exonucleolytic degrada-
tion (22), as well as for nuclear import via interaction with the
intermediary host factor VIP1 (33). There appears to be some
redundancy in the functions. For very short tDNAs, VirE2 may
be replaced by other single-strand binding proteins without
inhibiting nuclear import (34), while in other cases VirE2 alone
can mediate import of tDNA in the absence of VirD2 (35). VirE2
has also been reported to form membrane channels in vitro
(36), suggesting that such channels might be involved in as-
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sisting the passage of DNA through the plant plasma mem-
brane (37).

There are virtually no length limitations for the tDNA se-
quences, and Agrobacterium has been shown to be capable of
transporting and integrating tDNAs up to 150 kb long (38, 39).
Extra copies of the virE2 loci were required for efficient trans-
port of such large molecules, further supporting the role of
VirE2 as an essential chaperone of the T-complex (39). A prior
study has shown that the cooperative binding of VirE2 to
single-stranded DNA shapes the T-complex into a regular so-
lenoid (or telephone coil) shape, and the study used scanning
transmission electron microscopy to establish basic structural
and stoichiometric parameters (40). Resolution at a molecular
level was not available, however.

In this work we report a three-dimensional reconstruction of
the VirE2-ssDNA1 complex using electron microscopy and im-
age-processing techniques. The helical T-complex structure is
found to form a hollow solenoid shape, with a putative ssDNA
binding site near the inner diameter of the structure. This
structure appears to satisfy several functional needs for nu-
clear import; the ssDNA is physically shielded from nucleases
during the transfer process, and the solenoid winding results in
a 7-fold foreshortening of the ssDNA length, facilitating its
transport through both the cytoplasm and the nuclear pore. An
independent corroboration of the three-dimensional recon-
struction was provided from the analysis of tetrameric struc-
tures often found adjacent to the helical complexes.

EXPERIMENTAL PROCEDURES

Sample Preparation and Image Acquisition—Nopaline strain VirE2
was expressed and purified from inclusion bodies in Escherichia coli as
described by Citovsky et al. (22). M13 single-strand DNA was purchased
from New England Biolabs.

For the three-dimensional reconstruction, a scan of conditions was
performed to optimize regularity and length of the helices. M13 DNA
was first heated to 65 °C and then cooled rapidly on ice and mixed, at
room temperature, with purified VirE2 in 6-�l aliquots at a protein:
DNA ratio of 1:1 by weight (80 �g/ml DNA). The mixture was left for
24 h to form and anneal. For the tetramer study, the protein:DNA ratio
was increased to 3:1, and incubation was performed overnight at room
temperature. Samples were deposited onto freshly glow-discharged car-
bon-coated grids, negatively stained in 1.5% uranyl acetate, and
air-dried.

Images were recorded in an FEI Tecnai F20FEG transmission elec-
tron microscope equipped with a 1k � 1k Teitz charge-coupled device
camera in 2 � 2 tiling mode at a scale of 0.32 nm/pixel. Magnification
of the microscope was verified using tobacco mosaic virus.

A series of 50 CCD images were collected at various defocus values
ranging from 0.6 to 2.7 �m, with first zeros in the contrast transfer
function (CTF) ranging from 1.2 to 2.6 nm. The CTFs were corrected by
phase flipping using the BSoft package (41).

Image Processing—Image processing for three-dimensional recon-
struction used the iterative helical real space reconstruction (IHRSR)
method (42) with minor modifications as follows. Particles were picked
using a program written in-house (available on request) for selecting
filaments. Lines are drawn over the filaments using the computer
mouse, and the program selects coordinates for boxing the particles at
a user-selected interval while keeping track of groups of particles com-
ing from the same filament. This is useful where polarity can be deter-
mined per filament by two-dimensional averaging. The program also
keeps track of the angle of the overlaid, user-drawn line, which is used
for preliminary vertical orientation of the particles. 8440 particles of
80 � 80 pixel size were selected from the filaments.

