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The genus Agrobacterium is unique in its ability to conduct interkingdom genetic exchange.
Virulent Agrobacterium strains transfer single-strand forms of -DNA (T-strands) and sev-
eral Virulence effector proteins through a bacterial type IV secretion system into plant host
cells. T-strands must traverse the plant wall and plasma membrane, traffic through the
cytoplasm, enter the nucleus, and ultimately target host chromatin for stable integration.
Because any DNA sequence placed between T-DNA “borders” can be transferred to plants
and integrated into the plant genome, the transfer and intracellular trafficking processes
must be mediated by bacterial and host proteins that form complexes with T-strands. This
review summarizes current knowledge of proteins that interact with T-strands in the plant
cell, and discusses several models of T-complex (T-strand and associated proteins) traffick-
ing. A detailed understanding of how these macromolecular complexes enter the host cell
and traverse the plant cytoplasm will require development of novel technologies to follow
molecules from their bacterial site of synthesis into the plant cell, and how these trans-
ferred molecules interact with host proteins and sub-cellular structures within the host

cytoplasm and nucleus.
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INTRODUCTION
Members of the genus Agrobacterium have the unique, natural
ability to conduct horizontal genetic exchange between organisms
of different phylogenetic kingdoms. Best known among Agrobac-
terium species is Agrobacterium tumefaciens, which causes the
disease crown gall on a wide variety of dicotyledonous plants, as
well as on some gymnosperms. Other pathogenic Agrobacterium
species include A. rhizogenes, the causative agent for hairy root
(root mat) disease, A. vitis, which causes tumors on grape and
a few other species, and A. rubi, which causes cane gall disease
(Kersters and De Ley, 1984; Farrand et al., 2003). The funda-
mental mechanism of pathogenesis is the same for each of these
species: DNA transfer from the bacterium to the host plant leads
to integration and expression of a portion of a large plasmid [Ti-
(tumor inducing) or Ri-(root inducing) plasmid] originally extant
in the bacterium. The region of DNA which is processed from
these large plasmids is termed the T(transferred)-DNA region,
and the transferred DNA is termed T-DNA. T-DNA is exported
from Agrobacterium and enters the eukaryotic cell as a single-
strand molecule called the T-strand. T-strands must traverse the
host cell cytoplasm and enter the nucleus, where they eventually
may integrate into the host genome. Plant species are the natural
hosts for T-DNA transfer; however, animal and fungal cells can also
participate as recipient hosts under laboratory conditions (Bun-
dock et al., 1995; Piers et al., 1996; de Groot et al., 1998; Abuodeh
et al., 2000; Kunik et al., 2001; Bulgakov et al., 2006; Lacroix et al.,
2006a,b; Michielse et al., 2008).

Although scientists frequently consider Agrobacterium-
mediated genetic transformation as T-DNA transfer, the molecular
mechanism of transfer and intracellular T-strand movement

depend on proteins likely associated with T-strands. This must be
true because no specific T-DNA gene or DNA sequence is required
for transformation: any sequence may be substituted between T-
DNA borders for successful transformation to occur (Bevan et al.,
1983; Fraley et al., 1983; Herrera-Estrella et al., 1983). It would
appear that it is the various associated proteins, rather than T-
DNA, that are acted upon to route T-DNA to its ultimate nuclear
destination. Thus, it is probably more correct to think of T-DNA
movement as protein, rather than DNA, trafficking. This review
discusses this journey, and the responsible cellular components.

THE BACTERIAL PLAYERS: VIRULENCE EFFECTOR PROTEINS
As with many bacteria, Agrobacterium transfers several bacterial
proteins into the host cell to achieve pathogenesis. These proteins
are called Virulence effector proteins (or Vir proteins), and their
export from Agrobacterium requires a type IV secretion system
(T4SS). The Agrobacterium T4SS is composed of 11 VirB proteins
and VirD4; their assembly and structure have been described in
numerous studies (Christie et al., 2005; Fronzes et al., 2009).

VirD2

T-DNA transfer from Agrobacterium to host cells initiates with the
induction of the virulence (vir) genes by plant-derived phenolic
and sugar molecules (Stachel et al., 1985, 1986; Ankenbauer and
Nester, 1990). Among the induced proteins is VirD2, an endonu-
clease that nicks the T-DNA region of Ti-/Ri-plasmids at border
repeat sequences flanking T-DNA. During T-DNA processing,
VirD2 covalently attaches to the 5" end of the resulting T-strand
(Herrera-Estrella et al., 1988; Ward and Barnes, 1988; Young and
Nester, 1988; Durrenberger et al., 1989). VirD2 serves as a “pilot
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protein” to lead T-strands through the T4SS and into the host cell.
Once in the host, VirD2 probably plays a major role in targeting
T-strands to the nucleus. The C-terminal region of VirD2 contains
a bipartite nuclear localization signal (NLS) sequence. This NLS
(or even individual portions of the NLS) strongly targets affixed
reporter proteins to the nucleus of plant, animal, and yeast cells
(Herrera-Estrella et al., 1990; Howard et al., 1992; Tinland et al.,
1992; Rossi et al., 1993; Citovsky et al., 1994; Mysore et al., 1998). A
monopartite NLS in the N-terminal region of VirD2 can also tar-
get proteins to plant nuclei. However, this NLS probably does not
function to target T-strands because it is located close to tyrosine
29, the amino acid to which T-strands link. Thus, this weaker NLS
is likely occluded by T-DNA and does not appreciably contribute
to T-strand nuclear targeting (Shurvinton et al., 1992; Vogel and
Das, 1992).

