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Abstract
Genetic and Biochemical Analyses of the Arabidopsis atToc90 Protein
Panagiotis Lymperopoulos

Chloroplasts are photosynthetic organelles in plant and algal cells that capture
sunlight energy to form energy-rich molecules that are the basis for almost all life.
Chloroplast development requires more than 3000 different proteins, most of which are
encoded by nuclear DNA. Thus, chloroplasts must import most of their proteins from the
cytosol. They are surrounded by a double membrane called the envelope. Embedded in the
envelope are the TOC and TIC complexes (translocon at the outer and inner envelope
membrane of the chloroplast, respectively), which mediate protein import into the organelle.
Several components of the TOC and TIC complexes have been identified. One example is the
receptor Toc159, which in the model plant Arabidopsis thaliana has four isoforms: atToc159,
atTocl32, atTocl20 and atToc90. It is known that atTocl59 supports accumulation of
photosynthetic proteins, while atTocl132 and atTocl20 support the import of non-
photosynthetic, housekeeping proteins. However, the role of atToc90 remains uncertain. |
investigated the function of atToc90 genetically by studying a series of Arabidopsis toc90
double and triple mutants, and by overexpressing atToc90 in mutants lacking other receptor
isoforms. This work suggested limited functional redundancy between atToc90 and other
TOC receptors (most notably, atToc159). By tagging TOC receptors known to act in each of
the photosynthetic and non-photosynthetic import pathways, | was able to purify different
TOC complexes from transgenic plants using tandem affinity purification (TAP). This
indicated that atToc90 is present promiscuously in both atTocl59- and atToc132/120-
containing TOC complexes. Publicly available Affymetrix microarray data suggested a role
for atToc90 during senescence. Thus, | investigated whether toc90 knockout mutants display
any differences from wild type regarding leaf senescence. Indeed, some defects were
observed, suggesting a role for atToc90 in the biochemical changes that occur in chloroplasts

during leaf senescence.
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1. INTRODUCTION
1.1 The Chloroplast

By definition the name chloroplast derives from the Greek words “chloros” (meaning
green) and “plast” (meaning unit). Chloroplasts are well known members of a class of
plant cell organelles called plastids and all originate from protoplastids. During plant
development the protoplastids differentiate to form three major groups of plastids, the
chloroplasts, the chromoplasts and the leucoplasts. Among them the most abundant and
important plastids are the chloroplasts. Chloroplasts are located in plant’s green tissues as
they contain chlorophyll pigments and are the site of photosynthesis. Their ability to
harvest energy from sunlight to split water and fix carbon dioxide to produce sugars
involves the production of ATP and NADPH through a complex set of processes (Pyke,
1999). Chloroplasts are about 5-10 um in diameter and 3-4 um in thickness and they are
bounded by two envelope membranes (LOpez-Juez and Pyke, 2005) (Fig. 1). The
photosynthetic apparatus is localised in an internal system, the thylakoids, which each
enclose a central space called the lumen. At various places within the chloroplast these
are stacked in arrays called grana (Fig. 1). The thylakoids carry numerous molecules of
chlorophyll which are responsible for light harvesting. The stroma surrounds the
thylakoid membranes (Fig. 1), and is an area inside of the chloroplast where numerous

enzymatic reactions occur, and where starch, and sugars are formed.
1.1.1 Origin and evolution of the chloroplasts

Chloroplasts originated from an endosymbiotic event, in which an ancestral
photosynthetic cyanobacterium was taken up by a heterotrophic host cell that already
contained mitochondria. Genes encoding the vast majority of the protein components of
plastids were transferred to the nuclear genome as a result of subsequent evolution. In
response to this dislocation of genetic material, plastids have evolved a system to post-
translationally import nuclear encoded preproteins from their site of synthesis on
cytosolic ribosomes (Keegstra and Cline, 1999; Jarvis, 2003). Chloroplasts like
mitochondria contain their own genome and divide independently from the cell. Another
characteristic of this organelle is the similarity in the transcriptional and translational
machinery to those found in bacteria. The plastid genome encodes 80-200 plastid

