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Chapter 1

Introduction






1.1 General introduction

Agrobacterium tumefaciens is a pathogen that genetically transforms its hosts, dicotyledonous
plants, causing crown gall disease. Plant wounds not only form the entry points for the
bacteria, but also release phenolic compounds like acetosyringone that trigger the virulence
genes of the bacterium. Recognition of these compounds by Agrobacterium triggers a series
of events finally leading to genetic transformation of plant cells. Crucial for this process
is the presence of a tumor-inducing plasmid, the Ti-plasmid. During transformation by
Agrobacterium, a strand of DNA derived from the Ti-plasmid is transported to the recipient
cell. This T-(transferred) strand can integrate into the recipient cell genome, after which
the genes encoded on it become expressed. The expression of genes of plant hormone
synthesizing enzymes that are present on the T-DNA leads to the uncontrolled tumorous
growth of plants cells, thus forming the crown gall. Depending on the Agrobacterium strain
causing the infection, T-DNA encoded genes enable crown gall cells to synthesize specific
opines, amino acid derivatives which Agrobacterium can use as its sole source of carbon
and nitrogen (Zhu ez al., 2000). Well-known opines include compounds such as nopaline,
octopine, and mannopine. By having food produced by another organism, Agrobacterium
creates an ecological niche for itself. Although the normal targets of Agrobacterium-mediated
transformation (AMT) are dicotyledonous plants, transformation of a range of other species
has been made possible in a laboratory setting. Hosts include, but are not limited to,
monocotyledonous plants (Hooykaas — van Slogteren ez al., 1991), yeast (Bundock ez al.,
1995) and other fungi (de Groot ez al., 1998).

Insights into the mechanism by which Agrobacterium processes and transfers
its T-DNA in the form of a single stranded T-strand to the recipient cells have led to its
development as a very important tool in plant biotechnology. The T-DNA is delimited by
two imperfect repeating sequences in the Ti plasmid, the Right Border and Left Border (RB
and LB) (Yadav ez al., 1982). None of the genes located between the repeats is necessary for
T-DNA transfer, but transfer is mediated by vir genes located in a region of the Ti plasmid
that is adjacent to the T-region. Any DNA sequence naturally present between these borders
will be translocated to the recipient. In the natural situation, the genes encoding the Vir
proteins are located within the vir region of the Ti-plasmid, usually adjacent to the T-DNA.

While the vir region is required for processing and transfer of a T-strand, the vir genes
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themselves are located outside of the RB and LB sequences and are thus not transferred to
recipient cells. In genetic terms, vir genes act in trans upon the formation and transfer of a
T-strand. The invention of the binary vector system, in which the vir genes are located on
a different plasmid than the T-DNA, opened the way for easy transformation of a range of
plant and other species, as any gene and any marker can be transferred in a relatively easy
way to the recipient (Hoekema ez a/., 1983). Genetic transformation of plants via AMT has
thus become the most widely used tool in fundamental as well as applied plant research;
not only for gaining insight into plant gene functioning, but also for breeding purposes, to
generate crops that are, for example, drought- or disease-resistant. In the decades following
these discoveries, much effort has been dedicated to unraveling the mechanism behind AMT.
More recent findings that Agrobacterium is also able to transfer proteins to eukaryotic cells
has further inspired the research community, making Agrobacterium and especially its vir
region a paradigm for all kinds of transfer events from bacterial to eukaryotic cells (Vergunst
et al., 2000, Juhas ez al., 2008, Pitzschke and Hirst, 2010).

The molecular mechanism enabling DNA and protein transfer by Agrobacterium
resembles both bacterial plasmid conjugation and pathogenesis of a variety of bacterial
species in its utilization of a Type IV Secretion System (T4SS). This large protein complex
serves as a passage between Agrobacterium and the recipient. The T-DNA and Vir proteins
enter the recipient cell via a T4SS encoded by genes within the vir region of the Ti plasmid.
Such T4SSs are common in bacteria and quite conserved. The genes and operons encoding
them show colinearity, i.e. their order in the genome is similar (reviewed in Schréder and
Lanka, 2005). In Agrobacterium a second T4SS distinct from the T4SS used in pathogenesis
is used to conjugate the pTi between Agrobacterium cells. Analysis of its origins shows
that the different components have probably been acquired from a different transmissible
plasmid, rather than from a duplication of the vir region (Al-Morbe ez al., 1996). The
complex multi-component structure of the T4SS requires a large investment of energy in
order to be assembled. It stands to reason that they are not constitutively expressed, but are
expressed when the chance of a successful transfer event is greatest. In Agrobacterium, the
VirB/D4 T4SS becomes expressed when Agrobacterium detects substances from a wounded
plant cell in the vicinity (see 1.2), while the T4SS involved in the conjugation of the pTi
becomes expressed when opines are present (White and Winans, 2007).

