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Agrobacterium is a pathogen that genetically transforms
plants. The bacterial VirE2 protein envelopes the T-DNA
of Agrobacterium and protects it from degradation. Within
the transfected cells, VirE2 interacts with the plant VIP1
leading to nuclear transport of the T-DNA complex. Active
VirE2 is an oligomer with a tendency to aggregate, ham-
pering its studies at the molecular level. In addition, no
structural or quantitative information is available regard-
ing VIP1 or its interactions. The lack of information is
mainly because both VIP1 and VirE2 are difficult to
express and purify. Here, we present the development of ef-
ficient protocols that resulted in pure and stable His-
tagged VIP1 and VirE2. Circular dichroism spectroscopy
and computational predictions indicated that VIP1 is
mostly intrinsically disordered. This may explain the
variety of protein–protein interactions it participates in.
Size exclusion chromatography revealed that VirE2 exists
in a two-state equilibrium between a monomer and an oli-
gomeric form. Using the purified proteins, we performed
peptide array screening and revealed the binding sites on
both proteins. VirE2 binds the disordered regions of VIP1,
while the site in VirE2 that binds VIP1 is different from
the VirE2 DNA-binding site. Peptides derived from these
sites may be used as lead compounds that block
Agrobacterium infection of plants.
Keywords: Agrobacterium/peptide arrays/protein expression
and purification/VIP1/VirE2

Introduction

Agrobacterium tumefaciens is a soil-borne, Gram-negative
bacterium that causes the Crown-Gall disease in plants. The
transfer of a bacterial DNA segment (T-DNA) into the host
plant cell is followed by its integration into the host genome
and the expression of the bacterial genes resulting in neoplas-
tic growth (Pitzschke and Hirt, 2010a). The Agrobacterium

T-complex, which includes the bacterial VirE2 protein and the
bacterial T-DNA, hijacks the plant VIP1 protein in order to
facilitate its nuclear import (Pitzschke and Hirt, 2010b). The
VirE2 protein protects the T-DNA from degradation by cellu-
lar nucleases (Tzfira and Citovsky, 2002). The cellular VIP1
serves as a molecular link between VirE2, the ‘coat protein’ of
the T-complex, and plant proteins necessary for integration. It
also mediates binding of this complex to the nuclear import re-
ceptor importin a (Tzfira and Citovsky, 2000, 2002; Tzfira
et al., 2001; Citovsky et al., 2004) allowing nuclear import of
the T-complex. Within the nucleus VIP1 links the T-complex
to the bacterial VirF (Tzfira et al., 2004; Lacroix et al., 2008)
or to the plant VBF protein (part of the proteosomal degrad-
ation machinery) (Zaltsman et al., 2010). This interaction
leads to destabilization of VirE2 and its removal from the
T-DNA, thus enabling integration of the resulting naked DNA
into the plant genome.

VIP1 belongs to a subfamily of plant bZIP proteins (Tzfira
et al., 2001). It contains a predicted basic leucine zipper
(bZIP) motif (VIP1 177–291) characterized by a lysine
instead of an arginine (K212 in VIP1) (Pitzschke et al., 2009).
Members of this family are predicted to form homodimers
(Deppmann et al., 2006). Indeed, homodimerization of VIP1
has been confirmed by co-immunoprecipitation and bimolecu-
lar fluorescence complementation experiments (Li et al.,
2005). VIP1 acts as a transcription factor under stress condi-
tions, e.g. plant growth in sulfur-deficient environment
(Wu et al., 2010) or as a substrate of the MAPK-signaling path-
ways, which is one of the plant defense mechanisms against
pathogens (Pitzschke and Hirt, 2010b). It targets a specific
motif in the promoters of stress genes, termed the VIP1
response element motif (Pitzschke et al., 2009). The basic
region of the bZIP domain contains a classical nuclear localiza-
tion signal sequence corresponding to VIP1 residues 199–217
(KRILANRQSAARSKERKIR) (Tzfira and Citovsky, 2001).
The central part of VIP1 (VIP1 81–244) was shown to support
nuclear import of VirE2 (Li et al., 2005) and is important for
intranuclear localization as well as for VirE2 binding. No infor-
mation regarding the molecular structure of VIP1 is available
mainly due to the inability to express and purify this protein in
the amounts required for such structural studies.