Nuclear targeting of the VirD2/T-strand complex is likely medi-
ated by importin o proteins. Importin o is an adaptor molecule
that interacts with “classical” NLS motifs in cargo proteins and with
the nuclear shuttle protein importin p. Under appropriate con-
ditions, importin a/f/cargo protein complexes traverse through
nuclear pores into the nucleoplasm, after which the complex dis-
sociates; importins o and f cycle back to the cytoplasm where they
can associate with additional cargoes for nuclear delivery (Terry
et al., 2007).

Ballas and Citovsky (1997) initially described interaction of
VirD2 with Arabidopsis thaliana AtKapa (subsequently renamed
IMPa-1) in vitro and in yeast. Interaction required the VirD2 C-
terminal bipartite NLS, and the complexes could be imported
into nuclei of permeabilized yeast cells. Arabidopsis encodes nine
importin o isoforms. Bhattacharjee et al. (2008) noted that VirD2
interacted with all tested importin o proteins in vitro, in yeast,
and [using bimolecular fluorescence complementation (BiFC)] in
plant cells. In plants, VirD2 complexed with IMPa-1, -4, -7, and -9
localized exclusively to nuclei, suggesting that various importin o
isoforms could serve as adaptors for nuclear import of VirD2/T-
strand complexes. However, a homozygous mutant of only impa4,
but not of other tested IMP genes, was deficient in Agrobac-
terium-mediated transformation. Over-expression in the impa4
mutant background of any of seven tested IMP cDNAs could, how-
ever, reverse this phenotype. These results indicate that, although
several importin o proteins may participate in transformation-
associated events, IMPa-4 likely plays the major role.

VirD2 is a phosphoprotein (Bako et al., 2003; Tao et al., 2004).
Yeast two-hybrid analyses, using VirD2 as bait, have identified
several additional plant proteins that interact with VirD2 and
which may play roles in phosphorylation/dephosphorylation and
VirD2/T-strand intracellular trafficking. Tao et al. (2004) discov-
ered a tomato type 2C protein phosphatase (PP2C) that inter-
acts with the C-terminal region of VirD2. Over-expression of
this PP2C in tobacco protoplasts resulted in mis-localization of
a GUS-VirD2 fusion peptide. Normally, the GUS-VirD2 protein
localizes strongly to the nucleus. However, when the PP2C is over-
expressed, the fusion protein fractionates between the nucleus
and the cytoplasm. A likely VirD2 target site for the PP2C is
serine®**, which is located immediately upstream of the bipar-
tite NLS. Indeed, alteration of this serine residue to alanine also
resulted in a mutant VirD2 protein that did not efficiently target

nuclei of protoplasts. Experiments are currently underway in the
author’s laboratory to determine whether this serine-to-alanine
mutation results in mis-localization of a VirD2—YFP fusion protein
in roots of transgenic plants. Because roots are the natural targets
for Agrobacterium infection, these results may indicate whether
phosphorylation of VirD2 may potentiate its nuclear localiza-
tion and, as a consequence, nuclear import of the VirD2/T-strand
complexes.

VirD2 also interacts with and is phosphorylated by the cyclin-
dependent kinase activating kinase CAK2Ms (Bako et al., 2003).
CAK2Ms also phosphorylates one of the RNA polymerase II large
subunits, which in turn recruits a TATA-box binding protein
important for transcription initiation. VirD2 interacts with this
TATA-box binding protein, suggesting that VirD2 phosphorylation
may play an additional role in targeting VirD2/T-strand complexes
to chromatin. However, because T-DNA integrates randomly into
the genome without regard to target site transcription (Kim et
al., 2007; see below for a discussion of T-DNA chromatin target-
ing), the importance of these VirD2 protein interactions remains
elusive.

Several authors have noted interaction of VirD2 with plant
cyclophilins (Deng et al., 1998; Bako et al., 2003). Cyclophilins may
play a role in maintaining the correct conformation of proteins,
and indeed, incubation of Arabidopsis and tobacco cells with the
cyclophilin inhibitor Cyclosporin A resulted in decreased transfor-
mation. However, the recent finding by van Kregten et al. (2009)
that the VirD2 cyclophilin-binding domain is not necessary for
transformation suggests that cyclophilins may not be required for
VirD2 function in the plant cell.