Visual inspection showed that despite efforts to avoid bad regions,
the semiautomated particle picking included a large fraction of images
containing breaks, kinks, or obvious staining artifacts. To select the
good particles, a classification was performed using the self-organizing
map (SOM) algorithms of the XMIPP package (43). The entire set was
first low pass-filtered to 3.2 nm, and a reference-free alignment was

performed using the Spider software package (44). Transformations in
x, y, and in-plane angle � were imposed, and the data set was fed to the
kernel density SOM procedure using a 10 � 10 grid. The procedure
generates a grid of code vectors that represent the assigned images. It
was verified that clean looking code vectors represented classes of clean
particles, while particles assigned to defect-ridden code vectors were
themselves of poor quality. The procedure was repeated several times
with different parameters, and in each case a set of roughly 3000 good
particles was obtained. Further processing was conducted on a set
containing 2943 particles.

The IHRSR method assigns azimuthal angles to images by cross-
correlation with projections of an initial model volume. The images are
then back-projected according to that assignment list to produce a new
volume. This is searched for a minimal residual over a grid of helical
symmetries (rise and units/turn). The symmetry corresponding to the
minimal residual is imposed, and the resulting symmetrized volume
becomes the new starting model.

The initial model was an unstructured helix of 5.2-nm pitch and
15.4-nm diameter. The following minor modifications were made in the
procedure. At the end of each cycle the parameters of symmetrization
were randomized slightly away from the minimal residual condition, by
an amount up to one step in the grid search, so as to avoid trapping in
local minima. To speed convergence (and gain confidence in the direc-
tion of the reconstruction) the cross-correlations were performed in a
series of progressively increasing (i.e. improving) resolution shells by
low pass filtering the projections of the model in a programmed manner:
12 cycles at 3.2 nm, 12 cycles at 2.8 nm, 6 cycles at 2.4 nm, and 6 cycles
at 2.0 nm. Intermediate stages of convergence could be seen in the
helical symmetries and by inspection of isosurface contours of the
reconstructed volume. A uniform distribution of the angular reference
assignments was also confirmed at each stage. The symmetry refine-
ment was stopped at a resolution cutoff of 2.0 nm; for higher resolutions
the angular assignments became unstable. The density maps presented
are also cut off at 2.0 nm, although the ultimate resolution of the
reconstruction should be somewhat better than that of the alignment
criteria.

Additionally, a crude tomographic reconstruction was carried out to
confirm that the hollow structures did not collapse in the staining and
drying processes.

Rings were selected from CCD images by hand, using the EMAN
Boxer program (45), yielding a data set of 1084 particles. A low pass
filter at 2.0 nm was applied within the first zero of the CTF at the
relevant defocus. Reference-free alignment was then performed using
Spider software (44), yielding a two-dimensional average. Images, iso-
contours, and isosurfaces were prepared for figures using Amira
(www.amiravis.com).

RESULTS

A typical view of the complex of VirE2 protein with single-
stranded DNA (circular ssDNA from M13) is shown in Fig. 1A.
We scanned sample preparation conditions to optimize length
and regularity of the helices. We found that due to strongly
cooperative binding (22), we could inhibit nucleation but still
achieve complete coverage by using a strongly substoichiomet-
ric ratio of protein to DNA and a long incubation time. Regular
helices can be analyzed by classical Fourier-Bessel methods
(46). Despite our efforts, however, the structure was often
broken by abrupt kinks or gaps, in which the progression of the
helical phase was lost. Therefore we applied the recently de-
veloped IHRSR method (42). In this analysis, short helical
segments boxed from the original images are treated as single
particles and are reconstructed using multireference-based im-
age cross-correlation methods with no symmetry imposed. A
search for helical symmetry (axial rise and angular turn/sub-
unit) is carried out and imposed on the reconstructed three-
dimensional model, which then serves as a reference for the
next iteration. This process is iterated until a stable recon-
struction is achieved. The established method and slight mod-
ifications to it are described in more detail under “Experimen-
tal Procedures.”