The bacterial VirE2 protein is a single-stranded DNA
(ssDNA)-binding protein of 63.3 kDa, encoded by the vir
region located within the Ti plasmid of Agrobacterium. The
C-terminal part of VirE2 is necessary for the cooperative and
non-specific ssDNA-binding property of the protein (Dombek
and Ream, 1997). Packaging of the T-DNA by VirE2 results in
the formation of semi-rigid, hollow, cylindrical filaments with
a coiled structure, providing protection from cellular nucleases
and facilitating nuclear import (Tzfira and Citovsky, 2002).
VirE2 is transferred from the Agrobacterium into the plant
cytoplasm in complex with VirE1 (Sundberg et al., 1996),
which is a small protein of 63 residues that acts as a chaperone
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and prevents aggregation of VirE2. The crystal structure of
VirE2 in complex with VirE1 (Dym et al., 2008) shows that
VirE2 has two domains with a similar structure, in spite of a
very low sequence homology. These domains are intercon-
nected by a flexible linker (residues 337–346) that allows
them to fold around the helical VirE1. The VirE1–VirE2
interaction is mainly electrostatic. VirE1 has an overall nega-
tive charge, allowing it to fit into the positively charged pocket
created between the two VirE2 domains. ssDNA displaces
VirE1 from VirE2 (Duckely et al., 2005; Frenkiel-Krispin
et al., 2007), therefore it appears that the DNA-binding site of
VirE2 is the same positively charged region located between
both VirE2 domains. This linker region grants the conform-
ational flexibility required to allow the different binding part-
ners to interact. The two terminal regions (VirE2 1–111 and
VirE2 517–556) seem to be unstructured.

The VIP1–VirE2 interaction was demonstrated in plant
cells by immunostaining (Tzfira et al., 2001; Lacroix et al.,
2008) and by bimolecular fluorescence complementation
assay with cYFP and nYFP-tagged proteins (Li et al., 2005).
These assays are based on co-localization of the two proteins,
but do not necessarily indicate a direct interaction between
them (Kerppola, 2006; Zamyatnin et al., 2006). No informa-
tion on the interaction at the molecular level is currently avail-
able mainly because of the lack of purified VIP1 and VirE2 at
high enough concentrations, since efficient expression and

purification protocols are so far unavailable. Here we present
new protocols for the expression and purification of both pro-
teins, which allowed studying the interaction between them at
the molecular level. We found that VIP1 is partially disor-
dered, while VirE2 exists in a dynamic two-state equilibrium
between a monomer and a high-order oligomer. Peptide array
screening revealed the binding site between these two proteins
and showed that the disordered part of VIP1 interacts with
VirE2 outside its DNA-binding site.

Materials and methods

Plasmid construction
Plasmids encoding full-length His-tagged VIP1 and His-
tagged VirE2 in pET28 vectors were a kind gift from Prof.
Vitaly Citovsky, State University of New York, Stony Brook,
New York, USA. The protein encoding sequences of these
plasmids were amplified by PCR using the following oligo-
nucleotides: CGCGGATCCatggaaggaggaggaagaggacc (VIP1-
Forward primer, BamHI restriction site underlined); atggatttca
ccaagagaggctgaCTCGAGCGG (VIP1-Reverse primer, XhoI
restriction site underlined); ATAAGAATGCGGCCGCTgatcc
gaaggccgaggc (VirE2-Forward primer, NotI restriction site
underlined) and ggcccaaccgtaaacagtctgtagCTCGAGCGG (VirE2-
Reverse primer, XhoI restriction site underlined). Following

Fig. 1. HLT–VIP1 purification. (A) Screening of different bacterial strains for protein expression at 30 and 378C. Soluble (S; sup) and insoluble (P; pellet)
fractions were separated by centrifugation and analyzed by western blot with anti-His antibody. (B) Screening of induction conditions for HLT–VIP1 included
heat shock treatment of the bacteria. (C) The final purification step was SEC using a Superose 12 column. Inset: Sodium dodecyl sulfate polyacrylamide gel
electrophoresis analysis of the protein after Ni purification (lane 1) and of the main peak of SEC, marked by * on the chromatogram (lane 2).
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digestion of the PCR product and pET–HLT (Siman et al., 2011;
Lebendiker and Danieli, 2014) by the corresponding restriction
enzymes, the protein gene was ligated into the pET–HLT plasmid
by using T4 DNA ligase (Takara, Shiga, Japan). The ligated
vector was transformed into Top10 bacterial strain, and the result-
ing colonies were screened by PCR and verified by sequencing
(Center for Genomic Technologies, Hebrew University).

