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ABSTRACT

VirE2 is the major secreted protein of Agrobacterium
tumefaciens in its genetic transformation of plant
hosts. It is co-expressed with a small acidic chap-
erone VirE1, which prevents VirE2 oligomerization.
After secretion into the host cell, VirE2 serves func-
tions similar to a viral capsid in protecting the single-
stranded transferred DNA en route to the nucleus.
Binding of VirE2 to ssDNA is strongly cooperative
and depends moreover on protein—protein interac-
tions. In order to isolate the protein—-DNA interac-
tions, imaging surface plasmon resonance (SPRi)
studies were conducted using surface-immobilized
DNA substrates of length comparable to the protein-
binding footprint. Binding curves revealed an impor-
tant influence of substrate rigidity with a notable pref-
erence for poly-T sequences and absence of binding
to both poly-A and double-stranded DNA fragments.
Dissociation at high salt concentration confirmed the
electrostatic nature of the interaction. VirE1-VirE2
heterodimers also bound to ssDNA, though by a dif-
ferent mechanism that was insensitive to high salit.
Neither VirE2 nor VirE1-VirE2 followed the Lang-
muir isotherm expected for reversible monomeric
binding. The differences reflect the cooperative self-
interactions of VirE2 that are suppressed by VirE1.

INTRODUCTION

Agrobacterium tumefaciens is a common, Gram negative
soil bacterium with a unique capability for inter-kingdom
gene transfer (1,2). In nature the transgene products cause
the ‘crown gall’ disease, which leads to neoplastic growths
or tumors on plant stems and synthesis of opine compounds

by infected tissues. Agrobacterium uses these compounds
as carbon and nitrogen sources, providing it a competitive
advantage. In the laboratory the transfer DNA may be re-
placed by any sequence of interest, making this organism a
powerful vector for synthetic genome modification (3).

Most of the machinery for pathogenesis resides on a long
tumor-inducing plasmid (Ti-plasmid), including regions en-
coding for virulence protein expression and opine catabol-
ysis, as well as the transfer DNA (T-DNA) itself. Trans-
fer of both DNA and disease effector proteins involves a
type IV secretion system akin to that involved in conven-
tional bacterial conjugation (4,5). Also in analogy to con-
jugation, the T-DNA is delivered as a single-stranded lin-
ear oligonucleotide, the T-strand, with a mobility protein
(VirD2) bound covalently at the 5’ end. However, as the tar-
get is a plant, the cytoplasmic environment of the recipient
cell is very different from that of the donor.

VirE2 is a large, single-stranded DNA binding protein
that serves to protect the T-strand from cytoplasmic nu-
cleases and to adapt it for nuclear import (6-8). VirE2 is
expressed together with VirEl, a small secretion chaper-
one that maintains VirE2 in soluble form as a heterodimer
(9,10). Thus VirE2 may be regarded as a secreted disease
effector, as a capsid protein, or as an adapter of bacterial
conjugation to a eukaryotic host.

The T-strand and VirE2 are the most essential compo-
nents in the infection process, yet they need not originate
from the same bacterium. This has led to the conclusion that
the two may be secreted individually and meet only in the
host cytoplasm (11,12). Another indication comes from a
chromatin immunoprecipitation-like “TrIP’ assay, in which
immunoprecipitates of specific virulence proteins from ac-
tivated bacteria were assayed by polymerase chain reaction
for the presence of T-strand. No direct interaction between
VirE2 and T-strand was detected (13). On the other hand,
upon virulence activation VirE2 becomes the most abun-
dant single protein in Agrobacterium (14,15). Therefore the
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molecular binding of VirE2 to ssDNA both in the presence
and the absence of VirEl are important for understanding
the infection mechanism of Agrobacterium tumefaciens, as
these represent conditions in the bacterium and in the plant,
respectively.