The exact mechanism of T-strand and concomitant protein translocation by
Agrobacterium has yet to be elucidated. Since similar translocation events are found in a

variety of pathogenic bacteria, the biology of T4SSs becomes very relevant for health care.
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For instance, several pathogens that target humans, but also other mammals, use their
T4SS to translocate virulence factors called effector proteins to their hosts. Well-known
pathogens utilizing this mechanism include Helicobacter pylori (Backert and Selbach, 2008),
Bartonella species (Dehio, 2008) and Legionella pneumophilia (Swanson and Hammer
2000). In addition, plasmid exchange between bacteria via T4SSs (plasmid conjugation)
leads to a major challenge in modern medicine by causing the rapid spreading of antibiotic
resistance genes (Hawkey and Jones, 2009). Apart from conjugative plasmids, which encode
a T4SS, there are also mobilizable plasmids that do not encode a T4SS, but only have
the genes required for DNA processing; they use the T4SS encoded by other plasmids to
“hitchhike” into a recipient cell (Francia ez al., 2004). T4SSs are still being discovered in ever
more distant bacterial species, indicating that they are highly important for the exchange of

genetic information between bacteria and for manipulation of their environment.

1.2 The mechanism of Agrobacterium-mediated transformation

As briefly mentioned above, when a plant cell is wounded, it releases phenolic compounds
such as acetosyringone. These compounds are detected by Agrobacterium via the VirA
protein, which is a receptor kinase spanning the inner membrane (Figure 1) (Lee ez al.,
1995). Upon detection of phenolic compounds, VirA phosphorylates VirG, which then
binds to the vir boxes within the regulatory region of other vir genes, thus stimulating their
expression (Lee e al., 1996). The newly expressed Vir proteins perform several tasks in the
cell. The T-strand is prepared by the nicking reaction of VirD1 and VirD2, and this process
is enhanced by binding of VirCl1 to the overdrive sequence, adjacent to the RB (see 1.3
for details). VirD2 stays covalently attached to the T-strand. This protein-DNA complex is
referred to as the T-complex. VirD2 interacts with VirCl and the 3 VirD2-Binding Proteins
(VBP1-3) to enhance recruitment to the T4SS (see 1.4 and Chapter 3) (Atmakuri ez al.,
2007, Guo et al., 2007a and b).

Proteins VirB1-11, encoded by the virBoperon, and VirD4, form the acetosyringone-
inducible T4SS of Agrobacterium (see 1.5 for details), via which the T-complex and several
vir effector proteins are translocated to the cytosol of the recipient cell. In the recipient cell,
the T-complex is imported into the nucleus, where it is released from its interactions (see 1.6
for details). Finally, the T-strand can integrate into the genome of the recipient cell and the

genes on the T-strand can become expressed (see 1.7 for details).
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Figure 1: The mechanism of Agrobacterium-mediated transformation

1.3 Generation of the T-strand

For the release of the T-strand, a single strand break (nick) is generated at the border sequences
that flank the T-DNA. This border nicking is performed by VirD2, a protein belonging to
a large family of relaxases which are essential for conjugation and mobilization of plasmids.
Relaxases can be placed in several different families and the two families discussed in this
thesis can be classified according to their catalytic sites, which contain one or two tyrosine
residues. (Frost ez al., 2005, Garcillan-Barcia ez al., 2009). Examples of relaxases that contain
one catalytically active tyrosine residue are MobA of plasmid RSF1010, Tral of plasmid RP4,
and VirD2, while examples of relaxases that have two such residues are TrwC of plasmid
R388, and Tral of the F plasmid. (Francia ez 4/., 2004). Usually, relaxases contain other well-
characterized functional domains C-terminal from their relaxase domain, such as primase or
helicase domains (Garcillan-Barcia ez a/., 2009). VirD2 differs in that respect as it contains
a domain of unknown function at its C-terminus (Shurvinton ez al., 1992).

At the site of initiation (the RB in the T-region of Agrobacterium, oriT in conjugative
and mobilizable plasmids), the complex of proteins required for nicking of the borders/

oriT, called the relaxosome, is assembled. In Agrobacterium, the relaxosome consists of the
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cofactor VirD1 and the relaxase VirD2, but other systems require different co-factors besides
the relaxase (see below). The role of VirD1 in processing of the T-strand is much less clear
than that of VirD2. From 7 vitro experiments it is known that, in addition to VirD2, VirD1
is required to nick double-stranded DNA, while VirD2 alone is sufficient to nick single-
stranded DNA (Scheiffele ez al., 1995).