The role of VirD2 in T-DNA integration is not clear. Tinland
et al. (1995) showed that a mutation in the “recombinase” domain
of VirD2 (VirD2R29G) results in a protein that integrates T-DNA
with normal frequency but with altered specificity of border use.
Mysore et al. (1998) showed that a different mutation in VirD2
(a deletion/substitution in the w domain) results in a protein that
has normal integration specificity, but lower integration frequency.
These latter results suggest that the ® domain may be involved in T-
DNA integration. However, Bravo-Angel et al. (1998) showed that
a deletion of this w domain did not affect the efficiency or pat-
tern of T-DNA integration, although T-DNA transfer was severely
reduced. The difference in results described by Mysore etal. (1998)
and Bravo-Angel et al. (1998) likely results from the different w
region mutations that the two groups used. Although the conflict-
ing results from all of these experiments may be confusing with
regard to the mechanistic role of VirD2, taken as a whole they
indicate a role for VirD2 in T-DNA integration. The importance
of VirD2 in T-DNA integration was further shown by Pelczar et al.
(2004). These authors demonstrated that VirD2 affixed to the 5’
end of T-strands was important for maximal efficiency of mam-
malian cell transformation and precision of T-DNA integration by
“artificial T-complexes” synthesized in vitro.

VirE2

VirE2 is a DNA binding protein that, in vitro, cooperatively forms
complexes with any single-strand DNA sequence (Gietl etal., 1987;
Christie etal., 1988; Citovsky et al., 1988, 1989; Das, 1988; Sen et al.,
1989). T-DNA is transferred from Agrobacterium to host cells as a
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single-strand molecule (the T-strand), and therefore the original
proposed function of VirE2 was to protect T-strands from nucle-
olytic degradation as they travel from the bacterium to the host cell
(Tinland et al., 1994; Yusibov et al., 1994). Although an early pub-
lication indicated that VirE2 interacts with T-strands in Agrobac-
terium (Christie et al., 1988), this observation likely resulted from
artifacts in the way the experiments were conducted. More recent
experimental results indicate that VirE2 does not interact with T-
strands in the bacterium (Cascales and Christie, 2004). Indeed,
within Agrobacterium, VirE2 interacts with its chaperone VirEl
(Sundberg et al., 1996; Zhao et al., 2001). This interaction likely
prevents VirE2 from forming complexes with T-strands in the bac-
terium. The importance of VirE2 in transformation occurs in the
plant: plants expressing VirE2 could complement Agrobacterium
virE2 mutants, that either lack a wild-type virE2 gene or make
a form of VirE2 that cannot exit the bacterium, to full virulence
(Citovsky et al., 1992; Simone et al., 2001).

VirE2 protects T-strands from nucleolytic degradation in the
plant cell. Agrobacterium strains mutant in virE2 are not avirulent,
butrather are severely attenuated in virulence. Yusibovetal. (1994)
showed that T-strands transferred from virE2 mutant Agrobac-
terium accumulated to a much lesser extent than did T-strands
delivered from wild-type bacteria. In addition, Rossi et al. (1996)
showed that in the small number of tumors that did result from
infection of plants with an Agrobacterium virE2 mutant, integrated
T-DNA was often severely truncated from the 3" end, which is the
end not protected by VirD2. Taken together, these data suggest
that VirE2 protein is important for maintaining T-strand integrity
within the plant cell, and are consistent with the hypothesis that
VirE2 coats and protects T-strands in vivo.

The role of VirE2 in nuclear targeting of T-strands remains con-
troversial. Zupan et al. (1996) showed that fluorescently labeled
single-strand DNA remained cytoplasmic when microinjected
into Tradescantia cells. However, when the DNA was complexed
with VirE2 prior to microinjection, fluorescence accumulated in
the nucleus. Gelvin (1998) showed that an Agrobacterium strain
that lacked VirE2 and the NLS region of VirD2 was avirulent on
wild-type tobacco plants. However, this strain was virulent on
tobacco plants that expressed VirE2. Because no known T-strand
nuclear targeting signal was present in the mutant Agrobacterium
strain, these data indicate that plant-produced VirE2 could inter-
act with and target incoming T-strands to the nucleus, result-
ing in the production of tumors. Taken together, these exper-
iments indicate that VirE2 plays a role in nuclear targeting of
T-strands.

However, other reports suggested that VirE2 plays a minor, if
any, role in T-strand nuclear targeting. Ziemienowicz et al. (2001)
showed that VirE2-coated fluorescently labeled single-strand DNA
molecules, 1 kb in length, did not accumulate in nuclei when intro-
duced into permeabilized evacuolated tobacco BY-2 cells. How-
ever, when these VirE2-coated DNA molecules additionally con-
tained VirD2 affixed to their 5’ ends, nuclear localization was rapid
and efficient. Nuclear localization of these “artificial T-complexes”
depended upon an intact C-terminal VirD2 NLS. These authors
concluded that VirD2/T-strand molecules required the VirD2 NLS
to target the complexes to the nucleus, but that VirE2 was required
for nuclear entry. As described by others (Citovsky et al., 1989,

1997; Abu-Arish et al., 2004), they suggested that VirE2 altered the
conformation of DNA molecules such that they could traverse the
nuclear pores, but that once VirE2 interacted with DNA, its NLSs
were not exposed and available to interact with nuclear import
proteins. Thus, the role of VirE2 in nuclear targeting would be
indirect: by interaction with importin a, VirD2 targets T-strands
to nuclear pores, but nuclear import additionally requires VirE2
to shape T-strands to be able to traverse these pores.