In vitro, VirE2 binds ssDNA cooperatively to form a
solenoidal protein shell surrounding the oligonucleotide.
This is believed to represent the relevant form in planta.
Structural parameters of this T-complex have been deter-
mined by quantitative STEM imaging (16) and by three-
dimensional reconstruction from TEM images (17,18). Two
binding modes have been observed with similar pitch but
different diameters of approximately 13 and 16 nm. These
contain 3.3 or 4.3 protein units per turn, respectively, and
are estimated to accommodate a footprint of 16-19 nu-
cleotide bases each. A high-resolution structure of VirE2 in
complex with VirE1l was also determined by X-ray diffrac-
tion (19). This analysis showed two very similar central do-
mains joined by a flexible linker in between. The first 111
amino acids were missing in this analysis, as were the termi-
nal 39 amino acids that correspond to an arginine-rich se-
cretion signal (20). [These studies were performed using the
nopaline strain VirE2; the octopine strain differs mainly by
truncation of 23 amino acids at the unfolded N terminus.]
A recent application of advanced hybrid methods, includ-
ing three-dimensional cryo-EM, computational modelling,
chemical modifications, electron paramagnetic resonance
spectroscopy and mass spectroscopy, enabled the docking
of the N-terminal central domain within the EM envelope
and revealed the architectural plan of the complex that pro-
vides a rigid structure overall while maintaining local flex-
ibility (18). Longitudinal or ‘ring to ring’ protein contacts
along the solenoid axis are made between N terminal do-
mains of a given protein and its third (or fourth) neighbor
around the circumference. This provides a structural mech-
anism for cooperativity in binding ssDNA.

VirE2 over-expressed in E. coli (without VirEl) goes
into insoluble inclusion bodies from which it must be ex-
tracted by denaturation and refolding. Moreover it precip-
itates above a concentration of 0.25-0.5 mg/ml, depend-
ing on the ionic strength of the buffer. Gel filtration shows
that the protein is found in large oligomers even at such
low concentrations; when imaged by TEM the protein is
found in long filamentous aggregates (10). Their outer di-
ameter is close to that of the DNA complex, so although
disordered, their local structure is probably similar to that
of the assembled T-complex. When mixed with ssDNA,
these filamentous aggregates are converted into the ordered
complex. Most strikingly, the conversion does not involve
a re-polymerization along the DNA substrate, but rather a
conversion of the local protein organization. This is most
clearly seen by assembly on short DNA oligomers compa-
rable in length to the single protein-binding footprint. The
same ordered structure is observed as on long ssDNA sub-
strates (10,17,18).

The binding interface to VirEl lies in between the cen-
tral domains and clamps the two domains together in a
‘closed’ conformation that prevents oligomerization from
the ends (19). Thus VirE1-VirE2 is a soluble heterodimer;
this is most likely the primary function of VirEl as a se-
cretion chaperone, to keep VirE2 in an export-competent

state. Although VirEl is strongly acidic and the structural
data identifies electrostatic contacts to a positively charged
face of VirE2, the heterodimer remains stable at high salt
(9). This might reflect interactions between amino acids not
seen in the crystal structure, suggesting more than a single
mode of binding.

VirE1-VirE2 interacts rapidly with ssDNA (21). Upon
binding to long ssDNA this entails a release of VirEl
(10,21), but very short (26 or 32-mer) oligonucleotides do
not disrupt the VirE1-VirE2 interaction (9,10). A par-
tial reversibility is observed in the interaction of VirE2
(from VirE1-VirE2) with 170-mer ssDNA (21). In the case
of VirE2 alone, binding stoichiometry is shifted for short
oligonucleotides, consistent with a reduced cooperativity in
comparison to long ssDNA (10). Notably, chemical mod-
ification of VirE2 at the longitudinal interface one turn
around the solenoid interrupts DNA binding (18). This rep-
resents a sort of hyper-allostery in which the quaternary
form of the protein is required for its interaction with the
DNA ligand.

In this work we explore the binding of VirE2 to ssDNA
substrates with real time kinetics, with an emphasis on di-
rect interaction and sensitivity to local rigidity. These pa-
rameters are difficult to isolate in solution assays due to the
tendency to form long DNA-protein complexes even from
short oligonucleotides. Therefore we took an approach to
immobilize short ssDNA substrates on a surface and to de-
tect the protein interaction by surface plasmon resonance
(SPR) imaging. SPR is a optical effect sensitive to mass ad-
sorbed to a liquid-exposed surface. It has been widely ap-
plied to the study biomolecular interactions, and is closely
associated with quantification of binding constants in a
controlled environment with low non-specific binding. The
imaging variant (SPRi) provides directly resolved access to
the measured surface reflectivity from which the adsorbed
quantities can be extracted (22,23).