VirCl, the first of the two proteins encoded by the virC operon, binds to the
overdrive sequence, a sequence near the RB, but outside of the T-DNA (Toro ez al., 1989).
This sequence acts as an enhancer of the nicking reaction and of T-strand formation (Peralta
et al., 1986, Van Haaren et al., 1987, Toro et al., 1989). VirC2 is also a DNA-binding
protein, with a ribbon-helix-ribbon DNA binding domain (Lu ez 4/., 2009). VirCl and
VirC2 are not essential for T-strand processing, but they increase the amount of T-strands
produced (Atmakuri ez al., 2007).

The only domain of VirD2 important for T-strand processing is the relaxase domain.
However, it is not uncommon for relaxases to contain a helicase domain C-terminally from
the relaxase domain, which also plays a role in T-strand processing (e.g. relaxase/helicase
TrwC of plasmid R338 and relaxase/helicase MobA of plasmid RSF1010 (Garcillan-Barcia
et al., 2009)). The presence of the helicase domain can facilitate the separation of the DNA
strands prior to making a single strand break or, alternatively, aid in releasing the T-strand
once this break has been made. Cofactors with other auxiliary functions are also known;
plasmid RP4 has in its relaxosome the cofactors TraJ, to recruit its cognate relaxase/helicase
Tral, and TraH and TraK to stabilize the interactions between the relaxase and the DNA.
The F plasmid relaxosome requires besides relaxase Tral, the TraY protein to bend the DNA
into a conformation that can be more easily processed by the relaxase, and Integration Host
Factor to aid in assembly of the relaxosome (reviewed in Byrd and Matson, 1997).

Border cleavage occurs by attack of the catalytically active tyrosine residue (Tyr-29)
of VirD2 on the phosphodiesterbond of the nic position within the RB. Other relaxases also
have a conserved tyrosine residue at a position quite close to the N-terminus performing
this action on the #ic site of their cognate 07i 7 (classification of the relaxase family is based
on this feature; see Garcillan-Barcia ez a/., 2009). This reaction creates a covalent bond
between the relaxase protein and the DNA (Byrd and Matson, 1997). Relaxase-mediated
cleavage of single stranded DNA requires Mg** ions and water and is isoenergetic; therefore,
the reaction is reversible. Ironically, the formation of the covalent protein-DNA bond itself
does not actually relax the DNA in the sense that tension due to DNA supercoiling is not

decreased; another factor is required to release the tension (Byrd and Matson, 1997).
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In all systems but the T-strand transferring mechanism of Agrobacterium, a single
relaxase-mediated cleavage is enough to create the protein-DNA intermediate. However, to
release a perfect pTi-derived T-strand, a second cleavage needs to be performed at the LB.
In that manner, only the region in between the RB and LB is transferred as a T-strand to
recipient cells, rather than the whole T-DNA containing plasmid. Models for the initiation
and termination of T-strand processing are presented in 1.4. Although T-strand transfer is
the norm, the whole T-DNA containing plasmid can be transferred when the LB is deleted
(Caplan et al., 1985, Miranda ez al., 1992). Also when both borders are present, sometimes
border skipping is observed, resulting in transfer of the entire plasmid (Van der Graaff ez 4/.,
1996, Kononov et al., 1997).

It is nowadays generally believed that uncoupling of the relaxase only occurs
after transfer of the relaxase moiety of the T-complex to the recipient cell, although actual
experimental evidence is scarce. For the relaxase TrwC from plasmid R388, nicking activity
after translocation has been demonstrated in the recipient cell (Draper ez al., 2005). In
chapter 2, experimental evidence of the translocation of VirD2 as part of the T-complex
further confirms this model. These data, demonstrating protein transfer, fit well into the
emerging picture of the T4SS as a protein secretion machine, rather than a DNA-transferring
machine (Vergunst ez al., 2000, Christie and Vogel, 2000, Juhas ez a/., 2008, Schroder and
Lanka, 2005).

1.4 Models for the initiation and termination of T-strand processing

Initiation of T-strand processing has been well described: the catalytic Tyr residue of the
relaxase in question creates a covalent bond between the relaxase and the 5’ end of the DNA
at the nic site within oriT or at the RB. This reaction is reversible. (Pansegrau and Lanka,
1996, reviewed in Byrd and Matson, 1997). In the case of plasmids, this one reaction and
subsequent processing is all that is required, while for Agrobacterium, processing starts at
the RB and needs to be terminated at the LB. The exact mechanism of LB cleavage is not
yet clarified, although it is clear that the main product of processing in Agrobacterium is the
T-strand. In the case of Agrobacterium, transfer of the entire plasmid can happen when the
LB is skipped, which can result in the integration of vector backbone into the genome of the
recipient cell (Ramanathan and Veluthambi, 1995, Van der Graaft ez 4l., 1996, Kononov
et al., 1997). DNA sequences from the plasmid backbone have been found in 75% of a
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population of AMT-generated tobacco plants have (Kononov ez al., 1997). Most of these
backbone sequences were linked to (part of) the T-DNA, via the LB or RB. Ramanathan and
Veluthambi (1995) observed T-DNA integrations originating from the LB of a Ti plasmid,
indicating that processing can also accidentally start from the LB. This is also supported by
earlier descriptions of processed T-strand intermediates originating from both borders, with
protein bound to the 5" end (Diirrenberger ez al., 1989, Steck ez al., 1989).

