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Agrobacterium tumefaciens uses a type IV secretion system to deliver a nucleoprotein complex and effector proteins directly
into plant cells. The single-stranded DNA-binding protein VirE2, the F-box protein VirF and VirE3 are delivered into host
cells via this VirB/D4 encoded translocation system. VirE1 functions as a chaperone of VirE2 by regulating its efficient
translation and preventing VirE2-VirE2 aggregation in the bacterial cell. We analyzed whether the VirE1 chaperone is also
essential for transport recognition of VirE2 by the VirB/D4 encoded type IV secretion system. In addition, we assayed
whether translocation of VirF and VirE3, which also forms part of the virE operon, is affected by the absence of VirE1. We
employed the earlier developed CRAFT (Cre recombinase Reporter Assay For Translocation) assay to detect transfer of
Cre::Vir fusion proteins from A. tumefaciens into plants, monitored by stable reconstitution of a kanamycin resistance marker,
and into yeast, screened by loss of the URA3 gene. We show that the C-terminal 50 amino acids of VirE2 and VirE3 are
sufficient to mediate Cre translocation into host cells, confirming earlier indications of a C-terminal transport signal. This
transfer was independent of the presence or absence of VirE1. Besides, the translocation efficiency of VirF is not altered in
a virE1 mutant. The results unambiguously show that the VirE1 chaperone is not essential for the recognition of the VirE2
transport signal by the transport system and the subsequent translocation across the bacterial envelope into host cells.

Agrobacterium tumefaciens causes crown gall disease
on a wide range of plants by genetic transformation
of host cells with a piece of its oncogenic plasmid-
borne transfer (T)-DNA (for most recent review, see
Gelvin, 2003). The expression of the genes located on
the T-DNA, which contain plant transcription and
translation signals, results in overproduction of the
plant hormones auxin and cytokinin and hence in-
creased cell division and the tumor phenotype. A set
of accessory virulence or effector proteins (encoded
by the vir region on the tumor inducing [Ti] plasmid)
is also transported into the transformed cells to con-
fer full virulence. The host range is not confined to
the plant kingdom, because A. tumefaciens can also
transform yeast (Bundock et al., 1995), fungi (de
Groot et al., 1998), and mammalian cells (Kunik et al.,
2000).

The translocated proteins of A. tumefaciens de-
scribed to date include VirD2, VirE2, VirE3, and VirF.
In the bacterium, VirD2 introduces a nick at the
border sequences surrounding the T-DNA and by
replacement synthesis a single-stranded (ss) DNA
copy of the bottom strand is released. VirD2 acts as a
pilot protein as it remains covalently attached to the

5� end of the T-strand during transport of the T-DNA
into the host cell nucleus (Ward and Barnes, 1988).
The ssDNA-binding protein VirE2 binds coopera-
tively to the T-strand and thereby protects it from
degradation in the host cell (Rossi et al., 1996). Both
VirD2 and VirE2 contain nuclear localization signals
that facilitate transport of the T-complex into the
nucleus (Zupan et al., 1996; Citovsky et al., 1997;
Ziemienowicz et al., 2001). VirF and VirE3 are only
essential for full tumor formation on a subset of host
plants, such as Nicotiana glauca and tomato (Lycoper-
sicon esculentum; Melchers et al., 1990; Schrammeijer,
2001). VirF interacts via its N-terminally located
F-box domain with plant orthologs of the yeast SKP1
protein (Schrammeijer et al., 2001), which form part
of a class of E3 ubiquitin ligases and are involved in
the proteolytic degradation of target proteins by the
proteasome. F-box proteins determine the specificity
of the enzyme complex by interacting with target
proteins. However, the identity of the target proteins
of VirF remain yet undetermined. A virE3 mutation
aggravates the attenuated virulence of a virF muta-
tion; however, its role in the infection process is
unclear.

A. tumefaciens uses a type IV secretion system
(TFSS) to transport T-DNA/VirD2 and effector pro-
teins into host cells. TFSSs are widely distributed
among gram-negative pathogenic bacteria of human
and animal cells, such as Brucella spp., Bartonella spp.,
Helicobacter pylori, and Legionella pneumophila. These
bacteria can subvert specific host cells, such as mac-
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rophages, and modulate the hosts defense response
by hijacking signal transduction cascades, vesicle
traffic, and cytoskeletal functions, to be able to mul-
tiply and trigger a pathogenic response (Boschiroli et
al., 2002; Nagai et al., 2002; Dehio, 2003). Effector
proteins involved in the infection process have so far
been identified in H. pylori (CagA), L. pneumophila
(DotA, RalF, LidA), and Bordetella pertussis (pertussis
toxin) (Conover et al., 2003; for review, see Nagai and
Roy, 2003). The TFSS is a specialized protein com-
plex, in A. tumefaciens assembled from the 11 VirB
and VirD4 subunits, spanning the inner and outer
membrane of the bacterium (Christie and Vogel,
2000; Christie, 2001; Baron et al., 2002). It is assumed
that this protein complex translocates substrates after
attachment and establishing contact with the host cell
via the extended pilus structure. Although the struc-
ture of the complex is becoming clearer, it is not
known how the effector proteins and the nucleopro-
tein complex are recognized by and transported
through the TFSS.

The family of TFSS also contains evolutionary re-
lated members involved in conjugative DNA transfer
of broad host range plasmids such as RP4 and R388.
A. tumefaciens T-DNA transfer to plants by the
VirB/D4 system shows similarity to the process of
bacterial DNA conjugation, because the VirB/D4
pore can also mobilize the incQ plasmid RSF1010 into
recipient bacterial (Beijersbergen et al., 1992) and
plants cells (Buchanon-Wollaston et al., 1987). Plas-
mid conjugation systems are composed of two com-
ponents; the mating pair formation system (Mpf) for
contact between donor and recipient cell, and the
DNA transfer and replication system (Dtr) or relaxo-
some. In conjugation, as in T-DNA transfer, a specific
endonuclease nicks the plasmid at specific recogni-
tion sequences, the origin of transfer (oriT), in a
so-called relaxosome complex. A coupling protein
such as the TraG protein of plasmid RP4 and VirD4
of the A. tumefaciens virulence system is thought to
form the interface between the relaxosome and the
transport complex (Pansegrau and Lanka, 1996; Ca-
bezón et al., 1997; Hamilton et al., 2000; Szpirer et al.,
2000; Schröder et al., 2002). Structural analysis of the
coupling protein TrwB of plasmid R388 showed that
it is indeed a basic integral inner membrane protein
with a hexameric ring structure (Gomis-Rüth et al.,
2001, 2002).