localized proteins that are translated on 70S ribosomes and functionally assembled within
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the plastid (Jarvis and Robinson, 2004). On the other hand, several thousand different

proteins must be imported from the cytosol.
1.1.2 Division of chloroplasts

The molecular nature of chloroplast division has been studied extensively (Maple et al.,
2007; Yang et al.,, 2008). As leaf development progresses, chloroplasts become
progressively larger, suggesting that division occurs early in chloroplast biogenesis (Pyke,
1999; Okazaki et al., 2009). Chloroplasts divide by binary fission, driven by two
contractile protein rings that form each side of the chloroplast envelope. The inner
division ring forms first and is composed of the FtsZ1 and FtsZ2 proteins, which are
phylogenetically distinct homologues of the tubulin-like bacterial cell division protein
FtsZ (Osteryoung and McAndrew, 2001). The constituents of the outer ring are not fully
known, but the plastid divisionl (PDV1) and PDV2 proteins in the outer envelope
membrane recruit a cytosolic dynamin-like component, DRP5B, around the chloroplast
exterior in alignment with the inner ring (Miyagishima et al., 2006). It has been shown
that PDV1 and PDV2 are determinants of the rate and extent of chloroplast division.
Arabidopsis thaliana pdvl and pdv2 mutants had earlier been shown to contain large,
deformed chloroplasts (Miyagishima et al., 2006). In contrast, when both PDV1 and
PDV?2 are overexpressed together, Arabidopsis cells contain small chloroplasts that are
twice as numerous as in wild-type (Okazaki et al., 2009). Interestingly, the levels of PDV
protein decrease in relation with the rates of chloroplast division as leaves age, but FtsZ2
and DRPB5 levels remain at similar levels throughout development (Okazaki et al.,
2009). Constitutive expression of the cytokinin responsive transcription factor CRF2 and
the application of exogenous cytokinins increased the activity of PDV2, linking cell
division and chloroplast division, implying that the PDV proteins are major mechanistic

components in determining the cell’s chloroplast complement (Okazaki et al., 2009).
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1.2 The Chloroplast Protein Import Machinery
1.2.1 Targeting of preproteins from the cytosol to the chloroplast

The majority of the proteins required for plastid functions are encoded in the nucleus and
synthesized on cytoplasmic ribosomes. These nuclear encoded proteins need to be
targeted to the chloroplast surface. Proteins destined to be imported have to pass through
the two envelope membranes before carrying on inside the chloroplast. The majority of
the imported proteins are synthesised as precursor proteins with a cleavable N-terminal
transit peptide. This peptide is essential and sufficient to address the preproteins to the
plastid outer membrane and to transfer them through the chloroplast translocation
machinery (Becker et al., 2004a). Proteins targeted to the thylakoid lumen bear bipartite
N-terminal presequences, with two domains, one for each of the two membrane systems
(envelope and thylakoid) that the protein needs to be targeted across (Robinson and
Bolhuis, 2001).

Once the precursor protein has been guided to the chloroplast surface, a process involving
several cytosolic chaperones, the precursor interacts with receptors on the chloroplast
outer membrane surface and is transported through the membranes in a GTP and ATP
dependent manner (Fig. 2). Two multi-protein translocon complexes facilitate the
transport across the outer (TOC: translocon at the outer envelope membrane of
chloroplasts) and inner (TIC: translocon at the inner envelope membrane of chloroplasts)

envelope membranes of most preproteins (Li and Chiu, 2010; Jarvis, 2008) (Fig. 2).
1.2.2 Important cytosolic components