After initiation of T-strand processing, the T-strand needs to be separated from the
plasmid. There are two possibilities for this process. One model states that, in analogy to
rolling circle replication, which occurs in bacteriophages and some plasmids, the T-strand is
released by displacement synthesis, mediated by DNA polymerase starting from the 3> OH
end of the RB/oriT (reviewed in Lanka and Wilkins, 1995, reviewed in Byrd and Matson,
1997, reviewed in Khan, 2005). Another possibility is that the T-strand is separated from its
complementary strand by helicase activity (reviewed in Lanka and Wilkins, 1995, reviewed
in Byrd and Matson, 1997). In both cases, the single stranded T-strand must be relatively
stable, allowing for its translocation to the recipient cell (reviewed in Byrd and Matson,
1997). Before the relaxase-T-strand bond is broken, the relaxase needs to be translocated, so
that release of the T-strand takes place within the recipient cell. This implies that the donor
and recipient cell should be in close contact during the processing of the T-strand. In that
manner, T-strand processing should be coupled to T-strand translocation, with the relaxase
protein at the 5" end piloting the T-strand into the recipient cell as current models suggest
(reviewed in Chen et al., 2005 Christie, 2004, Llosa et al., 2002). Evidence has been found
for the translocation of TrwC of plasmid R388 (Draper ez 4l., 2005). Additional evidence for
the translocation of VirD2, piloting the T-strand, is presented in Chapter 2, while Vergunst
and co-workers have shown that low-level translocation of VirD2 and MobA (of plasmid
RSF1010) is possible in the absence of a T-strand.

While the formation of the T-strand-relaxase complex takes place in the donor cell,
breakage of the relaxase-T-strand bond would then occur in the recipient cell. Efficient
bacterial conjugation therefore requires cell-cell contact between donor and recipient
(reviewed in Alvarez-Martinez and Christie, 2009). Only for Agrobacterium, VirD2-T-strand
complexes can be precipitated from Agrobacterium cells that are not in contact with recipient
cells (but induced to express vir genes by administration of acetosyringone) (Cascales and
Christie, 2004). After the T-strand is translocated to the recipient cell, a combination of
transferred and resident enzymatic activities will determine the final outcome of the DNA

transfer. In the case of conjugation, a double-standed circular plasmid will be formed. For
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Agrobacterium-mediated DNA transfer, the T-strand finally integrates into the genome of
the recipient. In either case, the relaxase is eventually released from the T-strand. Evidence
suggests that VirD2 is not responsible for ligating the T-strand to the host genomic DNA
(Zieniemowicz et al., 2000). Therefore, VirD2 is probably released from the T-strand prior

to integration, but the exact mechanism behind this process remains obscure.

1.5 The Type IV Secretion System

After the T-strand is released, it is recruited to the Type IV Secretion System. The T4SS
is a multiprotein complex which spans the inner membrane, the periplasm and the outer
membrane. In Agrobacterium, it extends into the pilus, which protrudes outside of the cell.
As already mentioned in section 1.1, the T4SS of Agrobacterium that is induced by plant
phenolic compounds and which is responsible for the translocation of Vir proteins and the
T-strand to the recipient plant cells is composed of the products of the virB operon, VirB1-
11, in combination with the coupling protein VirD4. Agrobacterium also has a second T4SS,
encoded by its 772 operon, which is used for the conjugative transfer of the pTi between
Agrobacterium cells (Alt-Mérbe et al., 1996). For many years the T4SS, such as that encoded
by the F plasmid of E. coli, was viewed as a channel that must have evolved for translocation
of DNA (Frost ez al., 1994). The coupling protein could serve to “push” DNA through the
secretion channel (Llosa ez a/., 2002).

In a seminal paper describing the translocation of the virulence proteins VirE2 and
VirF protein of Agrobacterium independently of the T-strand, it was proposed that T4SSs
might in principle be regarded as protein secretion channels, through which DNA is only
transported when bound to the relaxase (Vergunst ez a/., 2000). Evidence for translocation
of the relaxases VirD2 and MobA in the absence of T-DNA transfer was later found, as
well as translocation of VirE2, VirE3, VirD5 and VirF (Vergunst ez a/, 2005, reviewed in
Christie, 2004, Ding e al., 2003, Lawley ez al., 2003).