The role of VirE2 in nuclear targeting of T-strands is also com-
plicated by conflicting reports of the ability of VirE2 to interact
with importin a. Ballas and Citovsky (1997) could not show inter-
action of VirE2 with the nuclear import adaptor AtKapo/IMPa-1
using a yeast two-hybrid system. However, Bhattacharjee et al.
(2008) used yeast two-hybrid, in planta BiFC, and in vitro pull-
down analyses to show that VirE2 could interact with multiple
isoforms of importin o, and mapped domains of VirE2 responsi-
ble for this interaction. These latter authors went on to show that
VirE2 complexed with single-strand DNA was still able to bind to
importin o in vitro.

Additional confusion concerning the role of VirE2 in nuclear
targeting of T-strands has arisen because of conflicting reports of
its sub-cellular localization (Gelvin, 2010). Several studies indi-
cated that VirE2, tagged at its N-terminus with reporter proteins,
localized to the nucleus of transfected plant cells (Citovsky et al.,
1992, 1994, 2004; Tzfira and Citovsky, 2001; Tzfira et al., 2001; Li
et al., 2005). However, Bhattacharjee et al. (2008) demonstrated
that such N-terminal tagging rendered VirE2, expressed in plant
cells, unable to complement a virE2 mutant Agrobacterium strain
for virulence, whereas C-terminally tagged VirE2 retained full
activity in this assay. This and follow-up studies indicated that
in most types of plant cells, VirE2 remains cytoplasmically local-
ized, often forming perinuclear aggregates (Bhattacharjee et al,,
2008; Grange et al., 2008; Lee et al., 2008; Gelvin, 2010). Similarly,
VirE2 complexed with most investigated importin o isoforms,
including AtKapa/IMPa-1, localizes within the cytoplasm of plant
cells (Bhattacharjee et al., 2008; Lee et al., 2008). However, when
VirE2 interacts with the Arabidopsis importin o isoform IMPa-
4, the complex localizes to the nucleus of transfected plant cells
(Bhattacharjee et al., 2008; Lee et al., 2008). Nuclear localization
of VirE2/IMPa-4 complexes is particularly interesting in light of
genetic data showing that mutation of Arabidopsis impa4, but not
several other tested importin o genes, results in reduced transfor-
mation susceptibility of the roots of these mutant plants. VirD2
continues to localize to the nuclei of roots in impa4 mutants,
suggesting that VirE2/IMPa-4 interactions may have “special”
importance for nuclear import of T-strands.

An intriguing observation suggests that VirE2 may play yet
another role in T-strand sub-cellular trafficking. Dumas et al.
(2001) demonstrated that VirE2 could form gated channels that
would allow single-strand DNA to traverse artificial “black mem-
branes” in vitro. In plant cells, VirE2 localized within the cyto-
plasm, and may also accumulate in cell membranes (Grange et al.,
2008). This latter study also showed that VirE2 could act as a
molecular machine to impose a force against single-strand DNA.
The authors argued that if single-strand DNA were traversing the
plant cytoplasmic membrane after secretion from Agrobacterium,
VirE2 within the plant cell could interact with the extra-membrane
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exposed portions of DNA and “pull” these molecules into the
plant cell.

The apparent contradictions in the literature regarding the sub-
cellular localization of VirE2 may be explained by observations
of Djamei et al. (2007). This study investigated the sub-cellular
localization of the protein VirE2 Interacting Protein 1 (VIP1).
VIP1 plays an important role in Agrobacterium-mediated trans-
formation. Mutation of vipI reduces transformation susceptibil-
ity, whereas over-expression increases susceptibility (Tzfira et al.,
2001, 20025 Li et al., 2005). Because VIP1 interacts with both
VirE2 and with IMPa-1, VIP1 has been described as a molec-
ular “intermediary” that mediates interactions between proteins
that form the hypothetical T-complex with T-strands and the
nuclear import apparatus (Tzfira etal.,2001; Li et al., 2005; Lacroix
et al., 2006b). Djamei et al. (2007) showed that VIP1 can local-
ize in both the cytoplasm and the nucleus. Nuclear localization
is effected by phosphorylation of VIP1 on serine-79. Mutation
of this amino acid to alanine favors cytoplasmic localization,
whereas substitution with an aspartate residue drives VIP1 to
the nucleus. VIP1 phosphorylation, which can be triggered by
pathogen attack, also mediates transformation susceptibility. The
phosphorylation status of VIP1 may therefore result in nuclear
targeting of a VIP1-VirE2 complex and, thus, T-strand trafficking
to the nucleus. This model remains to be tested. What is clear,
however, is that sub-cellular localization of VirE2 depends on the
cellular environment. Indeed, the sub-cellular localization of a
VirE2-YFP fusion protein in transgenic Arabidopsis differs with
the cell type: VirE2 localizes in perinuclear aggregates in root and
leaf mesophyll cells, but in the nucleus of leaf trichomes (Gelvin,
2010).