Most precursor proteins, either chloroplast or mitochondrial targeted, have a potential to
bind the cytosolic heat shock protein Hsp70, which is a highly conserved chaperone, with
well described ATP-dependent and co-chaperone regulated features functions in protein
folding and assistance (Mayer, 2005). Binding of Hsp70 to mitochondrial and chloroplast
precursor proteins has been shown in several in vitro experiments (lvey et al., 2000).
Since ca. 80% of the chloroplast transit peptides have an Hsp70 binding site (Zhang and
Glaser, 2002; Rial et al., 2000) and Hsp70 was shown to bind to the transit peptides of the
small subunit of Rubisco and ferredoxin NAD(P) reductase (FNR) (Aubry et al., 2008), it
is highly possible that Hsp70 plays an important role in protein import.
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Other cytosolic components were identified to associate with Hsp70s. A 14-3-3 dimer
was shown to bind to the transit peptide of the small subunit of Rubisco and other
precursors. Binding take place at a phosphorylated 14-3-3 binding site of the transite
peptide, which was detected in these precursors (May and Soll, 2000). The kinase
responsible for the phosphorylation of these precursors was identified and isolated from
Arabidopsis cytosol preparation (Martin et al., 2006). It belongs to a family of three
homologous plant specific STY-kinases, containing a serine/threonine as well as a
tyrosine phosphorylation domain (Martin et al., 2006). The formation of this so called
guidance complex might well have a regulatory function, in relation to specificity, since

plant mitochondrial precursors do not form such complexes.

Another major heat shock protein chaperone is involved in guiding precursors to the
chloroplast. Hsp90 is a well described chaperone in prokaryotic and eukaryotic
organisms, where its function is mainly to assist the folding of transcription factors and
protein kinases with the assistance of several co-chaperones (Wandinger et al., 2008). The
Arabidopsis genome encodes seven isoforms of Hsp90, four of which are localized in the
cytosol (Krishna and Gloor, 2001). Down regulation of all cytosolic Hsp90 forms in
Arabidopsis indicates significant and diverse roles of these proteins in plant development
(Sangster et al., 2007). Binding of Hsp90 to precursor proteins in the plant cytosol not
only prevents those proteins from aggregation, but also mediates docking of the bound
precursors to an outer envelope membrane protein, Toc64 via its cytosolically exposed
tetratricopeptide repeats (TPR) domains (Qbadou et al., 2006; Qbadou et al., 2007).

1.3 The receptors Toc34 and Toc159

GTP is necessary during the early steps of protein translocation (Kessler and Blobel,
1996; Olsen and Keegstra, 1992). Toc34 and Toc159 were originally proposed to regulate
the initial steps of protein import through a GTP binding and hydrolysis cycle because of
their homology to GTP-binding proteins and their capacity to bind GTP in vitro (Kessler
and Blobel, 1996). Toc34 was also shown to display essential GTPase activity, further
supporting the function in GTP-dependent regulation of protein import (Seedorf et al.,
1995). Based on sequence analysis it was proposed that the Toc34 and Tocl59 G-
domains form a novel class of GTPases proteins (Seedorf et al., 1995) because the
members of each of the two families share a common domain organisation. The Toc159
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homologues have a C-terminal domain anchoring the proteins in the outer membrane (M-
domain), while the central GTP binding domain (G-domain) and a highly acidic domain
(A-domain) at the N-terminus face the cytosol. Toc34 is a 34 kDa protein that resembles
other tail anchored proteins and has an N-terminal region exposed to the cytoplasm
(Borgese et al., 2003; Seedorf et al., 1995). The M-domain of Tocl59 is rather
hydrophilic and does not exhibit typical hydrophobic transmembrane helices (Kessler et
al., 1994; Bauer et al., 2000). The insensitivity to protease treatment in isolated
chloroplasts is evidence to the membrane protected nature of the M-domains (Kessler et
al., 1994; Bauer et al., 2000).