More recently, T4SS have been identified in pathogenic microorganisms that do
not transfer DNA at all, but exclusively mediate the translocation of virulence factors into
host cells. Such T4SS are essential for virulence.

T4SS have thus two main functions: conjugation and effector protein translocation.
For conjugation to occur, the relaxase-processed DNA intermediate needs to be formed

and recognized by the T4SS which then provides it with a passageway into the recipient
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cells (Christie, 2004, Llosa ez al., 2002). When the T4SS is only used for the translocation
of effector proteins, the requirements for the T4SS are approximately the same as for
conjugation: a coupling protein to mediate interaction between the effector protein and the
T4SS secretion channel and facilitation of transfer (in)to the recipient cell.

A third class of T4SS was more recently discovered in some bacteria, which are
involved in the uptake from or release of DNA into the environment. In Helicobacter pylori,
a DNA uptake system employs a T4SS lacking a coupling protein (Hofreuter ez a/., 2001).
The mechanism of DNA uptake is not yet clear, although it has recently been suggested that
the Helicobacter homolog of VirB4 energizes DNA transport (Stingl ez /., 2010)

In Neisseria gonorrhea, DNA is released into the extracellular space via a T4SS
(Hamilton ez al., 2005). The very complex structure of the T4SS has been the subject of many
reviews (e.g. Alvarez-Martinez and Christie, 2009, Gomez-Ruth and Coll, 2006, Schroder
and Lanka, 2005). Interestingly, employing the DNA moiety as a detectable target, the order
in which the T-strand encounters the structural proteins of the T4SS of Agrobacterium has
been elucidated by immunoprecipitation of cross-linked Vir protein containing complexes
(Cascales and Christie, 2004). Determination of the order of contacts of just the secreted
proteins within the T4SS is technically extremely challenging and has not yet been reported.

What is currently known about translocated proteins is that they contain a
translocation signal. This T4SS secretion signal has been identified in the C-terminal end of
translocated Vir proteins, containing several arginine residues, making the signal positively
charged. The relaxase of mobilizable plasmid RSF1010, MobA, also contains such a signal at
its C-terminus. The processed relaxase-T-DNA complex of RSF1010 is known to “hitchhike”
through the T4SS of Agrobacterium (Bravo-Angel ez al., 1999). The translocation signal of
VirF can even be used to aid the translocation of unrelated proteins that normally cannot

pass through the T4SS, such as Cre (Vergunst ez a/., 2000 and 2005).

1.6 Travel into the nucleus

The T-complex produced by Agrobacterium, consisting of VirD2 covalently bound to the
T-strand, is delivered into the cytosol of the recipient cell. There it becomes coated by VirE2,
which is delivered separately from the T-complex to the recipient cell (Otten ez al., 1984,
Figure 2). It has been postulated that the function of this coating could be to protect the

T-strand from degradation by recipient cell nucleases (Citovsky ez a/l., 1989). However, this
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has never been shown 77 vivo, only in vitro using A exonuclease (Diirrenberger ez a/., 1989).
The T-complex is then imported into the recipient cell nucleus, due to the presence of a
nuclear localization signal (NLS) in VirD2.

In Arabidopsis thaliana, nuclear import is mediated by the importin AtKapa, which
interacts with VirD2 (Ballas and Citovsky, 1997). Several other interactors have been
described for VirD2 in Arabidopsis: several cyclophilins (Deng ez al., 1998) and the TATA-
box Binding Protein (TBP) (Bako ez al., 2003). Interaction of VirD2 with cyclophilins is
discussed in more detail in Chapter 2. Although the interaction between VirD2 and TBP
suggests that a T-complex, when arriving within the nucleus, might by targeted to sites
where TBP is present, this is probably not the case. It has been shown that integration sites
of T-strands are distributed randomly throughout the genome (Kim ez 4/., 2007). While
VirD2 can mediate border fusion iz vitro (Pansegrau et al., 1996), VirD2 does not appear to
ligate the T-strand to the plant genome (Ziemienowicz ez al., 2000).

Another factor aiding in nuclear import is VirE2, which interacts with VirE2
Interacting Protein 1 (VIP1). VIP1 is a transcription factor in the Arabidopsis defense pathway,
and is phosphorylated by MPK3 when plants perceive the presence of Agrobacterium or other
pathogens. VIP1 then travels to the nucleus, may bind VirE2 and may take the T-complex
along. In this way, the plant’s own defense mechanism may help bring the T-complex into
the nucleus (Djamei ez al., 2007). In vitro, VIP1 also binds to plant nucleosomes, which may
link the T-DNA to the chromatin via a VIP1-VirE2-T-DNA complex (Lacroix et al., 2008).