Individual helical segments were boxed from the original
images and classified to form a data set containing helical
particles with minimal defects as described under “Experimen-

1 The abbreviations used are: ssDNA, single-stranded DNA; CTF,
contrast transfer function; IHRSR, iterative helical real space recon-
struction; SOM, self-organizing map.
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tal Procedures” (Fig. 1B). The particles were low pass-filtered
to 2.5 nm, their phases were corrected for CTF, and a reference-
free alignment was carried out (aligned average shown in right-
most panel of Fig. 1B). The pitch can be measured directly at
�5.2 nm. The same value was obtained from Fourier trans-
forms of individual long filaments selected from the micro-
graphs, suggesting a strong regularity. The filament also ap-
pears to be polar with a hooked ledge between the outer surface
and a hollow interior.

A three-dimensional reconstruction was produced from the
CTF-corrected data set using the IHRSR method (42). Helical
symmetry was found with an angle between successive sub-
units of roughly 85°, corresponding to 4.25 � 0.05 subunits/
helical turn and a pitch of 5.15 � 0.02 nm, in agreement with
the two-dimensional average. The isosurface is shown in Fig.
2A, with the threshold chosen to enclose 100% of the estimated
mass of protein and ssDNA. Note that the hooked ledge ap-
pears as an inwardly protruding shelf on the isosurface, as is
apparent in the tilted view of Fig. 2B. Fig. 2, C and D, shows
slices of reconstructed density in a cut normal to the helical
axis (C) and in three planes parallel to it (D). The outer surface
is quite open, with a deep cleft suggesting a site for tight
interaction with other bacterial or plant proteins. The most
interesting feature is on the inner surface, where a protrusion
appears forming a nearly continuous shelf around the inner
perimeter. The diameter of the complex at the innermost sur-
face is 7 nm.

The handedness of the three-dimensional reconstructed T-
complex was determined by imaging tilted specimens following
the method of Finch (47). We found the solenoid to be right-
handed.

To try to localize the DNA, we estimated the average radius
at which the DNA sits. The length of the M13 ssDNA substrate
is 7249 bases and has a mass of 2392 kDa. Assuming a canon-
ical extended length of 0.4 nm/base for single-stranded DNA,
this implies a total length of 2900 nm. The mass of VirE2,
calculated from the amino acid sequence, is 63.4 kDa. Nitro-
cellulose binding assays indicated a stoichiometry of 10:1 pro-
tein:DNA by weight for complete coverage (22). We confirmed
this figure by electrophoretic gel retardation (data not shown).
The number of VirE2 proteins/M13 DNA molecule is then

23920/63.4 � 377. At 4.25 VirE2/turn, this would indicate 88
complete helical rings. The length of ssDNA/ring is thus 32.6
nm, or 82 bases, implying a binding of �19 nucleotide bases/
protein. The average diameter of the DNA within the helix is
then estimated at 10.5 nm. An alternate estimate may be made
by measuring the length around the perimeter of well formed
circular complexes. This yielded an average of 425 nm, i.e. a
7-fold reduction of the original oligonucleotide length. With a
pitch of 5.2 nm, this implies �35 nm of extended ssDNA/ring,
yielding an average diameter of 11 nm. The good agreement
between these estimates confirms the determination of binding
stoichiometry. A colored ring at 11-nm diameter is depicted on
the density plot in Fig. 2C.

In addition to the solenoidal structure, VirE2 also forms
aggregates even in the absence of DNA. Early biochemical
evidence suggested that these are probably tetramers (21),
while recent evidence points to trimers.2 In the presence of
ssDNA, ring-like objects also appeared on the grids. They were
often found next to the ends of helical filaments, where the
circular DNA had broken to linear segments (Fig. 3A). A two-
dimensional alignment and an average of such objects con-
firmed that they are in fact tetrameric rings (Fig. 3, B and C).
Note that these rings appear even though ssDNA is in excess
with respect to saturated binding of the protein.

To verify the match between the two-dimensional average of
the tetrameric rings and the three-dimensional reconstruction,
the former was overlaid onto a slice through the latter, which
was cut at an angle slightly tilted from normal to the helical

2 A. Engel, personal communication.

FIG. 1. A, the complex of VirE2 protein with single-strand DNA is
observed in transmission electron microscopy. B, gallery of raw parti-
cles aligned by reference-free procedure. The rightmost panel shows the
average of the 2943 aligned particles.