“NON-ESSENTIAL" VIRULENCE EFFECTOR PROTEINS
Three additional A. tumefaciens Virulence effector proteins, VirE3,
VirD5, and VirF, are secreted into plant host cells. Initial experi-
ments, using mutant Agrobacterium strains with transposon inser-
tions in the genes encoding these proteins, indicated that they
were either “quantitative” or “host-range” factors that influenced
the extent of transformation of different plant species (Stachel
and Nester, 1986; Lin and Kado, 1993; Regensburg-Tuink and
Hooykaas, 1993; Kalogeraki et al., 2000). Thus, because of their
seeming lack of importance for virulence, the elucidation of the
roles these proteins play in transformation occurred only recently.
As mentioned above, the plant protein VIP1 is important for
efficient transformation. However, VIP1 is not an abundant pro-
tein, and its scarcity may render some plant species only weakly
susceptible. VIP1 is a novel form of bZIP transcription factor that
regulates expression of many plant defense genes (Pitzschke et al.,
2009a,b). Because of its nuclear localization in plants, its ability to
“auto-activate” reporter genes when bound to a Gal4 DNA binding
domain in yeast, and its interaction in yeast and in vitro with the
plant TFIIB general transcription factor pBrp, Garcia-Rodriguez
et al. (2006) suggested that VirE3 may also be a plant transcrip-
tion factor. VirE3 interacts with VirE2, and can complement a vip1
mutant for both nuclear import of VirE2 and for transformation
susceptibility (Lacroix et al., 2005). These authors suggested that
VirE3 can substitute for VIP1 in those plants where VIP1 may be
limiting. Thus, Agrobacterium appears to have a “back-up” system

of Virulence effector proteins that mimics the activity of plant
proteins important for transformation.

VirF was initially described as a “host-range” transformation
factor. Many plants are efficiently transformed by virF mutant
Agrobacterium strains. However, virF mutant bacterial strains, or
nopaline-type strains which lack virF, show weak virulence on
species such as Nicotiana glauca and tomato (Regensburg-Tuink
and Hooykaas, 1993). Transgenic plants expressing virF are effi-
ciently transformed by these Agrobacterium strains, demonstrating
that VirF functions in the plant host. In yeast, VirF interacts with
Skpl protein, a part of the SCF complex which “tags” proteins
with ubiquitin and targets them for destruction by the 26S pro-
teosome. Indeed, VirF is a F-box protein. Thus, VirF may be
involved in targeted proteolysis of proteins, such as certain Vir-
ulence effector proteins, that must be stripped from T-strands
prior to or during T-DNA integration. Tzfira et al. (2004) showed
that VirF can mediate targeted proteolysis of both VirE2 and VIP1
in yeast and in planta. Inhibition of proteasomal function by the
drug MG132 resulted in decreased transformation, suggesting that
protein degradation is required for efficient transformation.

As with the situation with VirE3 and VIP1, VirF has a func-
tional ortholog in plants. The plant-encoded F-box protein VBF
(VIP1-binding F-box protein) can supply VirF activity to Agrobac-
terium strains either lacking or mutant in virF (Zaltsman et al.,
2010). VBF is induced by Agrobacterium infection, and VBF pro-
tein can destabilize VirE2 and VIP1 in a manner consistent with
that of VirFE. Anti-sense VBF transgenic plants show lower sus-
ceptibility to Agrobacterium-mediated transformation, whereas
expression of a VBF-T4SS signal fusion protein in Agrobacterium
increases virulence of a virF mutant Agrobacterium strain. Thus
again, Agrobacterium uses a back-up system, VirF, to substitute for
a plant functional ortholog.

As amediator of VirE2 and VIP1 degradation, VirF is an impor-
tant virulence factor for some plant species. However, VirF is itself
unstable in the plant. Magori and Citovsky (2011) recently showed
that VirD5, another Agrobacterium Virulence effector protein,
interacts with and stabilizes VirF in plants. Thus, Agrobacterium
secretes effector proteins that both carry out functions missing in
some plant species, and functions to protect the activity of other
Virulence effector proteins.