Before or during integration into the recipients genome, the T-strand needs to
be freed from its binding partners. How VirD2 is released from the T-strand is currently
unknown. The F-box protein VirF may play a role in the decoating of VirE2, with the
help of the VirE2-interacting protein VIP1. VIP1 brings VirE2 into contact with VirE
which, interacts with the tobacco proteolysis machinery. Through this interaction, both
VIP1 and VirE2 are destabilized. Thus this mechanism may help to uncoat the T-DNA
(Tzfira er al., 2004). Interestingly, VirF is a host range factor: requirement for this factor is
not absolute, but it is needed to induce larger tumors on certain plant species. For instance,
VirF is not needed for the transformation of Saccharomyces cerevisiae (Bundock ez al., 1995).
Also, Arabidopsis was found to contain an F-box protein that can functionally replace VirF
(Zaltsman et al., 2010).
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Figure 2: Travel of the VirD2-T-strand complex into the nucleus

1.7 T-DNA integration

In the case of AMT of higher plants, T-DNA insertions have been found to be randomly
dispersed over the genome of the recipient (Kim ez al., 2007). Although transferred as a
single strand, evidence has been presented that indicates that T-DNA can become double-
stranded before integration (Tzfira ez al., 2003). However, other integration events that were
analyzed in detail can only be explained by assuming that the T-DNA was single-stranded at
the time of integration (Tzfira ez al., 2004).

The main mechanism via which any exogenous DNA integrates in higher eukaryotes
is non-homologous recombination (NHR). This consists of two pathways: non-homologous
end-joining (NHE]) and microhomology-mediated recombination (MME]). NHE] is the
main pathway of T-DNA integration, and often results in small deletions or insertions of
both the T-DNA and the genomic locus where it is inserted. During NHE], both ends of the
break are processed and ligated. When integrated via NHE], the T-DNA is also subject to
such processing (reviewed in Bleuyard ez a/., 2006). In yeast, it was found that enzymes from

the NHE] pathway were essential for the integration of T-DNA lacking homology to the
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yeast genome (Van Attikum ez a/., 2001). When integration via NHE] occurs, often random
‘filler’ DNA is added to the site of integration. Filler DNA may introduce microhomology,
enabling integration via MME]. Filler DNA is also associated with preservation of the
T-DNA ends (Windels ez a/., 2003).

In contrast to the error-prone NHR events, homologous recombination (HR)-
mediated events can lead to very precise site-specific alteration of the genome by exchanging
the genetic locus or gene of interest, or a part thereof, for a modified version that is introduced
into the cell, a process also called gene targeting (GT). Homologous recombination can only
occur when the incoming DNA has homology to the genome of the recipient. The break
is processed to produce a single stranded overhang, which invades the homologous region
in another stretch of DNA. This region is used to bridge the gap and serve as a template
for repair. Eventually, this creates a Holliday structure of four strands of DNA. When this
structure has been resolved, the remaining nick in the DNA is repaired (Bleuyard ez /.,
20006).

When integration events occur via NHE], such an exchange does not take place; the
gene of interest will integrate elsewhere and thus co-exist with the original locus. Moreover,
sequences at random positions in the genome will be disturbed. Obviously, HR is the desired
pathway for accomplishing site-directed mutagenesis. The field of GT is of high interest for
both plant and medical science; fundamentally, to enable the study of the function of genes
in their context, and applied, for the development of gene therapy. Much effort is devoted
to develop an efficient way to achieve GT in a variety of species.

The chance of integration at a desired position is increased by the presence of a DSB
at this site in the genome. This was first established in mammalian cells (Jasin ez 2/, 1985). In
plants, this was shown by Puchta ez a/., who showed in protoplasts that expression of homing
endonuclease I-Scel (see below) will increase the chance of homologous recombination
(HR) of a substrate carrying an I-Scel recognition site (Puchta ez al., 1993). Integration of
the T-DNA into the DSB site via NHR also happens (Salomon and Puchta, 1998).

1.8 Tools for targeted integration: zinc fingers nucleases and homing endonucleases

As mentioned above, it has been known for a rather long time that the presence of DSBs in
the genome is stimulatory to GT in higher eukaryotes (Jasin ez al., 1985). To create DSBs

in a genome, different DNA binding proteins have been designed and discovered. The two
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most used enzymes for the creation of a DSB are zinc finger nucleases (ZFNs) and homing
endonucleases (HEs).