GTP binding proteins are known to act as molecular switches by alternating between
active GTP-bound and inactive GDP-bound states (Vernoud et al., 2003). Interestingly,
the G-domains of Toc34 and Toc159 interact and this is believed to be important insight
of the import mechanism. Both homodimerization and heterodimerization of the G-
domains have been observed using biochemical methods (Yeh et al., 2007; Bauer et al.,
2002). Dimerization was suggested to stimulate the GTPase activity of Toc34 but this is
conflicting with the finding that substitution of a putative arginine finger (Arg130) for an
alanine residue (R130A) in an Arabidopsis homologue called atToc33 does not affect its
GTPase activity, but instead greatly inhibits dimerization (Weibel et al., 2003; Lee et al.,
2009). Many GTPases also associate with a second protein, a guanine nucleotide
exchange factor (GEF), that promotes the exchange of GDP for GTP at the binding
pocket of the GTPase (Bourne et al., 1991).

1.3.1 The two models of the protein import machinery

Recent efforts to define the roles of Toc34 and Tocl59 receptors in preproteins
recognition led to the emergence of two models (Fig. 3): the targeting model, and the
motor model (Kessler and Schnell, 2004). The targeting model proposes that Toc159 is
the primary receptor, and that it also plays a role in preprotein targeting from the cytosol
to the chloroplast surface. In contrast, the motor model suggests that Toc34 carries out the
role of primary receptor, whereas Toc159 acts as a molecular motor to drive preprotein

translocation across the outer envelope (Kessler and Schnell, 2004).
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1.3.1.1 The motor model

In the motor model, Toc159 functions as a GTP-dependent motor that pushes preproteins
through the TOC channel via multiple rounds of GTP hydrolysis (Fig 3b). The proposed
central function of Toc159 as a motor and the close 1:1 stoichiometric association of the
Toc34 with the Toc75 channel in the core complex (Schleiff et al., 2003a), led to the
suggestion that Toc34 is likely to function as the preliminary receptor (Becker et al.,
2004a). This proposed motor model was further supported by the fact that Toc34 is
crosslinking to precursors only at the initial energy-independent binding stage of import;
by contrast, Toc159 appears to remain in close proximity with precursors throughout their
translocation through the OEM (Kouranov and Schnell, 1997). Becker et al., (2004a),
presented strong evidence in favour of the motor model. First, detailed subcellular
fractionation studies suggested that the previously-observed soluble form of Tocl159
(Hiltbrunner et al., 2001a) (see Section 1.3.2.2 below) is an artefact produced by the
fractionation method used. It was concluded that Toc159 is only present as an integral
protein of the chloroplast outer envelope membrane. In contrast with Toc34, which binds
phosphorylated transit peptides with high affinity (Sveshnikova et al., 2000a), Toc159
only recognizes the non-phosphorylated form of the transit peptide. Furthermore, by
using peptides spanning either the C- or N- terminal regions of a transit peptide, they
revealed that a Toc159 fragment spanning the G- and M- domains (Toc86) displays high
affinity (Becker et al., 20044a; Sveshnikova et al., 2000b).

The differential peptide-binding properties of Toc34 and Toc159 were used to show that
Toc34 functions before Toc159 in the binding and translocation of precursor proteins.
This was demonstrated by using the different peptides to inhibit binding and import into
proteoliposomes containing the reconstituted core TOC complex (TOC proteoliposomes)
(Becker et al., 2004a). Only the phosphorylated C-terminal peptide was able to
significantly inhibit binding of preproteins into TOC proteoliposomes, whereas both the
phosphorylated C-terminal peptide and the N-proximal peptide inhibited import of the
precursor. This clearly indicates that in order to bind to the chloroplasts, precursors need

to interact with Toc159 to be imported.

Furthermore, Becker et al., (2004a) have investigated how GTP and GDP affect the
stability of the TOC complex. Immunoprecipitation experiments from outer envelope

vesicles OEVs with antibodies against both receptors showed that the association of
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Toc34 with the TOC is destabilized by GDP. In contrast, in presence of a non-
hydrolysable form of GTP (GMP-PNP) the association of Toc34 with the TOC was
favoured. Also, the association of Toc159 with Toc75 was nucleotide insensitive. When
(OEVs) were solubilised in the presence of GDP, the core TOC components were
enriched in low-density fractions as compared with in the absence of nucleotides
(Sveshnikova et al., 2000a).