Originally TFSSs were delineated as DNA transfer
systems. However, monomeric proteins in addition
are substrates for translocation through TFSSs. The
A. tumefaciens virulence proteins VirE2, VirE3, and
VirF can still be translocated into host cells in the
absence of T-DNA (Vergunst et al., 2000; Schrammei-
jer et al., 2003), showing that these proteins do not
travel as part of the DNA complex. The finding that
virulence protein translocation has the same require-
ment of the VirD4 coupling protein and an intact
VirB pore as the T-DNA suggest that the T-DNA is

transported by virtue of the VirD2 protein that is
covalently attached to the 5� end, and that TFSSs are
actually dedicated protein translocation systems.

An interesting issue concerns the state of the effec-
tor proteins during translocation. Twin arginine
translocation systems mediate transfer of folded pro-
teins (Berks et al., 2000), whereas Sec-dependent
(Mori and Ito, 2001) and type III secretion systems
(TTSS), for instance, translocate proteins in an (part-
ly) unfolded state (Delahay and Frankel, 2002). The
prototype of the TTSS family of transporters is the
Yersinia Ysc (Yop secretion) system and defines an-
other specialized protein translocation pathway
among plant and mammalian pathogenic Gram-
negative bacteria. These systems also directly inject
effector proteins into host cells, using a N-terminal
secretion signal in the effector proteins. Translocation
of some effectors requires the help of chaperone pro-
teins. Different roles have thus far been assigned to
chaperones involved in secretion of bacterial TTSS
proteins (for review, see Page and Parsot, 2002; Feld-
man and Cornelis, 2003). They have been implied to
act as (a) “bodyguards” to prevent premature inter-
action of their binding partner with other proteins or
among themselves, preventing aggregation and deg-
radation of effector proteins, (b) maintaining their
substrates in a secretion competent state, (c) playing
a role in the secretion of their cognate substrate (Bir-
talan et al., 2002), and (d) playing a role in the hier-
archy of secretion of effectors (Boyd et al., 2000).

The VirE1 protein of A. tumefaciens has the charac-
teristics reminiscent of a chaperone molecule. It has
been shown that VirE1 plays a prominent role in the
export process of VirE2 by preventing aggregation,
enhancing stability, and therefore likely maintaining
VirE2 in a (unfolded) transport competent state
(Deng et al., 1999; Sundberg and Ream, 1999; Zhao et
al., 2001). Dumas et al. (2001) suggested that VirE2
might form a transmembrane channel in the plant
cytoplasmic membrane to facilitate transport of
ssDNA. Another role of the VirE1 chaperone might
thus be to prevent VirE2 from interacting with mem-
branes in the bacterial cell.

We were interested to resolve the question of
whether VirE1 plays an unambiguous role also in the
VirE2 substrate recognition by the translocation ma-
chinery. Therefore, we analyzed transport of the A.
tumefaciens effector protein VirE2 in the presence or
absence of its chaperone VirE1. We made use of the
Cre recombinase as a reporter protein, attached to the
N terminus of the effector protein (or deletions
thereof) and expressed those in A. tumefaciens, fol-
lowed by monitoring of Cre activity in host cells as a
permanent selectable change in the host genome.

First, we delineated the transport signal in VirE2
and VirE3, because it was suggested before that this
may be present in the carboxy terminus (Vergunst et
al., 2000; Simone et al., 2001), as experimentally
shown for VirF. Our data show that a transport signal
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is present in the C-terminal 50 amino acids of VirE2
and VirE3, because these peptides were sufficient to
mediate translocation of the Cre reporter protein into
Arabidopsis and Saccharomyces cerevisiae. Transport is
detected with similar efficiency in the presence or
absence of VirE1. We show for the first time that
VirE1, which is essential for preventing VirE2 from
premature protein interactions and thus indirectly
for export of VirE2, is not essential for the recognition
of the translocation signal of VirE2 by the transport
machinery and the subsequent translocation of VirE2
into host cells.

RESULTS

Experimental Strategy

A. tumefaciens is used worldwide as a very efficient
tool for the introduction of desired genes into plants.
In addition, A. tumefaciens translocates the effector
proteins VirE2, VirE3, and VirF from A. tumefaciens
into host cells. Translocation was detected by using
the Cre reporter assay for translocation (CRAfT) in
which the Cre recombinase protein is fused to trans-
port signals of these effector proteins (Vergunst et al.,
2000; Schrammeijer et al., 2003). Detection of the
fusion proteins in host cells was accomplished by
using a transgenic Arabidopsis line (3043; Vergunst
et al., 2000) harboring a reporter-detection construct
inserted in the genome, in which Cre-mediated loss
of a lox-flanked bialaphos resistance (bar) gene re-
sulted in reconstitution of a kanamycin resistance
marker.

Deletion studies of VirF have shown that the
C-terminal 37 amino acids are sufficient for efficient
translocation by the VirB/D4 transport system. Data
from Vergunst et al. (2000) and Simone et al. (2001)
suggested that also in VirE2 the transport domain is
present in the C terminus of the protein. An RPR
motif, which could be part of the transport signal, is

evident in the outermost C-terminal regions of VirF,
VirE2, and VirE3. To demarcate the translocation
signals also in VirE2 and VirE3, Arabidopsis line 3043
was used to examine whether the Cre protein would
be mobilized after fusion to a C-terminal portion of
the proteins. Next, we studied the role of the chap-
erone VirE1 in translocation of its cognate substrate
VirE2. To corroborate the data in another system, we
analyzed protein transport in an analogous CRAfT
assay in S. cerevisiae, based on selection for excision of a
lox-flanked URA3 gene on medium containing fluoro
orotic acid (FOA).

Localization of a Transport Signal in the C-Terminal 50
Amino Acids of VirE2 and VirE3

To narrow down the transport signal, we made in
frame fusions between the cre open reading frame
and the 3� region of the virE2 (pSDM3210) and virE3
(pSDM3211) coding sequences, resulting in Cre fu-
sions with the C-terminal 50 amino acids of both
effector proteins. The fusion genes were contained on
a broad host range non-mobilizable plasmid, pRL662
(see Table I for strains and plasmids used in this
study), and electroporated into LBA1100 (C58 with
an octopine pTiB6 plasmid lacking T-DNA, occ genes
and tra region, but containing a wild-type vir region
[Beijersbergen et al., 1992]). The fusions were ex-
pressed from the virF promoter and contained an
additional SV40 NLS, located at the N terminus of the
fusion protein, to improve nuclear entry into the host
cell. Expression of Cre::VirE2_50C as well as
Cre::VirE3_50C fusion proteins was confirmed by im-
munoblot analysis using VirE2 and Cre antibodies
for detection (Fig. 1, A and B).