Protein expression
The pET–HLT–VIP1 construct was transformed into Rosetta
(DE3) (EMD-Novagen). The pET–HLT–VirE2 plasmid was
transformed into BL21CodonPlus RP (Stratagene). Both pro-
teins were then expressed using the same protocol: trans-
formed bacteria were plated on ampicillin-selective plates and
incubated at 378C. After 18 h of incubation, colonies were
transferred to 2�YT medium (4 ml) containing ampicillin
(33 mg/l) and the culture was grown for an additional 16 h in
an incubator shaker at 378C. The grown cultures were diluted
1 : 100 into a flask containing 2�YT medium supplemented
with antibiotics and the culture was grown at 378C until
OD600 reached 0.7. Bacteria transformed with pHLT–VIP1
were subjected to 428C for 20 min after addition of 0.1%
glycerol and 0.1 mM potassium glutamate. The flask was
transferred into a 178C shaker, and induced with 0.4 mM
Isopropyl b-D-1-thiogalactopyranoside (IPTG). Cells were
harvested 16 h post-induction, collected by centrifugation and
stored at 2708C.

HLT–VIP1 purification
Pellets of HLT–VIP1-expressing bacteria were resuspended in
lysis buffer (50 mM Hepes pH 8.0, 500 mM NaCl, 10% gly-
cerol and 1 M urea) at 1 : 10 (v/v) ratio. Lysozyme (Sigma),
DNase (Sigma), PMSF (Sigma) and Protease Inhibitors
Cocktail (Sigma) were added according to the manufacturer’s
instructions. Cells were disrupted by sonication and cell debris
was removed by centrifugation. The cell lysate was added to
equilibrated Ni-NTA beads (Qiagen) at a 1 : 100 ratio (v/v).
After incubation at 48C for 2 h, the beads were washed twice
with 20 ml wash buffer (50 mM Hepes pH 8.0, 500 mM NaCl,
10% glycerol, 1 M urea and 10 mM imidazole) and then incu-
bated for 15 min with elution buffer (50 mM MES pH 6.0,
500 mM NaCl, 10% glycerol and 500 mM imidazole). To
increase protein purity, a second purification step was per-
formed using a 200-ml Superose 12 size exclusion chromatog-
raphy (SEC) column, pre-equilibrated with the storage buffer
(50 mM MES pH 6.0, 500 mM NaCl and 10% glycerol). The
fractions containing pure protein were pooled, concentrated,
quantified, aliquoted and stored at 2708C.

HLT–VirE2 purification
Pellets of HLT–VirE2-expressing bacteria were resuspended
in lysis buffer (50 mM Hepes pH 8.0, 500 mM NaCl and 10%
glycerol) at 1 : 10 (v/v) ratio. Lysozyme (Sigma), DNase
(Sigma), PMSF (Sigma) and Protease Inhibitors Cocktail
(Sigma) were added according to the manufacturer’s instruc-
tions. Cells were disrupted by sonication and cell debris was
removed by centrifugation. The cell lysate was added to equili-
brated Ni-NTA beads (Qiagen) at a 1 : 100 ratio (v/v). After
incubation at 48C for 2 h, the beads were washed twice with
20 ml wash buffer (50 mM Hepes pH 8.0, 500 mM NaCl, 10%
glycerol and 10 mM imidazole) and then incubated for 15 min
with elution buffer (50 mM MES pH 6.0, 500 mM NaCl,

10% glycerol and 500 mM imidazole). To increase the protein
purity, a second purification step was performed using a
200-ml Superose 12 SEC column, pre-equilibrated with the
storage buffer (50 mM MES pH 6.0, 500 mM NaCl and 10%
glycerol). The fractions containing pure protein were pooled,
concentrated, quantified, aliquoted and stored at 2708C.