In conclusion, from the results described above the motor model proposes that Toc34-
GTP initially recognizes and binds to the phosphorylated C-terminal region of an arriving
transit peptide. Hydrolysis of GTP by Toc34 causes the release of the C-terminal region
of the transit peptide, allowing an unidentified phosphatase to dephosphorylate the
Toc159-bound peptide. After dephosphorylation, the C-terminal part of the transit peptide
also binds to Toc159, promoting its GTPase activity. GTP hydrolysis by Toc159 induces
a change in conformation of the protein, which in turn promotes dissociation of Toc34-
GDP from the TOC complex and the insertion of the preproteins into the Toc75 channel
(Becker et al., 2004a).

1.3.1.2 The targeting model

In the targeting model, after preprotein recognition, Toc159 associates with the secondary
receptor, Toc34, to promote the transfer of the precursor to the Toc75 channel (Fig. 4a).
This model is based on the early findings of (Kouranov and Schnell, 1997) and on the
work of (Hiltbrunner et al., 2001a). The latter study found an abundant cytosolic form of
Tocl159 that exists in addition to its integral membrane form. This was supported by
subcellular fractionation experiments in Arabidopsis and pea, which revealed that Toc159
exists in a soluble cytosolic form, whereas Toc34 and Toc75 could not. However, recent
studies revealed that the cytosolic form was probably not the full length Toc159 protein
(Agne et al., 2009; Agne et al., 2010).

In vitro targeting studies revealed that Toc159 binding and insertion are regulated by the
protein’s GTPase activity. GTP binding by Toc159 promotes binding of the receptor to
the chloroplast outer membrane, and GTP hydrolysis is required for efficient insertion of
the M-domain into the membrane (Smith et al., 2002; Bauer et al., 2002). In vivo studies
have shown that a functional GTPase domain is required for Toc159 transgenes to fully
complement an Arabidopsis atToc159 null mutant called protein plastid import2 (ppi2)
(Lee et al., 2003; Bauer et al., 2002). However, the G-domain of Toc159 is not essential
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for targeting in vivo, since a truncated form of Toc159 composed exclusively of the M-
domain was found to accumulate at the OEM, and to mediate partial complementation of
ppi2 (Lee et al., 2003). Toc159 was found to insert equally in presence of either GTP or
GDP.

Studies by both Hiltbrunner et al., (2001b) and Smith et al., (2002) suggested that Toc159
targeting to the chloroplast is mediated by an interaction with Toc34 (Smith et al., 2002).
They further showed that this specific interaction corresponds to a homotypic interaction
between the G-domains of both proteins. In another study it was revealed that binding and
insertion of Toc159 into the OEM is also dependent upon Toc34 GTPase activity (Wallas
et al., 2003), confirming the importance of a GTP regulated interaction between the
homologous G-domains of Toc34 and Toc159. It is possible that initial binding occurs
between Tocl159-GTP and Toc34-GTP, and that induces GTP hydrolysis by both
GTPases. In addition (Wallas et al., 2003) revealed that the presence of Toc75 is essential
for the membrane insertion of the M-domain of Toc159. It is possible that due to its
overall hydrophilic nature, the insertion of the Toc159 M-domain involves the formation
of B-strands (Schleiff et al., 2003a), and that these are stabilized through interactions with
Toc75.