THE AGROBACTERIUM RHIZOGENES EFFECTOR PROTEIN GALLS

All A. tumefaciens, and many A. rhizogenes, strains encode three
virE operon genes. As discussed above, VirE2 plays a major role
in virulence, and VirE3 is also important for transformation of
some plant species in which VIP1 activity is low. It thus came as a
surprise that some highly virulent A. rhizogenes strains lack virEl
and virE2 from their Ri-plasmids (and from their chromosomes as
well; Moriguchi et al., 2001). Rather, these strains contain the gene
GALLS. GALLS can complement a virE2 mutant Agrobacterium
strain to full virulence (Hodges et al., 2004), although other than
a NLS domain, it does not in any way resemble VirE2 (Hodges
et al., 2006). GALLS is an exported Virulence effector protein
(Hodges et al., 2006), and can be made in two forms: GALLS-FL
(full-length) and GALLS-CT (C-terminal). GALLS-CT, the most
abundant of the two GALLS proteins, derives from the C-terminal
portion of GALLS-FL, and is generated by translation initiation
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from within the GALLS coding region rather than by proteolytic
cleavage of the GALLS-FL protein (Hodges et al., 2009). On most
tested plant species, both GALLS-FL and GALLS-CT are required
for full virulence. GALLS-CT lacks a NLS and, unlike GALLS-FL
which localizes to the nucleus, GALLS-CT remains cytoplasmic.
The two GALLS isoforms interact in plant cells with themselves
and with each other. Interestingly, GALLS-FL also interacts with
IMPa-4 and with VirD2 (Hodges et al., 2009). These data sug-
gest that GALLS may aid in stabilization and/or nuclear import of
VirD2/T-strand complexes.

As an important Virulence effector protein for some A. rhi-
zogenes strains, we conducted a search for plant proteins that
interact with GALLS. Using yeast two-hybrid, plant BiFC, and
in vitro pull-down analyses, we recently characterized interac-
tion of GALLS with several members of the Arabidopsis LSH
family of proteins. Interaction of GALLS-FL with GIP (GALLS
interacting protein, one of the LSH family members) occurs pre-
dominantly in the nucleus, whereas interaction of GALLS-CT
with GIP occurs in the cytoplasm (Figure 1; Y. Wang, L.-Y. Lee,
L. Hodges, W. Ream, and S. B. Gelvin, unpublished). The LSH
protein family may be transcription factors: several members of
this family, as Gal4 DNA binding domain fusion proteins, auto-
activate reporter genes in yeast. Because GALLS proteins interact
with LSH protein family members, we tested Arabidopsis T-DNA
insertion mutants in several LSH genes. No single gene disruption
affected transformation susceptibility, suggesting that functional
redundancy among these family members may obscure their role
in transformation. However, over-expression of some, but not
all, LSH family members in transgenic plants resulted in sub-
stantially increased transformation susceptibility of the derived
transgenic lines. Most interesting, over-expression of these fam-
ily members resulted in low-level transformation susceptibility to

Agrobacterium strains lacking both virE2 and GALLS. No trans-
formation was observed using these Agrobacterium strains and
wild-type Arabidopsis plants. These data suggest that LSH family
members may act in transformation at some step downstream of
where VirE2 or GALLS proteins normally function.

ROLE OF AGROBACTERIUM AND PLANT PROTEINS IN
TARGETING T-STRANDS TO CHROMATIN

Ultimately, T-strands (or double-strand DNA synthesized from
T-strands in the nucleus) must integrate into plant nuclear DNA
to establish stable transformation. Although the mechanism of
T-DNA integration remains unknown, several important players
involved in the process have been identified.

Numerous early reports suggested that T-DNA preferentially
integrates into gene-rich, transcribed, A/T-rich, and/or promoter
regions of genes (Koncz et al., 1989; Brunaud et al., 2002; Szaba-
dos et al., 2002; Alonso et al., 2003; Chen et al., 2003; Sallaud
et al., 2004; Schneeberger et al., 2005). These analyses were con-
ducted on large populations of Arabidopsis or rice transgenic
plants mutagenized by T-DNA insertions. However, plants in these
mutant populations that contain T-DNA insertions were selected
by expression of antibiotic or herbicide resistance genes. If T-DNA
had integrated into a region of chromatin that silenced the selec-
tion marker, many of these plants would have been discarded. Kim
etal. (2007) analyzed T-DNA/plant DNA junction sequences from
plant cells that had not been selected for the expression of antibi-
otic resistance transgenes. Their analysis indicated that T-DNA
does not prefer any particular chromatin environment for inte-
gration. T-DNA was found, proportionally to the sequences of the
Arabidopsis genome, in gene-rich and gene-poor regions, highly
repetitive DNA, centromeres, and telomeres. Integration sites were
not preferentially transcribed or methylated. The randomness of

GIP-nVenus +
GALLS-FL-cYFP

mCherry

GIP-nVenus +
GALLS-CT-cYFP

mCherry

FIGURE 1 | Interaction of GIP (GALLS Interacting Protein) with GALLS-FL
and GALLS-CT. Tobacco BY-2 protoplasts were transfected with cDNAs
encoding mCherry, nVenus-tagged GIP (one of the LSH protein family
members), and either GALLS-FL or GALLS-CT containing a cYFP tag. The cells

merged

brightfield

merged brightfield

were imaged by epifluorescence microscopy 18 h later. mCherry marks both
the nucleus and the cytoplasm. GIP-nVenus interacts with GALLS-FL-.cYFP
(upper row) or with GALLS-CT-cYFP (lower row) to restore fluorescence using
BiFC. n Indicates the nucleus. Data courtesy of Dr. Yaling Wang.
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T-DNA integration suggests that general chromatin factors (such
as histones, etc.) rather than other proteins (such as specific tran-
scription factors) may be chromatin targets for T-strand/protein
complexes. Indeed, the importance of particular histone proteins
and chromatin modifying proteins in T-DNA integration has been
well-established (Mysore et al., 2000; Yi et al., 2002, 2006; Zhu
et al., 2003; Anand et al., 2007b; Crane and Gelvin, 2007; Tenea
et al., 2009).