Table II (top) summarizes the results of four inde-
pendent transport assays with Arabidopsis line 3043.
Three weeks after cocultivation, the number of
kanamycin-resistant (Kmr) calli was calculated per

Table I. Strains and plasmids used

Relevant Characteristics Reference

Strains
LBA1100 C58 containing pTiB6� (T-DNA, occ, tra), Rifr, Spcr Beijersbergen et al. (1992)
LBA1010 C58 containing oncogenic pTiB6, Rifr Koekman et al. (1982)
LBA2570 Precise virE1 deletion in LBA1010, Rifr This study
LBA2571 Precise virE1 deletion in LBA1100, Rifr, Spcr This study

Plasmids
pRL662 Broad host range plasmid derived from pBBR1-MCS2, in which

Kmr, mob and oriT were replaced by a Gmr marker.
Vergunst et al. (2000)

pSDM3147 pvirE-cre in pRL662, Gmr Vergunst et al. (2000)
Schrammeijer et al. (2003)

pSDM3129 pvirE-virE1-cre�virE2 in pRL662, Gmr Vergunst et al. (2000)
Schrammeijer et al. (2003)

pSDM3155 pvirF-NLS�cre�virF�42N in pRL662, Gmr Vergunst et al. (2000)
Schrammeijer et al. (2003)

pSDM3210 pvirF-NLS�cre�virE2_50C in pRL662, Gmr This study
pSDM3211 pvirF-NLS�cre�VirE3_50C in pRL662, Gmr This study
pSDM3507 pvirF-NLS�cre�virE3 in pRL662, Gmr Schrammeijer et al. (2003)

Vergunst et al.
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number of root explants, defining the efficiency with
which Cre::Vir transport is detected. Transport of the
fusion proteins consisting of the 50 C-terminal amino
acids of VirE2 and VirE3 fused to the C terminus of
Cre was detected in this way. On average, two to four
Kmr calli were found per 100 explants, although the
overall efficiency varied between experiments. The
negative control strain (LBA1100 [pSDM3147]), ex-

pressing the native Cre protein, yielded only a single
Kmr callus in four experiments due to a very low
incidence of homologous recombination at the 34-bp
lox sites, as described earlier (Vergunst et al., 2000).
As a positive control for transfer, we used the
Cre::VirF�42N fusion protein, because it is the most
efficiently transported protein fusion identified thus
far. The transfer efficiency of the positive control was
on average 80 calli per 100 root explants, which is
slightly higher than data reported earlier (54 calli per
100 explants; Vergunst et al., 2000). Transfer of
Cre::VirE2 yielded on average 18 calli per 100 ex-
plants, which was also higher than reported before
(six calli per 100 explants). This increase in transport
efficiency may have been due to the application of an
additional 24 h of cocultivation of A. tumefaciens with
root tissue in this study. The efficiency with which
transport of Cre::VirE2_50C is seen, is about 5- to
13-fold lower than that of Cre:VirE2. This may be
because the Cre::virE2_50C fusion adopts a confor-
mation that is not optimal for interaction with the
transport system compared with the full-length
VirE2 protein. Transport of Cre, mediated by the
VirE3 signal, seems equally efficient as transport me-
diated by the VirE2 signal.

Evidence for transport of a Cre::VirE3 full length
fusion protein (LBA1100 [pSDM3507]) into Arabi-
dopsis, however, was only obtained in experiment 4
(Table II) in which overall the efficiencies of transfer
of the different fusion proteins were higher than in
the other three assays. We could not detect transfer of
the Cre::VirE3 fusion protein in five additional inde-
pendent transformation experiments (data not
shown). This result contrasts observations in yeast
where translocation of Cre::VirE3 is reproducibly de-
tected (Schrammeijer et al., 2003; see below). This
difference may be caused by an interaction of the
full-length VirE3 protein with host proteins during
its journey to the cell nucleus in plants, but not in
yeast, diminishing its ability to initiate recombination
at the lox sites in the plant cell nucleus.

With the exception described above, transport ex-
periments to yeast gave similar results to those ob-
tained with Arabidopsis (Table III, top). After cocul-
tivation for 6 d, dilution series of the cocultivation
mix were plated on medium containing FOA to select
for colonies that had lost the URA3 gene due to
recombination at the lox sites. Efficiency of transfer is
indicated as number of colonies on FOA per number
of surviving yeast colonies in the absence of selec-
tion. In yeast, the homologous recombination effi-
ciency is high compared with plants resulting in
some positive yeast colonies in the order of 10�6 per
output yeast. This background is also seen in cocul-
tivation with A. tumefaciens strains not expressing Cre
(data not shown). Translocation of Cre::VirE2_50C
and Cre::VirE3_50C into yeast was detected, which
corroborates the data obtained in plants. Transfer
was detected with about 10-fold lower efficiency than

Figure 1. A and B, Western-blot detection. A, VirE2 antibodies: 1,
LBA1100; 2, LBA2571; 3, LBA1100(Cre::VirE2); 4, LBA2571
(Cre::VirE2); 5, LBA1100(Cre::VirE2-50C); 6, LBA2571(Cre::
VirE2-50C); 7, LBA1100(Cre::VirE3-50C); 8, LBA2571(Cre::
VirE3-50C); 9, virD4(Cre::VirE2-50C). B, Cre antibodies: 1,
LBA1100(Cre::VirE2-50C); 2, LBA2571(Cre::VirE2-50C); 3,
LBA1100(Cre::VirE3-50C); 4, LBA2571(Cre::VirE3-50C); 5, virD4
(Cre::VirE2-50C). M, Molecular weight marker (kD). C, Tumor assay
on N. glauca with LBA1010 and LBA2570 (virE1). Triangles in a,
Cre::VirE2; in b, VirE2; in c, Cre::VirE2_50C.
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Cre::VirE2, which is 2 orders of magnitude above
background (LBA1100[pSDM3147]). Cre::VirF�42
transfer was 3 orders of magnitude above back-
ground levels, as shown before. As shown earlier,
Cre::VirE3 transport into yeast occurred at detect-
able levels. In addition we tested transfer of
Cre::VirE2_50C and Cre::VirE3_50C from a virD4
mutant strain (Fig. 1, A and B). We did not detect
transfer (data not shown), indicating that the trans-
port signal in these 50 C-terminal amino acids re-
quires the VirB/VirD4 system for translocation.

Summarizing, the 50 C-terminal amino acids of
both VirE2 and VirE3 are sufficient for translocation
into plant and yeast cells and thus must contain a
translocation signal recognized by the VirB/D4
transport system.