1.4 The chloroplast translocation machinery of the outer envelope membrane

The translocation through the TOC complex was at one point thought to be driven solely
by the activities at the TIC complex. However more evidence has accumulated that point
toward some kind of motor activity in of the outer envelope membrane aiding transfer
through the Toc75 channel (Kovacheva et al., 2007) (Fig. 4). Experimental evidence for
the GTP motor hypothesis above (Schleiff et al., 2003a), implied that Toc159 is a GTP-
driven motor that pushes the preprotein through the TOC channel. This study used
purified and reconstituted core TOC complexes and individual TOC components to
determine the minimal requirements for translocation. They showed that proteoliposomes
loaded with both Toc86 (a proteolytic fragment of Tocl59) and Toc75 were able to
import preproteins in a GTP-dependent manner. Since proteoliposomes loaded with
Toc34 and Toc75 in combination, or Toc75 alone, were not able to support translocation,
it was concluded that Toc159 and Toc75 make up the minimal translocase. To explain the
GTP dependence of this minimal translocase, it was proposed that GTP hydrolysis by
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Tocl159 induces a change in conformation that would lead to the insertion of the
preprotein into the TOC channel. However, the demonstration that the M-domain of
Tocl59 is sufficient to partially complement the ppi2 mutant argues strongly against an
essential role for the G-domain of Toc159 in driving translocation (Lee et al., 2003).

The involvement of chaperones offers an alternative possibility. It is well known that the
formation of the early import complex requires ATP, which may imply the involvement
of molecular chaperones in this process (Olsen and Keegstra, 1992). Between the TOC
and TIC complexes in a hypothetical intermembrane space, Hsp70 chaperone may act as
a molecular “magnet” by binding on to proteins as they exit the TOC complex and
making sure that translocation occurs in just one direction, in a manner similar to
mitochondria (Neupert and Brunner, 2002). Hsp70 was found in close proximity to the
TOC complex when other components were isolated (Schnell and Hebert, 2003). Even
more intriguing, is that Tocl2 was proposed to act as a co-chaperone modulating the
action of Hsp70 (Becker et al., 2004b). Toc12 is a Dnal-like protein that was reported to
be anchored in the outer envelope membrane exposing its C-terminal J-domain in the
intermembrane space (Figure 4). The J domain was proposed to stimulate the activity of
the Hsp70 to promote transport. It is also thought to function in redox-sencing through
the action of a disulphine bond (Becker et al., 2004b). However, recent evidence revealed
that Tocl12 is actually located in the stroma (Chiu, 2011), while attempts to identify a
gene encoding the intermembrane space Hsp70 have been unsuccessful (Ratnayake,
2008; Su, 2008).

1.5 The TOC complex and its components

As was described earlier (see Section 1.3), preproteins targeting to the TOC complex has
been shown to involve cytosolic factors, such as a heat shock or regulatory proteins.
These factors are implicated in the guiding of cytosolic preproteins to the chloroplast
envelope and different pathways have been described. Thereafter, it is well known that
the initial targeting of preproteins through the outer membrane is mediated by the
interaction of their transit peptides with two GTPase receptors, Toc34 and Tocl59 (Agne
and Kessler, 2009). The receptor proteins have been shown by co-immunoprecipitation
studies to form a stable trimeric complex together with the Toc75 channel protein. These
three proteins form the TOC core complex and appear to be sufficient for in vitro

translocation of a precursor protein in lipid vesicles (Schleiff et al., 2003b). The mass of
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this core complex is estimated to be around 1 MDa in Arabidopsis (Kikuchi et al., 2009).
In pea, stoichiometries of 4-5:4:1 or 3:3:1 between Toc34, Toc75, and Toc159 have been
determined (Kikuchi et al., 2006; Schleiff et al., 2003b).