Neither the binding of VirE2 nor of VirE1-VirE2 to ss-
DNA conformed to a classic Langmuir isotherm based on
equilibrium mass action kinetics. This precluded a standard
thermodynamic analysis in the tradition of SPR. Neverthe-
less, comparison between the two protein forms and their
interaction with different DNA substrates was very infor-
mative. VirE2 has a strong tendency to oligomerize in solu-
tion, consequences of which could be recognized in the sur-
face binding. VirE2 binding to poly-A or poly-T sequences
was dramatically different; this is consistent with differ-
ences in the local rigidity of the DNA due to base stacking.
VirE1-VirE2 complexes were also found to interact with
surface-bound ssDNA and to distinguish poly-A from poly-
T. Unlike VirE2, the binding of VirE1-VirE2 to ssDNA was
stable in a high salt buffer, indicating a distinct mode of in-
teraction with the oligonucleotide.

MATERIALS AND METHODS
Protein purification

VirE2 was expressed and purified from inclusion bodies ac-
cording to our published procedure (10) with modifications
in the purification step. Specifically, the virE2 gene (nopa-
line strain, protein accession number P08062) was cloned
into the pET-28b vector (Novagen) and expressed in E. coli



BL21(DE3) strain by induction with 1 mM IPTG at 37°C
for 3 h. Following sonication in buffer A (10 mM Hepes
7.4, 100 mM NaCl, | mM EDTA, 1 mM DTT and 10%
glycerol) including 1 mM PMSF (Sigma) and 170 units of
protease inhibitor cocktail (CalBiochem), inclusion bodies
were isolated by washing in buffer A with 2% Triton X-100
three times and then washed in buffer B (20 mM Hepes 7.4,
1 M NaCl, I mM EDTA) and denatured in 5 M Urea in
buffer A. Following refolding by dialysis against buffer C
(10 mM KH,PO4 pH 7.4, 0.1 mM CaCl,, 1 mM DTT),
VirE2 was captured on a heparin column (Pharmacia Hi-
Trap heparin) using Tris buffer 50 mM, pH 8§, and eluted
with a gradient up to 1 M NaCl. Purified fractions of the
protein were collected at NaCl concentration of 450-600
mM. Glycerol (10% V/V) and DTT (1 mM, final concentra-
tion) were added for storage. Final protein concentrations
ranging from 0.1 mg/ml to 1 mg/ml were measured by ab-
sorbance at 280 nm and by Bradford assay. Protein fractions
were pooled separately and stored at -80°C.

As detailed in Ref (10), virEl (P08063)) and virE2 genes
were cloned into pACYCDuet-1 (Novagen). VirEl bears an
N-terminal Hisg tag followed by a TEV cleavage site (EN-
LYFQG), whereas VirE2 is untagged. BL21(DE3) cells har-
boring the VirE1-VirE2-duet plasmid were induced by 0.05
mM IPTG at OD600 0.6. The culture was harvested after
additional growth for 18 h at 15°C. Bacterial pellets were
sonicated in buffer B (as above). The VirE1-VirE2 com-
plex was captured on a Ni-chelating column (Pharmacia
HiTrap-Chelating) and eluted at 200 mM imidazole. Fol-
lowing buffer exchange by dialysis to buffer C, the complex
was purified on a Heparin column (Pharmacia HiTrap Hep-
arin), with 1 M NaCl. The VirE1-VirE2 complex eluted at
200 mM NaCl and was treated with TEV protease to re-
move the His tag from VirEl. Final purification of the com-
plex was made by gel filtration in 50 mM Tris pH 8.0 with
150 mM NaCl, I mM DTT, I mM EDTA.

Concentration of VirE2 and of VirEl-VirE2 differed
drastically. Due to the low solubility of VirE2 and its ten-
dency to high-order oligomeric form even in solution (10),
the most concentrated solution used for kinetic studies in-
volved a dilution 1/20 from a 0.3 mg/ml stock, corre-
sponding to 4.5 wM. At stock dilutions greater than 1/200
the signal from surface adsorption became immeasurably
small. The VirE1-VirE2 heterodimer is highly soluble, on
the other hand. The stock solution concentration was 6.4
mg/ml and accessible experimental concentrations ranged
up to 90 nM.