Construction of an A. tumefaciens virE1 Deletion Strain

To analyze the effect of virE1 (coding for the VirE2
chaperone protein) on translocation of VirE2, we con-
structed a precise in frame deletion of virE1 by using
the marker exchange-eviction mutagenesis method
as described by Ried and Collmer (1987). This re-
sulted in a double crossover event at the virE operon
of the A. tumefaciens Ti-plasmid of both wild-type A.
tumefaciens (LBA1010; Table I) and its disarmed de-
rivative LBA1100. The virE1 deletion derivative of
LBA1010 was named LBA2570, and the LBA1100-
derived deletion, LBA2571.

It was previously shown that VirE1 is essential for
tumor formation (McBride and Knauf, 1988; Sund-
berg et al., 1996) and for a VirE2 helper strain to

Table II. Cre::Vir protein translocation from A. tumefaciens into Arabidopsisa

Strainb

Total No. Kmr Calli/No. Root Explantsc Transfer Efficiencyd

Plasmidb 1 2 3 4 1 2 3 4

No. kmr Calli /100 Expl

LBA1100 Cre 1/500 0/500 ND 0/515 0.2 � 0.3 0 – 0
Cre::VirF�42N 338/350 352/600 352/580 612/515 97 � 3 58 � 2 60 � 4 120 � 18
Cre::VirE2 87/475 88/460 22/530 157/515 18 � 3 19 � 6 4 � 0.3 31 � 2
Cre::VirE2–50C ND 20/480 2/600 10/280 – 4 � 0.3 0.3 � 0.5 4e

Cre::VirE3–50C ND 21/540 13/580 124/525 – 4 � 0.5 2 � 1 24 � 4
Cre::VirE3 ND ND 0/500 10/800 – – – 1 � 0.7

LBA2571 Cre::VirF�42N 200/345 388/620 ND 390/530 57 � 16 63 � 18 – 74 � 9
Cre::VirE2 42/420 42/565 14/450 157/480 10 � 3 7 � 1 3 � 1 33 � 5
Cre::VirE2–50C Inf 15/600 0/520 6/310 – 2 � 1 0 2e

Cre::VirE3–50C 24/445 22/495 2/555 99/590 5 � 0.9 4 � 0.3 0.3 � 0.01 17 � 2
a Arabidopsis C24, line 3043 contains a lox-substrate for detection of in planta Cre activity, detected as kanamycin resistance. A. tumefaciens

was cocultivated with root explants for 3 d. Kmr calli were scored 3 weeks after cocultivation. In four independent experiments, two petri dishes
per strain/plasmid combination were assayed. b A. tumefaciens strain LBA1100 (wild-type vir) or virE1 mutant LBA2571 carrying
a non-mobilizable plasmid expressing Cre alone, Cre::VirF�42N, Cre::VirE2, Cre::VirE2–50C, Cre::VirE3–50C, or Cre::VirE3, respectively.
c Total no. of calli and root explants per two petri dishes. ND, Not determined. d Transport efficiency presented as no. of Kmr calli per 100
root explants (� SD). e Nos. per single petri dish due to infection.

Table III. Cre:vir protein translocation from A. tumefaciens to S. cerevisiaea

Strainb

Frequency ura Excision per Output Yeastc

Plasmidb 1 2 3 4

LBA1100 Cre 3.2 � 10�6 2.9 � 10�6 2.0 � 10�5 8.5 � 10�6

Cre::VirF�42N 1.2 � 10�2 3.5 � 10�3 1.7 � 10�2 1.0 � 10�2

Cre::VirE2 5.6 � 10�4 7.6 � 10�5 ND 3.5 � 10�4

Cre::VirE2–50C ND 1.0 � 10�5 9.6 � 10�5 2.7 � 10�5

Cre::VirE3–50C 2 � 10�4 3.2 � 10�5 2.0 � 10�4 ND
Cre::VirE3 ND 1.1 � 10�4 1.9 � 10�4 ND

LBA2571 Cre::VirF�42N 3.3 10�2 ND ND 4.0 � 10�3

Cre::VirE2 1.5 � 10�3 ND ND 4.1 � 10�4

Cre::VirE2–50C ND ND 1.2 � 10�4 8.8 � 10�5

Cre::VirE3–50C ND ND 2.0 � 10�4 ND
Cre::VirE3 ND ND 1.1 � 10�4 ND

a The recipient yeast strain contains a floxed URA3 gene at chromosome V. A. tumefaciens and yeast were cocultivated for 6 d at 22°C and
plated on medium containing 0.1% FOA. b A. tumefaciens strain LBA1100 (wild-type vir) or virE1 mutant LBA2571 carrying a non-
mobilizable plasmid expressing Cre alone, Cre::VirF�42N, Cre::VirE2, Cre::VirE2–50C, Cre::VirE3–50C, or Cre::VirE3, respectively.
c After cocultivation of A. tumefaciens with yeast, 100 �L of cells was plated on medium containing 0.1% FOA. In 4 independent experiments,
the no. of Ura� yeast colonies was determined after 4 d at 30°C. Also, the output no. of yeast was determined. The Cre excision efficiency
(frequency URA3 excision per output yeast) is determined by the no. of yeast colonies on medium containing FOA per no. of surviving yeast
colonies (output yeast). ND, Not determined.
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complement tumor formation of a virE2 mutant strain
in extracellular complementation experiments. We
confirmed loss of virulence of LBA2570 in tumor as-
says on N. glauca plants (Fig. 1C). Besides, LBA2571
could not complement the virE2 transposon insertion
mutant LBA1514 (Hooykaas et al., 1984) in extracellu-
lar complementation experiments (data not shown).

VirE2 Is Unstable in the Absence of VirE1 in Cis

The cre::virE2 fusion gene in pSDM3129 was cloned
in its original context, expressed from the virE pro-
moter in a transcriptional unit with virE1, based on
earlier findings that VirE2 is unstable in the absence
of VirE1 (Dombek and Ream, 1997; Deng et al., 1999).
When we analyzed expression levels of VirE2 after vir
gene induction in medium containing acetosyringone,
we observed instability of VirE2 in the virE1 deletion
mutant LBA2571 (Fig. 1A, LBA1100 versus LBA2571).
Western-blot analysis of LBA1100(pSDM3129) and
LBA2571(pSDM3129) also showed decreased levels of
VirE2 in the absence of VirE1 in cis (Fig. 1A, lanes 3
and 4). In contrast, in the same strains, the Cre::VirE2
fusion protein (99 kD), cotranslationally expressed
with VirE1 from pSDM3129, was detected in similar
amounts. From these data, we can conclude that the
VirE1 protein that is expressed from plasmid
pSDM3129 is unable to stabilize VirE2, expressed from
the virE operon (in the absence of VirE1 in cis) to
wild-type levels. This result is in line with the findings
of Zhou and Christie (1999) who found that expression
of virE2 from a virE promoter sequence in the absence
of coexpression in cis of the virE1 gene resulted in
accumulation of low levels of VirE2.