Zinc fingers (ZFs) are DNA-binding motifs; a specific sequence of 30 amino acids
can be predicted to bind a certain three basepair sequence (triplet). The “zinc finger code”
has been described for many of the GNN, ANN, and CNN triplets (Segal ez /., 1999,
Dreier ez al., 2001, Dreier ez al., 2005). For TNN triplets, the available code is still limited.
By combining different ZFs, polydactyl ZF domains (PZFs) can be made, which can
target a longer, specific sequence of DNA. These PZFs can in principle be combined with
other functional groups to create novel functional proteins, e.g. with activator or repressor
domains, to create artificial transcription factors, or with a nuclease domain, to create a
ZEN.

To create a ZF nuclease, which has DNA cleaving activity, a nuclease domain thus
needs to be fused to the PZF. The nuclease domain of choice is the nuclease domain of
the restriction enzyme Fokl. In Fokl, the DNA binding and cleaving activities are located
in separate domains of the protein. Therefore, the Fokl nuclease domain can be made
available for fusion to ZFs, creating a novel restriction enzyme (the zinc finger nuclease,
ZFN) with a custom-made recognition sequence, which was first achieved by Kim ez /.,
in 1996. The ZFNs have been eagerly used by groups from a variety of research fields to
create genomic lesions in a large number of organisms (reviewed in Carroll, 2008) to study
DNA repair mechanisms or explore the possibilities for therapeutic genetic manipulation.
With ZFN technology on the rise, hopes are high for the development of novel therapeutic
gene targeting strategies for human disease and crop improvement in plants, as well as
fundamental scientific questions in the area of DNA repair.

Apart from zinc fingers, homing endonucleases (HEs) can also be used for the
introduction of highly specific DSBs in a genome (e.g. Chiurazzi ez al., 1996, Pacher ez 4l.,
2007). HEs have been discovered in different organisms. Some are encoded by open reading
frames present in introns of otherwise non-related genes, while others, designated inteins,
are intervening sequences which are spliced out post-translationally (Stoddard, 2005). They
function as selfish genetic elements; there is no obvious benefit for the host organism. The
HE copies the homing endonuclease ORF into an allele that does not contain it, or to
unrelated sites that happen to contain the recognition site. The HE recognizes a long (14-
40 bp) DNA sequence, which is present in the homologous allele that does not contain the
coding sequence for the HE. Sequence recognition is somewhat relaxed, indicating that the

homing endonuclease will not be lost when small mutations in the homologous allele will
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occur (Jurica and Stoddard, 1999).

Five families of homing endonucleases have been identified: the LAGLIDADG,

HNH, His-Cys box, and GIY-YIG families, and a largely uncharacterized family in the
introns of cyanobacteria (Jurica and Stoddard, 1999). The LAGLIDADG class is most
extensively characterized, and consists of ORFs in introns mainly found in the mitochondria
and chloroplasts of single-celled eukaryotes. The well-studied homing endonucleases I-Scel,
I-Crel and HO belong to this group. Both I-Scel and HO contain two LAGLIDADG
motifs, indicating that they function as monomers, while homing endonucleases that
contain only one LAGLIDADG motif function act as homodimers. I-Crel is an example of
the latter class (Stoddard, 2006, Chevalier ez al., 2004).
Homing endonucleases of the LAGLIDADG family create DSBs with 4 nucleotide 3’-
OH overhangs. The ends are processed and the homologous allele is used as a template for
HR (Jurica and Stoddard, 1999). The homing endonuclease is only involved in the initial
creation of the DSB and not in the subsequent repair.

I-Scel was the first homing endonuclease to be identified. It was discovered that the
yeast mitochondrial marker @ was inherited in a non-Mendelian way, with @ converting
into " at a very high rate (reviewed in Dujon, 1989). Only later it was found that @ was an
optional intron in the LSU mitochondrial gene and the non-Mendelian inheritance pattern
was caused by the activity of I-Scel, encoded by an ORF in the optional intron, causing the
optional intron to be copied into the other allele (Dujon, 1980).

The yeast mating-type switching enzyme HO is an example of a domesticated
homing endonuclease; it is encoded by a free-standing gene, and contains only remnants
of the sequences required for intein splicing. Exactly how HO became domesticated is
unknown. HO is responsible for changing the mating type of a yeast cell from a to o or
vice versa. Inactive loci for a or a flank the locus for the active mating type (MAT locus).
HO creates a DSB whereupon either one of the inactive loci are copied into the active locus
(Pietrokovski, 1994, Strathern et al, 1982, Kostriken et al., 1983). This ensures that there is
a heterogeneous population, capable of mating to create diploid cells.

Although the application of ZFNss for site-directed mutagenesis can be accompanied
with problems (of a mostly technical nature, rather than fundamental) (Durai et al., 2005),
recent progress in this field is very impressive (reviewed in Wu ez al., 2009). Therefore it
can be expected that problems such as to how to design the optimal PZF domains for a
particular genetic locus without any undesired effects at other loci can in principle be solved.