1.5.1 Function of Toc159 and Toc34 isoforms in different import pathways

Analysis of Arabidopsis TOC complexes indicated that the Toc132 and Toc120 proteins
are present in complexes that excluded Tocl159 protein (lvanova et al., 2004), and are
present in the protein import complex of proplastids (Brautigam and Weber, 2009).
Moreover, Toc34 was present in Toc132/120 comprising complexes, whereas there is a
preferential association of atTocl59 and atToc33 (lvanova et al., 2004). These two
components are strongly expressed in young green tissues, and together are associating to
form TOC complexes specialized for the import of highly expressed photosynthetic
preproteins during chloroplast biogenesis (Fig. 6). Moreover, since atToc132, atToc120
and atToc34 share similar expression patterns (Kubis et al., 2003; Kubis et al., 2004;
Ivanova et al., 2004), they are likely to associate together to form TOC complexes
specific for the import of non-photosynthetic proteins. Furthermore, the only growth
defect exhibited by atToc34 knockout mutants, called ppi3, is in the roots, which are non-
photosynthetic organs (Constan et al., 2004). The existence of distinct translocon
complexes with different preprotein binding preferences might be essential to prevent the
bulk flow of abundant precursors from competing with the import of less abundant
proteins (Fig. 6). However, genetic data indicate that neither pathway exhibits absolute
substrate specificity. Components of the TIC complex such as Tic40, Tic110, and Hsp93
seem to be involved in the import of both photosynthetic and non-photosynthetic
preproteins (Kovacheva et al., 2005).

1.5.2 TOC isoforms of Arabidopsis thaliana

The existence of several isoforms of the import components in Arabidopsis and other
organisms seems to enable the plants to regulate protein import. In Arabidopsis small
gene families encode homologues of originally identified pea Toc34 and Toc159 proteins
(called psToc34 and psToc159). Two Arabidopsis genes, atTOC33 and atTOC34, encode
homologues of psToc34, whereas four genes, atTOC159, atTOC132, atTOC120 and
atTOC90, encode homologues of psToc159 (Bauer et al., 2000; Hiltbrunner et al., 2001a;
Jarvis et al., 1998) (Table 1). The Toc159 homologues show more variation, especially
across the A- domain, which varies in length and sequence between the different
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isoforms. However, the G- and M- domains of each homologue display significant levels
of homology with psToc159. The G- and M- domains of atToc132 and atToc120 are very
similar. These two receptors show greater homology to each other than to atToc159, and
thus appear to form a subgroup within the Toc159 family (lvanova et al., 2004; Kubis et
al., 2004). Lastly, atToc90 is the only Toc159 homologue that lacks the A-domain;
instead it has a short, non acidic N-terminal extension. Based on its G-and M- domains,
atToc90 may be slightly more closely related to atToc159 than to atToc132 and atToc120
(Ivanova et al., 2004). However, the phylogenetic analysis conducted by (Kubis et al.,
2004) suggested that atToc90 represents a unique subtype of Tocl59-related proteins,
distinct from the atToc159- and atToc132/atToc120- related subgroups. More recently, in
vivo studies have shown that overexpression of atToc90 can partially complement ppi2
(Toc159) and restore sufficient protein import for autotrophic growth (Infanger et al.,
2011).

1.5.2.1 Toc34 and its homologues in Arabidopsis thaliana.

The first identified Arabidopsis plastid protein import mutant, ppil, was originally
identified in a screen for mutants displaying reduced expression of nucleus encoded
photosynthetic genes (Jarvis et al., 1998). The ppil mutant carries a T-DNA insertion that
abolishes the expression of the atToc33 gene. Young plants homozygous for the insertion
display a uniformly pale phenotype caused by a defect in chloroplast biogenesis. As the
plant becomes older, mature leaves develop a greener phenotype similar to wild-type
leaves, whereas young expanding leaves display a chlorotic phenotype. In Arabidopsis
thaliana, two homologues of psTOC34 are present (see Appendix); atTOC33, which
seems to be a functional analogue of psTOC34 and can switched off by phosphorylation,
and atTOC34 which seems not to be phosphorylated and therefore functions as a

constitutive receptor for protein import (Gutensohn et al., 2000; Yu and Li, 2001).

Analysis of the expression levels of atTOC33 and atTOC34 in developing seedlings
revealed that both genes are developmentally regulated, showing higher levels of
expression in young seedlings than in older plants. By comparing the levels of steady
state mMRNA found in young leaves and old leaves of older plants, both genes were found
to be up-regulated in young developing leaves. In addition atTOC33 was expressed at ~5
fold higher levels than atTOC34, in both young and old leaves. This led to the conclusion
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that atToc33 is important to cope with the high import requirements associated with rapid

chloroplast biogenesis in young, expanding tissues (Jarvis et al., 1998).