The importance of histones in T-DNA integration was fur-
ther inferred from a study of VirE2 interacting protein 2 (VIP2).
Because vip2 mutant Arabidopsis or VIGS-silenced N. benthami-
ana plants display normal transient Agrobacterium-mediated
transformation, but are deficient in stable transformation, VIP2
was postulated to be important for T-DNA integration but not T-
DNA transfer (Anand etal.,2007a). VIP2 isa NOT-domain protein
that is hypothesized to be a transcriptional activator. Mutation of
AtVIP2 results in decreased levels of histone mRNA, explaining its
importance in T-DNA integration.

Several reports have confirmed that proteins important for
Agrobacterium-mediated transformation target specific chromatin
proteins. Loyter et al. (2005) showed that VIP1 could interact with
each of the core histone proteins (H2A, H2B, H3, and H4) in vitro,
and with H2A in planta. These results were confirmed by Li et al.
(2005), and further extended by Lacroix et al. (2008), who showed
that VIP1 could bind to purified mononucleosomes in vitro. Bind-
ing to nucleosomes depended upon the presence of both VIP1 and
VirE2, and VirF could also form part of this complex.

HOW DO T-STRAND/Vir PROTEIN/PLANT PROTEIN
COMPLEXES TRAFFIC THROUGH THE CELL?

The mechanism by which T-strands, complexed with bacterial and
plant proteins, move through the cell is unknown. One possibility
is that cytoskeletal structures, and the molecular motors that traf-
fic macromolecules, protein complexes, and organelles along them,
may be involved. Salman et al. (2005) showed that ssDNA-VirE2
complexes could migrate along microtubules in cell-free Xenopus
oocyte extracts, that migration depended upon an intact VirE2
NLS, and that dynein motor proteins are important for move-
ment. Zhu et al. (2003) presented a compendium of Arabidopsis
mutants that are resistant to Agrobacterium transformation (rat
mutants). Among these was a kinesin mutant.

Unpublished data suggest that the actin cytoskeleton may be
involved in Agrobacterium-mediated transformation. Arabidopsis
lines mutant for actin-2, which is expressed in roots, are resis-
tant to root transformation; complementation of act2 mutants
with a wild-type ACT2 cDNA restored transformation suscep-
tibility. Tobacco BY-2 cells treated with the actin microfilament
inhibitor cytochalasin D or the myosin light chain kinase inhibitor
ML-7 showed reduced transformation susceptibility, whereas cells
treated with the microtubule inhibitor nocodazole retained full
virulence (Figure 2; P. Rao and S. B. Gelvin, unpublished). We
have recently screened numerous Arabidopsis myosin single- and
multiple-mutant plants for transformation susceptibility. Several
mutant plants showed reduced transformation competence using
both transient and stable transformation assays (Figure 3; Y. Yu
and S. B. Gelvin, unpublished). Preliminary data indicate that the
sub-cellular localization of some fluorescently tagged Virulence
effector proteins is altered when these proteins are expressed in leaf
protoplasts from these mutant plants (L.-Y. Lee and S. B. Gelvin,
unpublished). However, the true in vivo importance of the actin
cytoskeleton in Virulence protein trafficking awaits characteriza-
tion of transgenic myosin mutant Arabidopsis plants expressing
tagged Virulence effector proteins.

MODELS AND FUTURE DIRECTIONS: NOVEL APPROACHES
TO UNDERSTAND T-STRAND/PROTEIN TRAFFICKING

Figure 4 presents a model of T-DNA movement through the
plant cell, and the proteins and structures with which it inter-
acts. Although there are abundant data characterizing interactions
of Agrobacterium Virulence effector proteins among themselves
and with plant proteins, most of these studies were conducted
either in vitro or by over-expressing test proteins in plant cells.
Thus, the “true” levels of these proteins in the plant are likely
obscured, and over-expression may force interactions to occur
that may not normally occur, or saturate sub-cellular trafficking
routes, resulting in mis-localization of proteins and protein com-
plexes. In addition, the synthesis of bacterial proteins in plants, or
their introduction into plant cells by artificial methods (e.g., elec-
troporation, permeabilization of plant membranes, etc.) results in
proteins that have not entered the plant cell through the “normal”
channels used during Agrobacterium infection. For example, VirE2
molecules synthesized in planta, or introduced by microinjection,
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FIGURE 2 | Treatment of tobacco cells with actin cytoskeleton
inhibitors decreases Agrobacterium-mediated transient
transformation. Tobacco BY-2 cells were treated for 1 h with the
indicated chemicals (A) Cytochalasin D, (B) ML-7, (C) Nocodazole, or
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DMSO solvent, prior to infection by A. tumefaciens At849 at a ratio of
1000 bacteria/plant cell. After 48 h, the cells were washed and stained
for GUS activity with X-gluc. Orange bars, solvent treatment; green bars,
chemical treatment. Data courtesy of Dr. Praveen Rao.
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FIGURE 3 | Transformation susceptibility of myosin mutant Arabidopsis
plants. Root segments of wild-type (Col-0) and mutant plants were