DNA fragments

40-mer poly-T and poly-A sequences with a 5 C6-thiol
modifier, as well as unmodified oligonucleotides were
from MWG-Eurofins (France). 5" thiol and internal C3
spacer-modified oligonucleotides were from Sigma-Proligo
(France). Random primer sequences were derived from
PGEMT easy vector positions 619-638, 619-641, 617-659
and 617-666 for 20, 23, 43 and 50 mer respectively. (Un-
modified, reverse-complement sequences were used for pro-
duction of dsDNA, i.e., 638-619, 641-619, etc.) Sequences
are shown below.
Mi20C3
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HS-(CH2)6-TTTTT-(CH2)6-CGACGCTCAAGTCA
GAGGTG

MI20C

CACCTCTGACTTGAGCGTCG

Mi23C3

HS-(CH2)6-TTTTT-(CH2)6-CGACGCTCAAGTCA
GAGGTGGCC

MI23C

GGCCACCTCTGACTTGAGCGTCG

MI43C3

HS-(CH2)6-TTTTT-(CH2)6-ATCGACGCTCAAGT
CAGAGGTGGCCAAACCCGACAGGACTATA

Mi43C

TATAGTCCTGTCGGGTTTCGCCACCTCTGACT
TGAGCGTCGAT

MI50C3

HS-(CH2)6-TTTTT-(CH2)6-ATCGACGCTCAAGT
CAGAGGTGGCGAAACCCGACAGGACTATAAAG
ATAC

MIS0C

GTATCTTTATAGTCCTGTCGGGTTTCGCCACC
TCTGACTTGAGCGTCGAT

In order to produce double-stranded DNA binding frag-
ments, modified oligonucleotides were mixed with an excess
of the complementary non-thiolated ssDNA to ensure that
all thiolated DNA were double stranded to a final concen-
tration of 10 wM in 100 mM NaCl. After heating at 95°C
for 5 min, hybridization was effected by slow cooling.

SPR measurement

The technique of DNA immobilization was applied es-
sentially as described (23). DNA surfaces were prepared
on a high-refractive index glass prism (type SF 10: n
1.707987 at A = 830 nm) activated by Reactive Ion Etch-
ing (RIE) prior to the thermal evaporation of a 50 nm
gold layer. First, a fresh gold layer was immersed in a so-
lution containing 0.1 mM of 1-undecanethiol substituted
with a hydroxyl-terminated tetra(ethylene glycol) (EGy-
OH) diluted in ethanol for 30 s at room temperature. Be-
fore DNA deposition the prisms were thoroughly rinsed in
pure ethanol twice for 20 min. The DNA solution (3 or 5
M starting concentration) was spotted on the freshly pre-
treated prism surface in phosphate buffer (0.4 M) at pH
7.4 and incubated for 16 h in a sealed Petri dish at 100%
relative humidity to prevent the DNA solution from dry-
ing. Moreover, in order to reduce evaporation during in-
cubation, the DNA solution contained 5% glycerol. The
prism was then directly inserted into the SPRi apparatus
(GenOptics, France) and buffer (50 mM Tris pH 8.0 with
100mM NaCl) was immediately flowed across the surface
at 25 wl/min. To remove any excess of DNA or unbound
DNA from the surface, 200 wl of sodium dodecyl sulphate
(SDS) diluted to 0.1% (w/v) was injected across the surface
at 25 wl/min, followed by another wash with loading buffer.

For binding assays the protein stock solutions were di-
luted directly into SPRi loading buffer: 50 mM Tris pH
8.0 with 100 mM NaCl or higher as indicated and flowed
across the prism surface at 12.5 pl/min. Reflectivities were
recorded from an array of DNA spots in association phase,
and then in dissociation upon switching to flow of protein-
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A ssDNA B ssDNA

dsDNA
43bp |43mer

Figure 1. SPRi images testing association of VirE2 to DNA substrates as
marked: (A) dsDNA 43 bp, ssDNA 20-, 23- or 43-mer random sequences
at 470 nM protein concentration, (B) 40-mer poly-A, poly-T and 50-mer
random sequences at 94 nM protein concentration.

free buffer. The surface was regenerated with SDS 0.1% as
described above followed by washing with buffer. For high
salt assays the Tris concentration was maintained at 50 mM
while NaCl was increased.

Electron microscopy

DNA-protein complexes were deposited on freshly glow-
discharged carbon-coated grids, stained with 1.5% uranyl
acetate solution and air-dried. Images were recorded to
CCD camera in a transmission electron microscope (FEI
Tecnai T12 Spirit).