Attempts to transform a derivative of plasmid
pSDM3129, with a precise deletion of virE1, into
LBA1100 or LBA2571 resulted in very low A. tumefa-
ciens transformation efficiencies. A few resistant colo-
nies obtained were analyzed by restriction analysis.
These strains mainly carried recombined plasmid mol-
ecules (data not shown), possibly due to a toxic effect
of aggregation of the Cre::VirE2 fusion protein in the
absence of VirE1 in cis, resulting in selection of clones
that had lost the correct coding sequence. Therefore,
we could not analyze transport of Cre::VirE2 in the
absence of VirE1. Instead, we used the Cre::VirE2_50C
fusion protein in further studies. Presence of the
Cre::VirE2_50C fusion protein is detected in LBA1100
(pSDM3210) and in LBA2571(pSDM3210) (Fig. 1, A
and B), indicating that VirE1 is not needed in cis for its
stability. Expression levels of the Cre fusion proteins
with VirF and VirE3 were similar in the virE1 mutant
background (LBA2571) and in the control LBA1100
(data not shown).

Translocation of VirE2 Does Not Require Its
Chaperone VirE1

We performed transfer experiments with Arabi-
dopsis line 3043 and A. tumefaciens strain LBA2571,

carrying the plasmids listed in Table I. As shown in
Table II (lower panel), the absence of VirE1 had no
significant effect on the transport efficiency of the
fusion proteins analyzed. Both the 50 C-terminal
amino acids of VirE2 and VirE3, as well as
Cre::VirF�42N, seemed as efficient in directing Cre
transfer into plant cells from an A. tumefaciens strain
carrying wild-type vir genes as from a virE1 deletion
strain. The number of kanamycin-resistant calli may
seem low, but is significantly above background. Be-
sides, preliminary data (not shown) indicate that the
use of a different detector plant line, based on induc-
tion of green fluorescent protein (GFP) expression
rather than kanamycin resistance, results in higher
efficiency of detection. The increase in sensitivity of
the GFP assay may be due to the fact that in this
assay, Cre activity can also be detected in cells that
are not competent for regeneration, which is needed
to select kanamycin-resistant calli.

The results show that VirE1 is not necessary to
accomplish the interaction between the VirE2 trans-
port domain with the TFSS and the subsequent trans-
location of its cognate substrate VirE2.

In yeast (Table III, bottom), comparable results
were found to those obtained in plants. Transport of
Cre::VirE2_50C was detected at similar efficiency
from the virE1 mutant as from the wild-type control
LBA1100. No differences in translocation efficiency
of VirF and VirE3 were seen in the absence or pres-
ence of VirE1.

In conclusion, the transport signal of VirE2 is rec-
ognized by the VirB/D4 transport system in the ab-
sence of VirE1, and this suggests a chaperone-
independent translocation for VirE2. Furthermore,
the data show that VirE1 is not necessary for trans-
location of VirF and VirE3 into host cells.

DISCUSSION

The Role of Chaperones in Secretion

Molecular chaperones are involved in many bio-
logical processes by stabilizing their target proteins,
maintaining their functional properties, or prevent-
ing premature interactions with other proteins. Also
in secretion of bacterial proteins, chaperones play an
important role. In TTSS, a specialized protein secre-
tion pathway of Gram-negative bacteria, which di-
rectly injects effector proteins in host cells via a
N-terminal secretion signal, the role of chaperones
has been investigated in great detail (for review, see
Page and Parsot, 2002; Feldman and Cornelis, 2003).
Most chaperones identified associate with one effec-
tor protein. In the majority of cases, the genes encod-
ing the chaperone are located directly upstream of
the coding sequence of the substrate protein. A com-
mon feature of these chaperones is that they function
as dimers. From crystallographic data of several
chaperones and their substrates, including the Yer-
sinia SycE/YopE, the enterohemorrhagic Escherichia
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coli CesT, and the Salmonella enterica SigD chaperone
(Birtalan and Ghosh, 2001; Luo et al., 2001), it has
become clear that these chaperones bind to a unique
region of the substrate and that the effector proteins
are not globally unfolded. This is different from
structural data on Salmonella sp. SicP/SptP (Stebbins
and Galan, 2001), which suggest that the chaperone is
essential for maintaining the substrate in an unfolded
translocation competent state. It has been difficult to
study the role of chaperones in secretion of their
cognate substrate, due to instability in the absence of
the chaperone. YopH, YscM proteins, and YopN
seem not to be secreted in the absence of their chap-
erone (Day and Plano, 1998; Cambronne et al., 2000),
and thus a chaperone-dependent mechanism for se-
cretion was proposed. For YopE, the first 15 amino
acids were sufficient for secretion (but not transloca-
tion) of hybrid proteins in culture, whereas the first
50 amino acids (including both the transport signal as
well as the SycE chaperone-binding site) were
needed for translocation into the host cytosol
(Woestyn et al., 1996) suggesting a specific role for
chaperones in translocation. Boyd et al. (2000)
showed, however, that the YopE transport signal was
sufficient to transport a CyaA protein from a mutant
Yersinia, lacking all other effectors, but not from
wild-type Yersinia cells. This suggested that the chap-
erone and chaperone-binding site are not required
for secretion or translocation itself, but pointed to a
role in competition between the effectors for trans-
port. Birtalan et al. (2002) recently presented bio-
chemical and structural data, which suggested that
the chaperone/substrate complex SycE/YopE func-
tions as a general three-dimensional translocation
signal that is recognized by the TTSS.

The A. tumefaciens TFSS system mediates transloca-
tion of a T-DNA nucleoprotein complex and effector
proteins into host cells. Only one of these transported
substrates, VirE2, is accompanied by a chaperone
molecule called VirE1 (Deng et al., 1999; Sundberg
and Ream, 1999; Zhao et al., 2001). VirE1 has the
structural characteristics of a molecular chaperone
(Wattiau et al., 1996), being a small, acidic protein
with a dimerization domain. Besides, the gene encod-
ing the chaperone is located in the same operon as
the gene encoding its cognate substrate. VirE2 is
unstable in the absence of VirE1 (Deng et al., 1999;
Zhao et al., 2001; this study). VirE1 has been impli-
cated in posttranslational stabilization of VirE2 and
maintaining VirE2 in a translocation competent state,
by preventing premature interaction of VirE2 with
T-DNA in the bacterial cell, membrane insertion,
and/or VirE2/VirE2 interaction (Deng et al., 1999;
Dumas et al., 2001; Zhao et al., 2001). The precise role
of VirE1 as a chaperone in the secretion process of
VirE2 has not been investigated previously. Our re-
sults show that VirE1 is not necessary for recognition
of its cognate substrate VirE2 by the VirB/D4 trans-
port system.