Structure predictions
The full-length VIP1 sequence was subjected to disorder pre-
diction using the server default parameters. The following
servers were used: DisPro (Cheng et al., 2005), DisoPred
(Ward et al., 2004), DisEMBL loop/coil, DisEMBL hotloops,
DisEMBL465 (Linding et al., 2003a), GlobProt (Linding
et al., 2003b), DripPred (Ferron et al., 2006) and NORSS (Liu
and Rost, 2003).

Circular dichroism
Circular dichroism (CD) spectra were recorded using a J-810
spectropolarimeter (Jasco) in 0.1 cm quartz cuvettes. Far
UV spectra were collected for 9 mM HLT–VIP1 over
190–260 nm at 108C. Control experiments were performed
with HLT under similar conditions.

Size exclusion chromatography
Analytical SEC of the proteins was performed on an AKTA
design Explorer instrument equipped with a Monitor UV-900

Table I. The new protein production protocols compared with the previous

protocols

(A) Arabidopsis VIP1
Previous protocol Our protocol
(Lacroix et al., 2008)

Plasmid encoding His-tagged VIP1 HLT–VIP1
Expression in BL21(DE3)pLysS Rosetta(DE3)
Expressed protein In inclusion bodies Soluble protein
Purification Denaturation with 4 M urea Ni binding in batch

Renaturation on Ni (bench) SEC
Dialysis

Concentration
determination

No Trp—no 1 1 ¼ 12 950 M21 cm21

By Bradford’s assay
(Bradford, 1976)

By UV spectroscopy

Final buffer 10 mM Phosph pH8.0 50 mM MES pH6.0
100 mM NaCl 500 mM NaCl
10% glycerol 10% glycerol
1 mM PMSF
1 mM bMe

Maximal
concentration

2 mM 20 mM

(B) Agrobacterium VirE2
Previous protocol Our protocol
(Frenkiel-Krispin et al.,
2007; Dym et al., 2008)

Plasmid encoding Selenomethionine labeled
VirE2-VirE1

HLT–VirE2

Expression in BL21(DE3) BL21CodonPlusRP
Expressed protein In inclusion bodies Soluble protein
Purification Denaturation with 5 M urea Ni binding in batch

Refolded by dialysis SEC
Ceramic hydroxyapatite
column
SEC

Final buffer 20 mM Tris pH8.0 50 mM MES pH6.0
50 mM NaCl 500 mM NaCl
1 mM DTT 10% glycerol

Maximal
concentration

115 mM
In complex with VirE1

40 mM
HLT-tagged VirE2

Disordered regions of VIP1 bind VirE2
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detector and the Unicorn software package using a Superose
12 analytical column (�4 ml, GE Healthcare-Pharmacia
Corp.) equilibrated with a buffer (50 mM MES, pH 6.0,
500 mM NaCl and 10% glycerol). Proteins were eluted with a
flow rate of 0.4 ml/min and the elution profile was monitored
by UV absorbance at 220 nm. The column was calibrated
with molecular weight standards (GE Healthcare-Amersham
Pharmacia).

Peptide array screening
CelluspotsTM peptide arrays were purchased from Intavis
(Cologne, Germany). The array was blocked for 4 h at room
temperature with 5% skimmed milk in phosphate buffered
saline with Tween-20 (PBS-T). The proteins were diluted in
5% skimmed milk in PBS-T ([HLT–VIP1] ¼ 2 mM and
[HLT–VirE2] ¼ 0.4 mM) and incubated with the array over-
night at 48C. Protein–peptide interaction was detected by
using a His-probe HRP-conjugated monoclonal antibody
(Santa Cruz).