RESULTS AND DISCUSSION

Binding of VirE2 and VirE1-VirE2 to immobilized DNA
fragments

VirE2 normally binds cooperatively to long ssDNA sub-
strates. In order to limit the interaction to the scale
of the binding footprint we worked with short surface-
immobilized oligonucleotides. We first established that
VirE2 in fact binds to these short substrates. DNA frag-
ments were spotted onto the SPRi sample surface as de-
scribed in Materials and Methods and washed with the
loading buffer. Purified VirE2 protein was then flowed
across the surface. Figure 1A shows differential images dur-
ing the association period as the VirE2 protein interacts
with separate spots containing DNA constructs matching
roughly one and two protein binding footprints. In ac-
cordance with earlier observations in bulk solution where
VirE2 shows no affinity to dsDNA (24) no binding to ds-
DNA is detected, but images confirm binding to 20-, 23-
and 43-mer ssDNA substrates (Figure 1A). The observa-
tions are consistent with the structural model based on elec-

A. VirE2 B. VirE1 -VirE2

OFF
ponA
ponT
0.5min  0.5min
4 min

7 min 3. 5m|nI
24 min 5m|nI

Figure 2. SPRi images of binding and dissociation on 40-mer poly-A and
poly-T ssDNA substrates. (A) VirE2 at 94 nM concentration, (B) VirEl-
VirE2 at 453 nM concentration. Times marked indicate the duration from
the start of the injection of protein (ON) and from the exchange with
protein-free buffer (OFF).

L -10.5min

"3 12 min

18 min

tron microscopy, wherein ssDNA is wrapped around the in-
ner circumference of a solenoidal shell. The inner radius of
curvature is approximately 3 nm, which is comparable to the
persistence length of ssDNA and much smaller than that
of dsDNA. Thus we expect that short ssDNA fragments
may interact with the same binding face as long ssDNA
in a mature complex, while this is not possible for dsDNA.
We found results on 40-50 base lengths to be more consis-
tent than 20-mer, most likely due to steric interference from
the surface. Therefore we continued with the slightly longer
oligomers. We then addressed the possibility of a sequence-
rigidity dependence of VirE2 binding to short DNA seg-
ments. Purine base stacking causes poly-A to adopt a more
rigid structure than poly-T or mixed sequences (25). In or-
der to test for an effect, the experiment was repeated with
40-mer poly-A and poly-T (Figure 1B).

Kinetic changes in the reflectivity signals are shown in
Figure 2 for poly-A and poly-T bound spots as VirE2 or
VirE1-VirE2 protein was flowed across the surfaces, and as
it was removed by buffer flow. VirE2 bound most strongly
to poly-T, the most flexible of the tested substrates. Weak
binding to poly-A is seen clearly for both VirE2 and VirE1-
VirE2; for the latter it is undetectable while poly-T binding
appears strong. Note the very slow dissociation of both pro-
teins from poly-T, indicating an important contribution of
substrate flexibility.

The very different binding of VirE2 to poly-A and poly-
T substrates was confirmed by electron microscopy. Figure
3 shows a representative field in which extended solenoids
(arrows) are abundant in the poly-T case. Well-formed
solenoidal complexes on poly-A ssDNA were rare. In the
background we observed what appears to be small protein
aggregates (arrowheads).



Figure 3. Representative images of VirE2-ssDNA complexes formed on
40-mer poly-A and poly-T substrates, visualized by transmission electron
microscopy.
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Figure 4. SPRi derived binding curves showing changes in % reflectivity
as a function of VirE2 (94 nM) and VirEI-VirE2 (453 nM) binding to
immobilized (A, B) poly-T, (C, D) poly-A or (E, F) random 50-mer on an
SPRi surface.