Presence of a C-Terminal Transport Signal in
VirE2 and VirE3

It was previously demonstrated that A. tumefaciens
translocates at least three effector proteins into plant
cells: VirE2, VirE3, and VirF. In this study, we
showed that as with VirF, the 50 C-terminal amino
acids of VirE2 and VirE3 were sufficient to mediate
translocation of Cre recombinase into host cells.
These data unambiguously show that the A. tumefa-
ciens virulence system translocates proteins, which
have a transport signal located in the C-terminal
region. This finding is not unexpected because the
results described by Vergunst et al. (2000) and Si-
mone et al. (2001) have already pointed to the pres-
ence of a transport domain in the C terminus of
VirE2. Our earlier observation that an RPR motif,
present in the C-terminal 37 amino acids of VirF as
well as in the C termini of VirE2 and VirE3, may
form part of the transport signal was strengthened
by the experiments described here. In addition, we
did not detect transfer from a VirD4 mutant, indi-
cating that the transport signal in these 50 C-
terminal amino acids requires the VirB/VirD4
system for translocation.

The VirE1 Chaperone Is Not Essential for
VirE2 Translocation

It was shown earlier that a Cre::VirE2 protein fu-
sion is translocated from A. tumefaciens into Arabi-
dopsis (Vergunst et al., 2000) and yeast cells (Schram-
meijer et al., 2003). This fusion protein was expressed
in a similar context as the native virE operon, which
is driven by the virE promoter and cotranscribed
with the virE1 gene. Likely, this construction with
virE1 in cis was essential to express and stabilize
fusion proteins between Cre and full-length VirE2, as
found for native VirE2 (Fig. 1A; Deng et al., 1999). In
fact, we were unable to obtain A. tumefaciens strains
carrying plasmids expressing Cre::VirE2 in the ab-
sence of virE1 in cis from the virE or virF promoter
(data not shown), probably due to the role that virE1
plays to stabilize Cre::VirE2 as it does VirE2 (Zhao et
al., 2001). Therefore, we were unable to assay
Cre::VirE2 protein transport in the absence of VirE1.
However, we found that a fusion protein between the
C-terminal 50 amino acids of VirE2, containing the
translocation signal and the Cre recombinase, was
translocated both into Arabidopsis and yeast in the
absence of VirE1. This result shows unambiguously
that VirE1 does not contain essential information for
VirE2 to proceed through the translocation pore and
its subsequent translocation directly into host cells.
The data suggest that VirE1 is not involved in acting
in a complex together with VirE2 as a three-
dimensional secretion signal, as suggested for the
SycE/YopE complex (Birtalan et al., 2002).

The efficiency of translocation of a full-length
Cre::VirE2 fusion is significantly higher (5- to 13-fold
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in plants; 10-fold in yeast) compared with the
Cre::VirE2_50C fusion. Deviation from the natural
binding conformation in the Cre::VirE2_50C fusion
may be the reason for this, resulting in less optimal
interaction with components of the transport
complex.

The ssDNA-binding site as well as one of the
VirE1-binding domains is located in the C-terminal
half of VirE2 extending from residues 288 to 495.
Insertions in these domains as well as deletions abol-
ished both ssDNA-binding activity and VirE1 bind-
ing (Dombek and Ream, 1997; Sundberg and Ream,
1999). The Cre::VirE2_50C protein fusion does not
contain the VirE1-binding domain. Thus, the obser-
vation that Cre::VirE2_50C is translocated, even from
an A. tumefaciens strain expressing VirE1 in trans
from the native virE operon, already suggests that
VirE1 binding is not a driving factor for signal se-
quence recognition. However, structural data from a
VirE1/VirE2 complex as well as the C-terminal trans-
port signal may shed more light on the exact role of
VirE1 in determining transport efficiency of VirE2.

The data indirectly suggest that VirE1 is not a
translocated effector itself. We have tested transport
using the CRAfT assay of a Cre::VirE1 fusion protein,
but we were unable to detect translocation into host
cells (data not shown). The role of VirE1 therefore
seems restricted to stabilization of VirE2 by prevent-
ing premature interactions in the bacterial cell before
translocation into host cells. This role, together with
the finding that the VirE2 protein can be translocated
in the absence of T-DNA, favors the model that co-
operative binding of the T-strand by VirE2 takes
place in the plant cell and not in the bacterial cell.

We showed that the efficiency of translocation of
both VirF and VirE3 effectors is not altered in a virE1
mutant. This is expected, because VirE1 has not been
implied as a chaperone for either of these effector
proteins. Most chaperones are encoded by genes lo-
cated in close vicinity to the genes encoding their
cognate substrate. The virE3 gene forms part of the
virE operon (F. Garcia and P.J.J. Hooykaas, unpub-
lished data) but is located downstream of virE2, and
VirF is expressed from a distal single gene. Besides,
expression and translocation of Cre::VirE3 and
Cre::VirF is unaltered in the absence of VirE1. There-
fore, VirE1 does not play a role in translocation of the
VirF or VirE3 effectors.

Detection of Protein Translocation Using the
CRAfT System

As described above, we detected translocation of
Cre by the 50 C-terminal amino acids of VirE3 into
Arabidopsis and yeast. Previously, we described
translocation of a Cre::VirE3 fusion protein, harbor-
ing the full-length VirE3 protein into yeast (Schram-
meijer et al., 2003; Table III). However, here, we had
great difficulty in detecting translocation of

Cre::VirE3 into Arabidopsis (Table II). Only one of
seven experiments was successful. This may be due
to binding interactions of the full-length protein with
host plant but not yeast proteins. Many parameters
may determine the efficiency with which transloca-
tion is detected in the Cre reporter assay. Not only
the number of protein molecules, but also the inter-
action with other host proteins, stability of the pro-
tein, or efficiency in nuclear uptake contribute to this.
This difference in detection of translocation efficiency
is not without precedent. Previously, we detected a
difference in transfer efficiency between Cre fusions
with full-length VirF or an N-terminally truncated
protein (Cre::VirF�42N) to yeast and plants. Trans-
location of the Cre::VirF�42N fusion was detected
with a five times higher efficiency in the plant cell
nucleus, either by improved stability or the lack of
interaction via the N-terminal part of the protein that
contains the F-box. When using the CRAfT assay to
find new effector proteins, it may therefore be pru-
dent to use not only the plant but also the yeast assay.
In fact, use of the yeast system may be advantageous,
due to the absence of host (plant)-specific interactors
that may sequester the effector proteins.