Results

Expression and purification of HLT–VIP1
The previously described purification protocol for the trun-
cated recombinant His-VIP1 includes extraction from

inclusion bodies and a denaturation—refolding step (Lacroix
et al., 2008). To optimize the protocol and obtain higher VIP1
concentrations, we transformed different Escherichia coli
strains with the pHLT–VIP1 plasmid. Cultures were grown in
an auto-induced media (Studier, 2005) at 30 and 378C for
16 h. Following cell lysis, the ratio of HLT–VIP1 between the
soluble and insoluble fractions was determined. Western blot
analysis using a HRP-conjugated anti-His antibody showed
that in the traditional Bl21(DE3) pLysS strain, the 50 kDa
HLT–VIP1 chimeric protein appeared only in the insoluble
fraction obtained from bacteria grown at 378C (Fig. 1A).
Using the HMS147 and Rosetta (DE3) strains, the chimeric
protein was observed in the soluble fractions. Expression of
the pHLT–VIP1 plasmid in the HMS147 strain resulted in an
additional band corresponding to a truncated protein, probably
due to premature termination, and thus the Rosetta (DE3)
strain was selected for further studies (Fig. 1A). Following the
selection of the optimal bacterial strain, we calibrated condi-
tions such as induction duration, temperatures and IPTG con-
centrations. The final induction conditions included 0.4 mM
IPTG at 178C for 16 h. We were able to further enhance the
solubility of the chimeric protein by using heat shock treat-
ment of 20 min at 428C prior to induction (Fig. 1B). The re-
combinant protein was purified by affinity chromatography by
the use of Ni2þ beads and further purified using a Superose 12
SEC column. A single peak corresponding to HLT–VIP1 was

Fig. 2. HLT–VirE2 purification. (A) Screening of different bacterial strains for protein expression at 30 and 378C. Soluble (S; sup) and insoluble (P; pellet)
fractions were separated by centrifugation and analyzed by western blot with anti-His antibody. (B) Screening of induction conditions. (C) The final purification
step was SEC using a Superose 12 column. Inset: Sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis of the protein after Ni purification (lane 1)
and of the three peaks after SEC (lane 2: peak marked *, lane 3: peak marked ** and lane 4, marked by § on the chromatogram).
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obtained (Fig. 1C). Following this protocol, we have obtained
HLT–VIP1 at a final concentration of 20 mM, which is about
10-fold higher than that was previously reported (Lacroix
et al., 2008). Table IA summarizes the differences between the
old and new protocols and the improvements achieved in the
present work.

Expression and purification of HLT–VirE2
Optimization of the expression conditions for the pHLT–
VirE2 plasmid was performed essentially as described above
for pHLT–VIP1. Briefly, the optimized conditions were
obtained in the bacterial strain BL21CodonPlus RP and induc-
tion was performed with 0.4 mM IPTG at 178C for 16 h
(Fig. 2A and B). The protein was purified on a Ni affinity
column followed by SEC using a Superose 12 column
(Fig. 2C). The purified protein was concentrated to a final con-
centration of up to 40 mM. Table IB summarizes the differences
between the old and new protocols and the improvements made
in the present work.

VIP1 is partially disordered
The availability of relatively high concentration of VIP1
allowed us to analyze its structure for the first time. We sub-
mitted its sequence to several disorder prediction servers
(Fig. 3A). VIP1 was predicted by most servers to be highly
disordered, with the only structured region in the predicted
bZIP domain (residues 177–291) (Tzfira et al., 2001). The CD
spectrum of the HLT–VIP1 (Fig. 3B) was characteristic of a
combination of helices and unstructured regions, in agreement

with the structure prediction. Analysis of the CD data using
DICHROWEB (Whitmore and Wallace, 2004) quantified the
results as being 40–50% helical and 50–60% random coil.
The HLT-tag does not contribute to the helical content of the
protein (Faust et al., 2014). Analytical SEC of the pure HLT–
VIP1 resulted in an elution volume that was lower than
expected and the protein eluted in a wide peak (Fig. 3C).
HLT–VIP1, which has the MW of 50 kDa, had an elution
volume similar to the 66 kDa BSA. The difference between
the elution volumes of the protein with and without urea is
0.4 ml, which is 10% of the column volume. This behavior is
characteristic of disordered proteins, which are not globular
and thus behave as if they were larger and have more optional
conformations. Urea is a widely used protein-denaturing
agent. Adding even 1 M urea resulted in the elution of the
protein at a lower volume, corresponding to a more open con-
formation. This indicates that the protein was partially folded,
and adding urea resulted in its unfolding.