FIG. 2. A, a three-dimensional reconstruction of the VirE2-ssDNA
complex. The outer diameter of the helix is 15.7 nm, and its inner
diameter is 7.0 nm. The isosurface is viewed from outside. The isosur-
face threshold is estimated to contain 100% of the mass of enclosed
protein and DNA. B, tilting and shortening the isosurface representa-
tion provides a view of the interior of the solenoidal complex. The
shelf-like protrusion matches the internal ledge apparent in the aver-
aged image shown in the rightmost panel of Fig. 1B. C, a volume density
representation is shown in a slice perpendicular to the helical axis. The
red ring has a diameter of 11 nm, representing the estimated location of
the ssDNA. D, slices through the volume density are shown in slices
parallel to the helical axis (through the center, near the inner surface,
and near the outer surface).
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axis so as to optimize the overlap. A contour representation of
the two-dimensional average is shown on top of a false color
density map of the slice in Fig. 3D. Although the fit cannot be
perfect all the way around the circle, due to incommensurate
matching, it is clear that the individual protein units match in
a very satisfactory way.

DISCUSSION

The complex of single-stranded DNA with VirE2 protein
forms a right-handed solenoidal structure as depicted in Fig. 2.
Based on geometric considerations we can place the oligonu-
cleotide at an average radius of �11 nm, close to the inner face
of the protein. We also observe an alternate organization of the
VirE2, as tetramers. These tended to lie nearby the ends of
helices formed at breaks in the circular ssDNA substrates. The
rings are likely to contain ssDNA because DNA is still in large
excess in our experimental conditions, and there is high affinity
for VirE2-DNA binding. This alternate quaternary organiza-
tion of the protein provides an independent means to verify the
three-dimensional reconstruction. Note that the two data sets
were produced independently and represent views of orthogo-
nal projections, along the central axis for the tetramers and

normal to it for the solenoid. Protrusions appearing on the
isosurface also appear in the tetramer average so that the
shapes of the protein units are quite similar. There is some
discrepancy in the depth of the indentations on the reconstruc-
tion. These appear to interrupt the shelf along the inner sur-
face and to suggest a deep cleft at the outer surface. Such
indentations also appear in the tetramer average but with
smaller amplitude in the isocontour lines. This discrepancy
may be due in part to differences in staining. In the case of the
tetramers the interior surface is clearly more accessible than in
the closed solenoids.

Individual protein units comprise two major domains facing
outward and an inward facing linker domain. One of the out-
ward facing domains splits to two subdomains, giving the ap-
pearance of three outward pointing lobes. Approximate dimen-
sions of the protein (as seen on the isosurface representation,
Fig. 2, A and B) are 5.2 nm in height, 4.3 nm radially, and 8.1
nm circumferentially, evaluated at the putative DNA-binding
radius of 5.5 nm.

A previous study of VirE2-ssDNA by scanning transmission
electron microscopy originally proposed the solenoidal (tele-
phone coil) structure (40), although without molecular resolu-
tion. That work reported a outer diameter of 12.6 nm for the
complex, using the criterion of full-width at half-maximum
density in the scanning transmission electron microscopy im-
aging. As expected, this is slightly smaller than the full extent
of the isosurface shown here. On the basis of mass measure-
ments it was estimated that there should be 3.4 VirE2 proteins/
helical turn. The tetramer form gave us confidence, on the
other hand, in assigning roughly 4 units/turn, and the dimen-
sions observed for the protein units themselves are internally
consistent between the two-dimensional average and the three-
dimensional reconstruction. From the latter we can also esti-
mate the mass/length. Over the pitch of 5.2 nm we have 4.25
VirE2 proteins and 82 DNA bases, for a mass of 270 � 26
kDa � 296 kDa, or 57 kDa/nm, essentially identical to the prior
scanning transmission electron microscopy measurement of 58
kDa/nm (40).