Concluding Remarks

Our data suggest that chaperones do not play an
important role in the recognition of the effector pro-
teins of the A. tumefaciens virulence system by the
transport complex. Also, there seems to be no specific
role in giving priority to transport of the effectors,
because the translocation efficiency of individual ef-
fectors is not altered by the absence of other effector
proteins (Vergunst et al., 2000). Nevertheless, trans-
port of Cre::VirE2 is detected with a higher efficiency
than the Cre::VirE2_50C fusion protein, which lacks
the VirE1-binding site. It may be that VirE1 still has
a role in VirE2 translocation by keeping it in a (par-
tially) unfolded conformation. Recently, Feldman et
al. (2002) described this for the TTSS, in which the
SycE chaperone prevented folding of DHFR. Using
such a chaperone-binding site together with the
transport signal the DHFR protein could be kept in a
partially unfolded state to allow translocation. Such a
strategy may also be used in A tumefaciens. We have
found that GFP cannot be translocated through the
TFSS (our unpublished data). Efforts to detect trans-
location of a Cre::GFP::virF-37C fusion protein using
the CRAfT assay were unsuccessful (data not
shown). GFP has a barrel structure and is a strongly
folded protein and may therefore jam the transport
pore. Addition of a chaperone-binding site and the
cognate chaperone coding sequence might improve
the transfer of such hybrid proteins also in TFSS.

We defined the translocation signal now to the
C-terminal 50 amino acids of three different A. tume-
faciens effector proteins, VirF, VirE2, and VirE3. A
C-terminal signal may be present in effector proteins
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of other bacterial pathogens of humans using a TFSS.
Currently, we are defining the transport signal in
more detail. Further studies to the exact functioning
of the VirE1 chaperone and the translocation signal
will shed more light on the interaction of the effectors
with the transport system. Such data may be applied
in the development of antimicrobial strategies di-
rected against the TFSS of important mammalian
pathogens.

MATERIALS AND METHODS

Recombinant DNA Techniques

Standard cloning techniques were carried out according to Sambrook et
al. (1989). Restriction enzymes were purchased from New England Biolabs
(Beverly, MA). Bacteria were grown in standard Luria culture medium (10
g L�1 bacto-tryptone, 5 g L�1 yeast extract, and 8 g L�1 NaCl, pH 7), with
antibiotics. Kanamycin, rifampicin, carbenicillin, spectinomycin, and genta-
mycin were purchased from Duchefa (Duchefa Biochemie BV, Maarlem, The
Netherlands) and used at a concentration of 100 mg L�1 kanamycin, 20 mg
L�1 rifampicin, 250 mg L�1 spectinomycin, and 40 mg L�1 gentamycin for
Agrobacterium tumefaciens. For selection of Escherichia coli, 100 mg L�1 car-
benicillin, 10 mg L�1 gentamycin, or 25 mg L�1 kanamycin was used.

PCR reactions were performed in a PelkinElmer Life Sciences (Boston)
apparatus using cloned Pfu polymerase from Stratagene (La Jolla, CA) for
amplification. Primers were purchased from Sigma-Genosys Ltd (Pampis-
ford, UK). Sequencing was carried out at BaseClear (Leiden, The
Netherlands).

Bacterial Strains

A. tumefaciens strain LBA1100 (C58C1 with a disarmed octopine-type
pTiB6 plasmid [Beijersbergen et al., 1992]) was used for protein transport
experiments to plant and yeast cells. A precise virE1 deletion mutant was
constructed from LBA1100 using the marker exchange-eviction mutagenesis
method as described by Ried and Collmer (1987). To this end, two primers
were designed to amplify a 5� fragment of virE2 introducing an NdeI site
(underlined) at the ATG start codon. The oligonucleotide primers virE2/3
(5�-TGTATTCATATGGATCTTTCTGGCAATGAG) and virE2/4 (5�-CTT-
AGTTTATAATTCCGGTC) were used for amplification of the 5� sequence of
virE2 using pBlueE1-E2 (an XhoI/SmaI fragment of pRAL3248 [Melchers et
al., 1990] cloned in pBluescriptIISK�) as template DNA. The PCR fragment
was subjected to digestion (NdeI-BglII) and used to replace an NdeI-BglII
fragment in pBlueE1-E2, in which the NdeI site is located at the virE1 ATG
start codon. The new plasmid was named pSDM3213. Thus, replacement
resulted in precise deletion of the virE1 gene in pBluevirE1-virE2. A BglII/
SacI fragment, containing about 400 bp of flanking DNA sequences of virE1
on either side was cloned in pSDM3005 (pSDM3600). Plasmid pSDM3005
was the result of cloning a PstI fragment from pUM24 (Ried and Collmer,
1987) into the PstI site of pBGS19 (Spratt et al., 1986). pSDM3005 contains the
Bacillus subtilis sacR/B gene and a kanamycin resistance marker and does
not replicate in A. tumefaciens to allow easy selection for double crossover
events in A. tumefaciens. The sequence of pSDM3600 was confirmed by
sequence analysis, and the plasmid was electroporated into LBA1100 (den
Dulk-Ras and Hooykaas, 1995) and LBA1010 (C58 with pTiB6; Hooykaas et
al., 1984), and Kmr colonies were tested for Suc sensitivity (sucrs) in LC
medium (lacking NaCL, but with 6% [w/v] Suc), indicating a single cross-
over event with the flanking regions of virE1. Kmr/sucrs colonies were
grown overnight in LC medium (lacking NaCl) to allow a second excisional
recombination event, resulting in precise deletion of virE1 from the vir
region. The overnight bacterial culture was plated on medium containing
6% (w/v) Suc. Kms/sucrr colonies were subjected to PCR and Southern-blot
analysis to show precise deletion of virE1 both in LBA1100 (named
LBA2571) and in LBA1010 (named LBA2570).

Plasmid Constructions

The plasmids used in this study are summarized in Table I. Construction
of the plasmids pSDM3147 (pvirE1-cre), pSDM3155 (pvirF-NLS:cre:virF�42N),

pSDM3129 (pvirE1-NLS::cre::virE2), and pSDM3507 (pvirF-NLS::cre::virE3) was
described earlier (Vergunst et al., 2000; Schrammeijer et al., 2003).