Nevertheless, alternatives to PZF-based technology will be most welcome. The development
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of HEs with modified recognition sequences is now coming of age, which will enable the
application of homing endonucleases at a broader scale in the future (PAques and Duchateau,
2007, Galetto et al., 2009).

1.9 Outline of this thesis

The focus of the research described in this thesis is on VirD2. This protein is at the center of
AMT as it is not only essential for T-strand processing, but also accompanies the T-strand
to its final destination in the recipient genome. At the start of the research leading to this
thesis, it was already known that only the N-terminal half of VirD2 is required for T-strand
processing. The function of the C-terminal half was basically unknown; only the very
C-terminal end had been implied as important for translocation and/or integration of the
T-DNA. Chapter 2 describes experiments in which we defined a minimal version of VirD2,
stripped of all but the relaxase domain. When supplied with a T4SS translocation signal
derived from the virulence protein VirF, this minimal VirD2 restores virulence of a VirD2
mutant Agrobacterium strain. This indicates that the relaxase domain is the only domain
absolutely required for virulence. The other domains of VirD2, the domain of unknown
function (DUF) and the C-terminus, were dispensable and could be replaced by the VirF
translocation signal. DUF and the C-terminus are possibly involved in the localization of
the T-complex to the T4SS, a function that apparently can be taken over by the very small
T4SS translocation signal of VirF (F). It also gives support for the prevailing model of the
T4SS as a protein — rather than a DNA - translocation machine. In Chapter 3 we describe
studies to elucidate the exact role of DUF in localization. We determined, by tagging GFP
to VirD2 truncations, that the N-terminal 60 amino acids of DUE, DUF-60, are crucial for
polar localization of VirD2. In VirD2-204, fluorescent signal is spread throughout the cell,
while in VirD2-264 polar localization is restored to near wild type levels. The translocation
signal of VirF, which consists of only 37 amino acids, also acts by restoring polar localization
to VirD2 truncations. The phenotype of polar localization correlates with the ability of the
corresponding Agrobacterium strain to transform plants.

Protein translocation from Agrobacterium to any recipient is of interest both for
fundamental research and for biotechnological applications. By creating fusions to Cre and
demonstrating Cre recombinase activity in the recipient, Vergunst ez al. proved that several

Vir proteins were translocated. Moreover, it was shown that these Vir proteins contained
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C-terminal translocation signals, as these protein parts could lead to translocation of Cre
fusion proteins to recipient cells via the T4SS of Agrobacterium (Vergunst et al., 2000 and
2005). Our finding that a T4SS translocation-deficient VirD2 mutant could be made T4SS
translocation-competent again by addition of the translocation signal of VirF (designated
F) led us to develop VirD2-fusion proteins that can actually be translocated to plants.
While N-terminal fusion of protein domains to VirD2 easily lead to impairment of the
relaxase function, C-terminal fusions are likely to block the native T4SS translocation signal
of VirD2. However, by placing the fusion protein in between VirD2 and E the relaxase
function remained intact and translocation ability was restored. Detection of VirD2-
mediated translocation events is easily done by assessing the expression of marker genes
encoded on the T-DNA. Furthermore, VirD2 is covalently attached to a T-strand, which
results in a possibility to combine the delivery of DSB-inducing protein domains with the
concomitant delivery of a DNA molecule that could potentially be used as repair template.

In Chapter 4, we describe the translocation efficiency of several VirD2 fusion
proteins. The proteins studied are of great interest for the development of site-directed
mutagenesis methods, as they contained zinc fingers or the homing endonucleases I-Scel and
HO. All tested protein domains could be translocated, albeit with very different efhiciencies.
Especially the I-Scel domain was found to be translocated at a relatively high level in a
translational fusion with VirD2 and E Recovery of I-Scel induced damage after in planta
expression showed that fusion with VirD2 and F did not abrogate the nuclease activity of
the fusion protein. We can therefore conclude that protein domain delivery into plant cells
via Agrobacterium-mediated transformation using VirD2 fusion proteins is feasible.

In Chapter 5, we show that the recombinant relaxase/effector proteins VirD2-I-
Scel-F and VirD2-204-1-Scel-F retain cleavage activity on an I-Scel site after delivery to
plant cells by Agrobacterium-mediated transformation. Several I-Scel-induced mutations
were recovered from Arabidopsis transformants treated with such recombinant relaxase
effector protein, but no GT events were discovered.

The results presented highlight the biotechnological possibilities of functional
protein domain delivery via VirD2, and present a lead for further investigation into the
development of site-directed mutagenesis strategies in plants via Agrobacterium-mediated

transformation.
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