Binding kinetics reveal distinct modes of interaction

Kinetic data of the type shown in Figure 4 were fit to ex-
ponential curves in order to obtain formal rate constants.
Results appear in Table 1. The motivation for the fit was
a simple Langmuir binding model, which, however, turned
out to be inconsistent with the observations. Hence the fit
parameters are useful for comparison of different DNA
substrates but their biophysical implications must not be
over-interpreted. The apparent dissociation rate constant
kogr 1s obtained by fitting the dissociation phase to a sim-
ple exponential expression where the relative change in %
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reflectivity (R) as a function of time (t) with respect to R
at time t = 0, (Ry), results from R, = Ryexp %), The ap-
parent association rate constant k,, is obtained from the
fit to R, = Ryax(1 — exp~enlClH+kem)t) at 3 given protein con-
centration [C], where Ry.x i1s the response at steady state.
According to the Langmuir paradigm the calculated equi-
librium affinity K, is simply the ratio %, from which we
obtain values on the order of 1-10 nM. As we will see in
the following, however, the binding cannot be interpreted
in the context of a simple mass action paradigm of parti-
tioning between bound and unbound states. Nonetheless
we can understand ‘ky,[C]” and ‘ko¢’ phenomenologically
as rates for binding and dissociation respectively, e.g. while
smaller k,,[C] means a slower binding, smaller kyy indi-
cates a longer time for dissociation. Note that the com-
parison is made for solution concentrations of VirE2 and
VirE1-VirE2 that yield similar SPR reflectivities on the or-
der of 1%, implying comparable net protein adsorption. (We
present ko, [C] as the numerical fit parameter. Extraction of
a true kinetic constant k., would require measurement over
a range of concentration and is predicated on thermody-
namic assumptions that were not met.) In comparing be-
tween different ssDNA substrates, VirEI-VirE2 in general
showed slower kinetics than VirE2 for both association and
dissociation. In particular the dissociation of VirE1-VirE2
from ssDNA was negligible on the accessible time scale. By
contrast, poly-A association was too weak even to fit. In
the following we focus on the difference between VirE2 and
VirE1-VirE2 binding to poly-T.

Figure 5A and B shows association and dissociation
curves for VirE2 and VirE1-VirE2 complexes with 40-mer
poly-T ssDNA substrates as a function of protein concen-
tration. The range of accessible concentrations for VirE2
is much smaller due to its limited solubility. On the other
hand, throughout the concentration range accessible to
both proteins, quantitatively more VirE2 bound to the ss-
DNA than did VirE1-VirE2. Figure 5C shows a plot of
the steady state signal versus solution concentration in each
case, again with a striking difference. Simple equilibrium
partitioning between bound and solution phases should
produce a Langmuir isotherm. Instead, for the VirE2 we
see an association increasing linearly from zero in pro-
portion to the solution concentration, and for the VirEl-
VirE2 we see what appears to be a Brunauer—Emmett—Teller
(BET) type isotherm with a long plateau and sudden in-
crease in binding at high concentration. This suggests that
VirE1-VirE2 binds monomerically up to initial saturation,
but then at high solution concentration recruits additional
monomers by condensation to the resulting nucleoprotein
complex. Neither binding mode for VirE2 nor VirE1-VirE2
is consistent with simple mass action equilibrium between
monomeric bound and solution phases.

Notwithstanding the complexity of the interactions,
VirE1-VirE2 appears to bind ssDNA by a different mecha-
nism than VirE2. Following the BET paradigm we take the
plateau in the VirE1-VirE2 signal as a measure of single-
layer coverage without higher-order structures. This im-
plies that binding of VirE2 (without VirEl) at very mod-
erate concentration exceeds the stoichiometric capacity of
the surface-bound ssDNA. Our interpretation is that aggre-
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Table 1. Phenomenological kinetic parameters for binding of VirE2 (94nM) or of VirE1-VirE2 (453nM) to ssDNA substrates

VirE2 (94nM) VirE1-VirE2 (453nM)
DNA feor 571 kon M~ 1571 ko s ! kon M~ 1571
5520 4.09-1074 3.34 - 104 2391073 1.71 - 10*
$23 3.55. 1074 4.49 . 10* 3131073 1.60 - 10*
ss43 5.19-104 5.53.10* 3.79 1075 1.21-10%
$850 1.53.10~* 12.44 - 10* 4.04-10° 1.23 - 10*
ssT40 0.61-107* 6.04 - 10* 8.29 - 1073 3.30 - 103

As described in the text these raw fitting parameters are most useful for comparison among substrates for a given protein form, or between VirE2 and
VirE1-VirE2 for the same DNA substrate. (Binding of VirE1-VirE2 to 40-mer poly-A substrates was too weak to fit clearly to the exponential form.) The
numerical values should not be over-interpreted according to a conventional Langmuir binding paradigm which is not consistent with the underlying

mechanism.
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Figure 5. SPRiderived binding curves to 40-mer poly-T immobilized on an
SPRi surface for (A) VirE2 and (B) VirE1-VirE2, with concentrations as
marked. (C) Plot of the estimated asymptote (Rmax) for binding of VirE2
and VirE1-VirE2 to poly-T. Rnax was calculated from the curves shown
in (a, b) using the simple expression R, = Rmax (1 — exp_(k"“[q*'koﬁ)”) as
explained in the text.