VirE2 exists in dynamic equilibrium between a monomer
and an oligomer
Pure HLT–VirE2 was obtained in two different fractions
(Fig. 2C). The first peak is a high order oligomer while the
second one corresponds to the monomeric form of the protein.
Analytical SEC revealed that the pure HLT–VirE2 is in
dynamic equilibrium between the monomeric form and a
higher order oligomer (Fig. 4A). Dilution shifted the mono-
mer:oligomer ratio toward the monomer (Fig. 4B).

Fig. 3. VIP1 is partially disordered. (A) Disorder predictions were performed using 10 different algorithms (see Materials and Methods). Each row represents the
disorder prediction of the VIP1 sequence by a different server. Segments that are predicted to be disordered are marked in black. The leucine zipper region, which
contains a basic domain (residues 177–217, blue) and a structured a-helix (residues 218–291, red), is indicated. (B) The CD spectrum of HLT–VIP1 shows a
combination of helices and unstructured regions. (C) Analytical SEC of HLT–VIP1 showed an elution volume smaller than expected (green), indicating a
non-compact structure. Addition of 1 M urea to the buffer (purple) reduced the elution volume, corresponding to a more open conformation upon urea
denaturation.
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The VIP1–VirE2 binding site
To reveal the specific sites that mediate the interaction between
VIP1 and VirE2, we performed peptide array screening (Katz
et al., 2011). An array containing 15-residues partly overlapping
peptides derived from VIP1 81–341 and full length VirE2 was
screened for binding HLT–VIP1 or HLT–VirE2 (Table II).
HLT–VirE2 bound several VIP1-derived peptides (Fig. 5A)
located specifically in the disordered regions of the protein. HLT–
VIP1 bound only two VirE2-derived peptides (Fig. 5B) corre-
sponding to residues VirE2 279–293 and VirE2 324–338. While
these sequences are distant from each other in the primary protein
sequence, they are spatially close in the protein structure and form
a single continuous binding site (Fig. 5C). To confirm and quan-
tify the peptide array screening results, we performed an enzyme-
linked immunosorbent assay (ELISA)-based assay between the re-
combinant proteins and the array-derived binding peptides (data
not shown). Almost all peptides bound the partner proteins
(Table II). However, the maximum protein concentrations reached
were still below the binding affinity and thus full binding curves
could not be obtained and quantification was not possible.

Discussion

Here we present improved protocols for the expression and
purification of HLT–VIP1 and HLT–VirE2. Using purified

recombinant proteins, we were able to study the interaction
between these two proteins for the first time at a molecular
level. Our protocols show some important advantages com-
pared with the protocols described before in the literature
(Table I): in our protocols both proteins remain soluble during
their expression and following cell lysis, making the denatur-
ation–renaturation steps that were used before (Frenkiel-Krispin
et al., 2007; Dym et al., 2008; Lacroix et al., 2008) unnecessary.
The use of HLT–VIP1 offers another benefit over the previously
used VIP1: the WT protein does not contain any Trp residue but
the presence of the HLT-tag adds a Trp residue that allows
accurate concentration determination by UV spectroscopy. The
4 M urea used in the published protocol completely denatures
the VIP1 protein from the inclusion bodies. The 1 M urea used
in our protocol enhances the protein solubility during lysis, thus
rescuing it from the insoluble fractions. When VIP1 was purified
using the published protocol (Lacroix et al., 2008) the maximal
concentration that could be reached was 2 mM, while our opti-
mized protocol yield 20 mM of pure HLT–VIP1. The crystal
structure of VirE2 was solved only in complex with its chaper-
one VirE1 (Dym et al., 2008). In order to obtain concentrations
high enough for crystallization, VirE2 was co-expressed with
VirE1, when both proteins were labeled with selenomethionine
(Frenkiel-Krispin et al., 2007). Our protocol enabled us to purify
HLT-tagged VirE2 without VirE1, and reach concentrations of
up to 40 mM. The final storage buffer for both proteins is more
acidic than in the existing protocols, which is similar to the pH
of their natural environment in the plant cells.