Our reconstruction of the VirE2-ssDNA complex brings some
insight into the advantages of ssDNA association with VirE2.
First, the structure shows how the ssDNA may be protected
from attack by cytoplasmic nucleases (48), as it is sequestered
within the interior of the protein cylinder. Secondly, the DNA is
compressed into a compact form. Whereas pathogenic tDNA is
roughly 20 kb in length, successful transformation may be
achieved with tDNA as long as 150 kb. These correspond to
extended physical lengths of 8 and 68 microns, respectively.
Association with VirE2 reduces these by about 7-fold to more
reasonable subcellular dimensions. The T-complex would also
prevent alternative DNA secondary structures that might tend
to form with such a long polymeric molecule. Such structures,
or even a random coil of uncontrolled shape, would have diffi-
culty moving through the cytoplasm. Third, the structure
shows how VirE2 monomers are readily available for binding to
cofactors. Recently it was shown that VirE2 associates with the
plant nuclear import receptor karyopherin � in Arabidopsis
thaliana via an obligatory interaction with the plant-specific
host cell factor VIP1. For this reason it is apparently inactive in
animal cells, while co-transfection of VirE2 with VIP1 in yeast
and mammalian cells leads to its nuclear localization (33).
Thus it is reasonable to assume that the VirE2-ssDNA complex
that we observe in vitro is further decorated in vivo by VIP1
and karyopherin �, where the latter mediates passage of the
entire assembly through the nuclear pore. Indications from
animal systems suggest that the nuclear pore can accommo-
date substrates of diameters exceeding 26 nm (49), or even as

FIG. 3. A, a raw image of ring-like structures interspersed with the
helical assemblies. B, a gallery of selected ring-like particles. C, a
two-dimensional average of rotationally and translationally aligned
rings shows clear 4-fold rotational symmetry. Symmetry is not imposed
in this image. D, isocontour lines from a C4-symmetrized version of the
image in C are shown overlaid onto a slice through the three-dimen-
sional reconstruction. Note the good agreement in the major features of
the two independent analyses.
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large as 39 nm (50), when associated with appropriate karyo-
pherin (importin) transport receptor proteins. Thus the outer
diameter of 16 nm is small enough, even with such a decora-
tion, that translocation through the nuclear pore would not
require unwinding or any other disassembly of the complex.
Note that the DNA is entirely hidden from host factor interac-
tions with the VirE2, consistent with the lack of specific se-
quence requirements for its nuclear import.

Transfer DNA from Agrobacterium is always in linear form.
The coexistence of flat tetramers with the extended solenoidal
form suggests a means of nucleating the latter, as well as the
tendency to make kinks or other breaks in the regular helical
phase. Four monomers may close into a ring when bound to
DNA, but a slip in the closure would permit continuation
around a growing spiral. Should the spiral close at some point,
another nucleation occurring along the dangling length of the
bare DNA would not be in phase with the first, leaving a break
or kink in the overall structure. It is interesting to speculate
whether such kinks may have a biological function, perhaps
one as simple as allowing the T-complex to fold at intervals.
The symmetrized volume shown in Fig. 2 may give an exagger-
ated impression as to the regularity of the VirE2-ssDNA com-
plex. In practice, typical distances between obvious breaks
were observed in the range of 30–100 nm and depended rather
sensitively on details of sample preparation. We can suggest
that the solenoid forms in delicate balance between the tend-
ency of the protein to associate with itself in a planar configu-
ration and its affinity to binding ssDNA in a continuous man-
ner. Under our experimental conditions, the latter must be
preferential since we do see predominantly extended spirals.
Precedence for alternate ring-like or helical binding to ssDNA
is found in the case of archaeal RadA protein (51).

Geometric considerations place the ssDNA inside the protein
spiral formed by the VirE2-ssDNA complex, suggesting the
importance of the internal shelf-like domain that is observed.
Further studies at a higher resolution using cryopreparation
methods will be required to model the DNA specifically and to
elucidate its interaction with particular protein motifs. Looking
to the outside of the protein, this work should serve as a basis
for decoration studies with VIP1 and other factors involved in
T-complex nuclear import.
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