For protein transport studies, we made in frame fusions between the 3�
region of virE2 and virE3 encoding the C-terminal 50 amino acids and the cre
coding region. Oligonucleotide primers virE2/7 (5�-ccgctcgagTAAGGC-
TGCCAGCCGATGC [XhoI underlined]) and VirE2/6 (5�-gctctagagTC-
AAAAGCTGTTGACGC [XbaI underlined, stop codon bold, coding sequence
uppercase]) were used for amplification of the 150 3� bases of the virE2 coding
region. SalI/XbaI-digested PCR product was cloned into SalI/XbaI digested
pSDM3197 (Schrammeijer et al., 2003). This cloning constructed a
NLS::cre::virE2_50C translational fusion expressed from the virF promoter
sequence. Sequencing was performed to determine the accuracy of the PCR
reaction.

Oligonucleotide primers VirE3/3 (5�-acgcgtcgacttGATTACCATTTGTC-
AGCTTCG [SalI underlined]) and virE3/4 (5�-gctctagaTTAGAAA-
CCTCTGGAGGTGG [XbaI underlined, stop codon bold]) were used for
amplification of the 150 3� bases of virE3 coding sequence. SalI/XbaI-
digested PCR product was cloned into SalI/XbaI digested pSDM3197
(Schrammeijer et al., 2003). This cloning constructed a NLS::cre::virE3_50C
translational fusion expressed from the virF promoter. Sequence reaction
was performed to confirm the precision of the PCR reaction.

Tumor Assays

Six-week-old Nicotiana glauca plants, grown at 25°C under 16 h of illu-
mination and 60% humidity, were infected with A. tumefaciens as follows:
Bacteria were inoculated form fresh LC plates with antibiotics into 10 mL of
liquid LC (with antibiotics) and grown overnight at 28°C. One milliliter of
bacterial suspension with an OD600 of 1 was concentrated (2 min, 9,000
rpm), and the pellet was resuspended in 0.9% (w/v) NaCl solution. With a
toothpick, a hole was made in the stem between two internodes of the young
N. glauca plants, three per plant. Twenty microliters of bacterial suspension
was pipetted into the hole. Plants were scored for tumors 2 weeks after
infection.

Plant Line and Transport Assay

Arabidopsis ecotype C24, transformed with pSDM3043, was described
previously (Vergunst et al., 2000). Plants are resistant to phosphinothricin
(10 mg L�1 at seedling level) and sensitive to kanamycin. Homozygous
plants were used in transport assays, essentially as described by Vergunst et
al. (2000). Seedlings were sterilized and cultured in liquid B5 medium, at 80
rpm, as described by Vergunst et al. (1998). Ten days after initiation of the
cultures, roots were collected, spread on agar plates containing callus in-
duction medium, and precultured for 3 d. A. tumefaciens was inoculated 1 d
before cocultivation from fresh LC plates into 10 mL of liquid LC with
antibiotics and grown overnight at 28°C. The roots were collected in 20 mL
of liquid B5 medium containing overnight-grown A. tumefaciens cells at a
final OD of 0.1. Two minutes after adding the root explants, the roots were
cut in small explants of about 5 mm in length. The explants were dried on
filter paper and spread on CIM-containing acetosyringone (100 �m). Roots
were cocultivated for 3 d at 25°C, at 2,000 lux. Explants were collected and
washed in B5 medium. Finally, the root explants were dried briefly on filter
paper and plated on shoot induction medium medium containing 50 mg L�1

kanamycin and 100 mg L�1 timentin. Three weeks later, the number of
kanamycin-resistant calli was determined using a stereo microscope.

Yeast Strain and Transport Assay

Yeast strain LBY2 contains a lox-URA3-lox construct to detect Cre activity.
Loss of the URA3 gene will lead to the ability of the yeast cells to grow on
medium containing 0.1% (w/v) FOA (Apollo Scientific, Ltd., Derbyshire,
UK). Construction of LBY2 and the cocultivation procedure with A. tume-
faciens were described in great detail (Schrammeijer et al., 2003). Calcula-
tions of the frequency of FOA-resistant colonies per output yeast were also
performed as described by Schrammeijer et al. (2003).

Western-Blot Analysis

Expression level of the fusion genes in A. tumefaciens, upon induction of
the virulence system with acetosyringone (purchased from Aldrich-Chemie,
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Sigma-Aldrich Chemie BV (Zwyndrecht, The Netherlands) was determined
using western-blot analysis. A. tumefaciens strains were grown overnight in
minimal medium (Hooykaas et al., 1979). A 1:10 dilution in induction
medium was followed by overnight growth at 28°C. Induced A. tumefaciens
cells were collected (1 mL of an OD 1) and dissolved in 150-�L sample
buffer.

An amount of 12 �L of the bacterial suspension was boiled for 10 min and
cooled on ice. Samples were loaded on a denaturing 10% (w/v) polyacryl-
amide (36.5:1 [w/w] acryl:bisacryl) gel for electrophoresis. Proteins were
transferred to Immobilon-P membranes (Millipore, Bedford, MA) by using
a semidry blotting apparatus (2117 Multiphor II electrophoresis unit from
LKB [Uppsala]). The blotting procedure and buffers were essentially pre-
pared as described in the Immun-blot goat-anti-rabbit-AP and goat-anti-
mouse-AP assay kits instruction manual (Bio-Rad Laboratories, Hercules,
CA). The blot was washed in Tris-buffered saline (TBS) and blocked with 3%
(w/v) gelatin in TBS. The antibodies used for protein detection were used as
a 1:2,000 (VirE2) and 1:500 dilution (Cre, purchased from Eurogentec, Sera-
ing, Belgium). After incubation for 16 h, blots were washed with TBS with
0.05% Tween, followed by a 1-h incubation with goat-anti-rabbit-IgG-AP
(1:7,500 [v/v] dilution, Promega, Madison, WI) for detection with VirE2
antibodies and incubation with goat-anti-mouse-IgG-AP for detection with
Cre antibodies. After washing the blots with TBS with 0.05% Tween and
TBS, they were incubated in 5-bromo-4-chloro-3-indolyl phosphate/ni-
troblue tetrazolium staining solution. Staining was stopped by washing for
10 min with water. The marker we used was obtained from Bio-Rad (dual
color prestained precision plus protein standards).

Distribution of Materials

Upon request, all novel materials described in this publication will be
made available in a timely manner for noncommercial research purposes,
subject to the requisite permission from any third-party owners of all or
parts of the material. Obtaining any permissions will be the responsibility of
the requestor.
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