infected with the tumorigenic strain A. tumefaciens A208 at a concentration
of 10° cfu/ml. Tumors were scored 30 days later. Data courtesy of Yanjun Yu.

bypass the plant plasma membrane. However, VirE2 (and the other
Virulence effector proteins) are normally delivered through the
Agrobacterium type IV secretion system and through the plant
plasma membrane. One model of T-DNA transfer posits that
VirE2 may sit in the plant plasma membrane, form a channel
through which T-strands pass, and “pick up” T-strands as they
enter the plant cell (Duckely and Hohn, 2003). Thus, past analyses
would have missed this important step. Most Vir—Vir and Vir—
plant protein interaction experiments have been conducted in
the absence of T-strands. It is possible that proteins complexed
with single-strand DNA will interact with other proteins, or with
other cellular components, differently than they would in isola-
tion from DNA. Finally, although extensive in vitro biochemical
and genetic data strongly suggest that T-complexes (i.e., T-strands
with VirD2 covalently linked to the 5’ end, and coated with VirE2)
exist, no such molecules have yet been identified or characterized
following a normal infection. Thus, this author refers to these as
“hypothetical T-complexes.”

Virtually all protein localization and protein-protein interac-
tion experiments have been conducted using transient expression
assays, and in tissues other than root, the target for this soil phy-
topathogen. Thus, it would be useful to use root tissue to express
proteins for interaction studies. Although this can be done tran-
siently, stably transformed plants provide opportunities to visual-
ize protein sub-cellular localization in numerous different tissues
and cell types. In order to mitigate over-expression artifacts, plant
proteins should be expressed from native promoters. Experiments
in which Agrobacterium Virulence effector proteins are expressed
in plants should be conducted with “low-level” promoters, rather
than the strong cauliflower mosaic virus (CaMV) 35S promoter
usually employed. To increase sensitivity, highly fluorescent auto-
fluorescent protein derivatives could be used, such as Venus instead
of YFP or GFP.

A major concern about understanding Agrobacterium T-DNA
and Virulence protein transfer is that current methodologies
bypass the normal way in which these molecules enter the plant
cell. It would be useful to express “tagged” Virulence effector pro-
teins in Agrobacterium, and follow the tag as these proteins journey
to and through the plant cell. However, Agrobacterium effector
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FIGURE 4 | Model of F-DNA movement through the plant cell, and the
proteins and structures with which it interacts. This model assumes that
the T-strand/VirD2/VirE2 T-complex exists in a plant cell as hypothesized.
Sub-cellular movement of T-complexes and/or Virulence effector proteins
may utilize the actin cytoskeleton, as shown.

Table 1 | Effect of internally tagging Virulence effector proteins upon
virulence.

Autofluorescent Virulence relative to

protein tag?®

Virulence

effector protein wild-type protein (%)

VirD2 None 100
Venus 0-2
mCherry 10-20
nVenus 42-80

VirE2 None 100
Venus 0
mCherry 0
nVenus 0
cCFP 44-100

GALLS-FL None 100
YFP 45-76
cCFP 62-100

2For any particular Virulence effector protein, the different autofluorescent protein,
or protein fragment, was inserted into the same position in the effector protein.
bRange of numbers represents several experiments performed with bacterial
inoculum at 107 and 10° cfu/ml.

proteins cannot be tagged at their C-termini, as this blocks the type
IV secretion signal (Vergunst et al., 2000, 2003, 2005; Hodges et al.,
2006). In addition, tagging proteins at their N-termini frequently
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disrupts transport and/or function, either in the bacterium or in
the plant (Zhou and Christie, 1999; Bhattacharjee et al., 2008; van
Kregten et al., 2009). We have recently generated VirD2, VirE2,
and GALLS constructions with full or partial YFP-tags internally
placed within the Virulence proteins. In many instances, these pro-
teins maintain full or substantial activity, as measured by virulence
assays in which the internally tagged proteins substitute for wild-
type proteins (Table 1). We shall be using full-length YFP-tagged
Virulence effector proteins to follow their passage from Agrobac-
terium to the plant cell. In addition, we shall be “pairing” partial
YFP-tagged Virulence effector proteins, made in Agrobacterium,
with interacting plant proteins tagged with the cognate YFP-tags
in BiFC experiments to determine the site of interaction of these
proteins, made/introduced at normal levels, in the plant cell.
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