The strategy used to obtain the optimized protocols used here
is described in detail in Lebendiker and Danieli (2014) and
Lebendiker et al. (2014). Briefly, the methodology starts with
finding optimal expression conditions by screening several bac-
terial strains and induction conditions (time, temperature and
IPTG concentrations). Next, conditions are screened for small
scale purifications. These include different buffers with different
additives as well as several purification strategies.

The structure of VIP1 was predicted using multiple online
servers to be partially disordered (Fig. 3A). The predicted
structured part of the protein corresponds to the leucine zipper
(VIP1 218–291) (Tzfira et al., 2001). Our CD (Fig. 3B) results
also show that the protein has a combination of disordered and

Fig. 4. VirE2 exists in a dynamic two-state oligomerization equilibrium. (A) Samples of 8.8 mM (purple), 4.4 mM (blue) and 1.8 mM (cyan) HLT–VirE2 were
run on a mini-analytical SEC. The normalized data show a dynamic two-state equilibrium. (B) Monomer: oligomer ratio as a function of HLT–VirE2
concentration.

Table II. Peptide array screening reveals the VIP1–VirE2-binding site*

Peptide Sequence ELISA

(A) VirE2-binding peptides
VIP1 96–110 WPNSLPPKPEARFGRH Binding
VIP1 194–208 WDPKRAKRILANRQSA Binding
VIP1 216–230 IRYTGELERKVQTLQ Binding
VIP1 291–305 EIPQGNGNSYNRAQF Binding
VIP1 329–341 PSLPSYMDFTKRG No binding

(B) VirE2-binding peptides
VirE2 279–293 WAGDAYANKRFEEFER Binding
VirE2 324–338 WERGSADIRFAEFAGE Binding

*Binding peptides as revealed by the peptide array screening. Enzyme-linked
immunosorbent assay (ELISA) experiments confirmed the binding.
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helical regions. Our analytical SEC results further confirm the
partly disordered nature of the protein (Fig. 3C). To the best
of our knowledge, this is the first experimental data on the
structure of VIP1.

The bacterial VirE2 protects the T-DNA from degradation in
the plant cytosol (Gelvin, 1998) by creating semi-rigid, hollow,
cylindrical filaments with a coiled structure around the ssDNA
(Tzfira and Citovsky, 2002). Our results show that VirE2 exists
in a two-state dynamic equilibrium (Fig. 4) between the mono-
meric protein and an oligomeric form. This is in accordance
with its biological function, since VirE2 needs to oligomerize in
order to form the DNA-protecting filaments.

Using the recombinant proteins in peptide array screening and
ELISA-based assays, we determined the VIP1–VirE2-binding
site (Fig. 5, Table II). VirE2 bound multiple peptides, all
derived from the disordered regions of VIP1. Disordered regions
are well known to mediate protein–protein interactions
(Reingewertz et al., 2013). Only two VirE2-derived peptides
bound VIP1. Though these peptides are far away in the primary
sequence, they in close proximity within the VirE2 structure
(Fig. 5C) creating one single binding site. This site is distinctly
different from the VirE2-binding site with VirE1 and the DNA
(Sundberg and Ream, 1999; Frenkiel-Krispin et al., 2007; Dym
et al., 2008). We conclude that VIP1 binds VirE2 at region dif-
ferent from the DNA-binding region of VirE2.

The interaction between the bacterial VirE2 and the plant
VIP1 mediates a crucial step in the infection process of plants
by Agrobacterium. VirE2 has several important functions
during the integration of the bacterial DNA into the host DNA.
On the one hand, it protects the T-DNA from plant nucleases
by binding it through its VirE1-binding interface (Dym et al.,
2008). On the other hand, VirE2 acts as a mediator between
the T-complex and the plant nuclear import machinery by
binding VIP1. VirE2 has to carry out both these functions sim-
ultaneously. Our findings of the VIP1-binding regions on
VirE2 provide a molecular explanation for this, as the binding
sites for VIP1 and the DNA are different. As the VIP1–VirE2
interaction is necessary for successful Agrobacterium infec-
tion, the peptides derived from the interaction interface found
in this study could serve as starting points for further study of
this interaction and future applications such as inhibitors.
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