gates of VirE2 protein already present in solution bind to
the surface at discrete points. These aggregates lie within the
sensitivity depth of the surface plasmon resonance. Their
characteristic size, and therefore the strength of the SPR sig-
nal, depends on the VirE2 concentration.
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Figure 6. SPRi binding and dissociation curves including effects of high
salt. (A) VirE2 at the highest accessible concentration of 236 nM on poly-
A, poly-T and random sequence substrates as marked. (B) VirE1-VirE2
binds strongly to poly-T and weakly to random 50 mer; no binding is de-
tected to poly-A (colors as in panel A). Dissociation is incomplete both
with normal loading buffer (100 mM NaCl) and with high salt buffer (at
40 min, 900 mM NaCl injection). (C) VirE2 binding and dissociation in
500 mM NacCl buffer. Note the rapid dissociation, in contrast to the case
at 100 mM NaCl—compare Figure 4A. (D) VirE1-VirE2 binding and dis-
sociation in 500 mM NaCl buffer. In this case dissociation remains slow,
consistent with incomplete dissociation at 100 mM NaCl (Figure 4B).

Effect of ionic strength on interaction with ssDNA

We next tested whether a high salt buffer solution would
disrupt the stable complex of ssDNA and VirE2 (Figure
6). Association was conducted as normal at 100 mM NacCl,
and then the high salt buffer (900 mM NaCl) was injected
(Figure 6A). As seen, the protein adsorbed most strongly
to the poly-T substrate and came off rapidly in the high salt
buffer. In the case of VirE1-VirE2 the protein bound pre-
dominantly to the poly-T ssDNA (Figure 6B). Dissociation
was very slow in 100 mM NaCl buffer originally. Following
exchange for 900 mM salt buffer, protein adsorption was
reduced somewhat, but remained stably bound on the mea-
surement time scale. Assays were then repeated for both ini-



tial adsorption and desorption at elevated salt and selected
protein concentrations. Figure 6C and D show changes in
% reflectivity as a function of time as protein was passed
over the poly T (40 mer) DNA surfaces in a buffer contain-
ing 500 mM NaCl. As seen, at the high salt concentration
VirE2 bound to poly-T rapidly but also dissociated rapidly,
unlike in lower salt (Figure 6C). By contrast, VirE1-VirE2
binding (Figure 6D) was very similar to the behavior seen
at low salt, in particular the very slow dissociation. Binding
to poly-A (40mer) DNA was negligible for both VirE2 and
VirE1-VirE2 as seen in Figure 2. We interpret these results
to indicate that VirE2 binding to poly-T ssDNA is primarily
electrostatic while binding of VirE1-VirE2 is not.

A model for VirE2 and VirE1-VirE2 binding to ssDNA

Based on insights from the present observations we pro-
pose the following interaction model for VirE2 with DNA.
VirE2 alone exists in solution as filamentous aggregates.
These are able to incorporate both short and long ssDNA
substrates, converting from the disordered form to the or-
dered solenoidal capsid form as seen by electron microscopy
(10,18,17). Long complexes are formed on both short and
long ssDNA due to cooperative protein—protein interac-
tions. These are mediated by both N to C terminal head-
to-tail interactions and longitudinal links between each N
terminal domain and the corresponding domain one turn
around the solenoid (18).

The linear dependence of adsorption signal with protein
concentration as seen in Figure 5C appears at odds with the
well-known cooperativity of the VirE2-ssDNA interaction.
One would rather expect a threshold below which very lit-
tle binding occurs. However, when short ssDNA is bound
to the surface it cannot be accommodated into an extended
solenoid. Moreover the ssDNA substrates were too short
to form a whole turn around the solenoid, whereas ring-
to-ring contacts appear to provide the structural basis for
cooperativity (18). Isolating these geometrical factors was
the justification for the surface-based assay. What the sim-
ple cooperative binding paradigm misses, in this case, is that
the VirE2 protein source in solution has a priori the form of
filamentous aggregates. We consider that the SPRi signal re-
flects an anchoring of such aggregates at the surface, most
likely at discrete points. Increasing concentrations of VirE2
in solution lead to an increase in total measured adsorption,
which may reflect the equilibrium size distribution of solu-
ble VirE2 filament lengths as well as the fraction of occupied
DNA sites on the surface. ssDNA binding of VirE2 is sup-
pressed at high ionic strength, consistent with a primarily
electrostatic mode of interaction. This mode of VirE2 bind-
ing to ssDNA is highly sensitive to substrate flexibility as
seen by the difference between short poly-T and poly-A se-
quences. Poly-T loops display purely entropic rigidity dur-
ing conformational changes consistent with the standard
worm-like chain model and persistence length of the order
of 1 nm (26), whereas poly-A loops resist conformational
change due to an additional 0.5 kcal mol~! required for
separation of each A—A pair (25). This suggests that while
VirE2 forms a protective capsid on the T-strand without se-
quence specificity, the initial seeds of the interaction may
well form preferentially at flexible locations. The strong co-
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operativity in protein—protein binding would then promote
assembly of the solenoid structure even across the less flex-
ible sites where binding of single protein units is unfavored.

We found that surface-bound ssDNA also interacts with
heterodimeric VirE1-VirE2. In contrast to VirE2 alone, dis-
sociation of VirE1-VirE2 from ssDNA is not accelerated
at high salt. This points to a distinct mechanism of bind-
ing from that of VirE2, likely hydrophobic in origin. Since
the acidic VirE1l hides the major positively charged DNA-
binding face of VirE2, it is possible that VirE1-VirE2 inter-
acts with ssDNA at a secondary binding site that is buried
between protein units in the solenoidal complex. We can
speculate that binding occurs at the intrinsically disordered
N terminus that did not appear in the crystal structure of
the VirE1-VirE2 complex. In common with VirE2, VirE1-
VirE2 binds only weakly to the surface-bound strands of
poly-A ssDNA and shows no binding to dsSDNA. Therefore
this secondary binding mode also requires substrate flex-
ibility. At the highest concentrations of VirE1-VirE2, ap-
proaching 1 wM, a steep increase in the SPRi signal was ob-
served (Figure 5C). This recalls a bulk condensation in the
BET binding paradigm. Since in the absence of DNA the
heterodimer remains fully soluble at this concentration, and
since the SPRi signal is actually larger than that of VirE2
at lower concentrations, we may consider that the surface-
bound DNA catalyses the growth of higher-order structures
of VirE2.

As discussed in the introduction, the weight of existing
evidence supports an independent transfer of VirE2 and
the T-strand to the plant host. Specifically, complementa-
tion assays in which transformation is effected by mixed in-
fection with one strain lacking T-DNA and a second lack-
ing VirE2, show that their interaction is not essential in the
bacterium (11). Also VirE2 antibodies did not pull down
the T-strand in the “TrIP’ assay (13), and activation of the
membrane-spanning VirB10 channel requires interaction
with T-strand, but not VirE2, suggesting possibly a separate
secretion pathway (27). While self-consistent, the evidence
against an interaction remains indirect. Therefore we may
consider two possibilities that are not, in fact, mutually ex-
clusive. First, upon activation the concentration of VirEl-
VirE2 within the bacterium during delivery of the T-strand
to the type IV conjugative secretion system may not be al-
together different from those of the present in vitro experi-
ment. Then the secondary, non-electrostatic binding mech-
anism may seed the T-strand during its transit through the
secretion channel. VirEl, lacking a secretion signal, is prob-
ably removed within the channel or at its entrance. While it
is unlikely that a mature T-complex would pass the chan-
nel intact, a partially pre-seeded T-strand could be covered
by VirE2 more rapidly and effectively than an entirely bare
one. In the alternative case of bare and independent secre-
tion, the T-strand must interact with VirE2 in its poorly sol-
uble, filamentous aggregate form. The question arises how
a long oligonucleotide can be rapidly covered by VirE2 pro-
tein. The present results suggest that even interactions with
the oligonucleotide at the level of one or two VirE2 bind-
ing footprints are sufficient to capture a much larger aggre-
gate. The T-strand is then rapidly covered by its protective
capsid in the host cytoplasm without having to establish a
binding equilibrium. Such a mechanism will not protect ev-
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ery strand in the sense that some may not meet the VirE2
filaments at all, but every strand that is protected will tend
to receive full coverage by the VirE2 capsid.
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