More detailed studies of atTOC33 and atTOC34 further established that the two genes
display different patterns of expression (Kubis et al., 2003; Gutensohn et al., 2000).
Quantitative and comparative analyses of the expression levels of both genes in different
tissues and at different developmental stages confirmed that atTOC33 is strongly up-
regulated in young developing green tissues (Kubis et al., 2003). In contrast, atTOC34
expression was considerably lower than that of atTOC33, and was relatively more
uniform. Interestingly, in roots the two genes were found to be expressed at similar levels,
indicating that atTOC34 may play a relatively more important role in root plastid

development than in chloroplast biogenesis (see Section 2.1.2).

Furthermore, the two Toc34 receptor homologues display some level of recognition
specificity towards the transit peptides of different precursors, as was shown by testing
the affinity of atToc33 and atToc34 for various preproteins in vitro (Jelic et al., 2003).
The functional specificity between the two Arabidopsis Toc34 receptor homologues has
also been addressed in vivo by taking advantage of the ppil mutant, other similar T-DNA
insertion mutants, and transgenic antisense lines (Constan et al., 2004; Gutensohn et al.,
2000; Kubis et al., 2003). Because the atTOC33 gene is strongly up-regulated in tissues
where chloroplast biogenesis occurs, it was suggested that the atToc33 receptor may be
involved specifically in the import of highly expressed photosynthetic proteins (Kubis et
al., 2003). A role of atToc33 as a specific receptor for photosynthetic preproteins and, by
extension that of atToc34 as a non-photosynthetic preprotein receptor, has been addressed
by Gutensohn, (2004) who identified and characterized a new knockdown allele of
atToc33. This allele carries a T-DNA insertion within the first exon of the gene, in the
upstream un-translated region, resulting in near complete loss of atToc33 expression and
in a phenotype similar that of ppil. By taking similar immunoblotting and proteomics
approaches to those taken by Kubis et al., (2003), it was shown that photosynthetic
proteins are less abundant in the mutant than in the wild type, although some did appear
to be unaffected. When the expression of atToc34 was also repressed, by the introduction
of an antisense transgene into the atToc33 knockdown mutant, it was revealed that that
the photosynthetic proteins unaffected in the atToc33 mutant were now significantly
reduced. This result suggests that the proposed specificities of atToc33 and atToc34 for
photosynthetic and non-photosynthetic preproteins, respectively, are not absolute.
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The only phenotype reported for the atTOC34 knockout ppi3 consists of a slight
reduction in root growth; further supporting the prediction that atToc34 may be involved
in root plastid development. However, a ppil ppi3 double homozygous mutant, were
revealed to be embryo lethal. This indicates that the two Toc34 homologues are essential
for plastid biogenesis, and that atToc34 is likely responsible for the residual level of

chloroplast development observed in ppil (Constan et al., 2004).
1.5.2.2 Tocl59 and its homologues in Arabidopsis thaliana

The second Arabidopsis plastid protein import mutant to be identified, termed ppi2, is a
null T-DNA insertion mutant of atTOC159 (Bauer et al., 2000). Initial RNA blot analysis
of steady state mRNA levels indicated that atTOC159 is expressed at a level
approximately seven-fold higher than atTOC132 and atTOC120, in green young, wild-
type seedlings. In addition, the expression of all three receptors appeared to be stimulated
roughly two-fold by light. These results suggested that atToc159 is likely the predominant
Toc159 receptor homologue during seedling development. This is in line with the finding
that ppi2 is seedling lethal, since it develops albino cotyledons but fails to produce first
true leaves when grown in soil. The albino phenotype is due to the fact that plastids do
not develop and the plants cannot grow autotrophically (Bauer et al., 2000). Interestingly,
growth on medium supplemented with sucrose can partially “rescue” the mutant, allowing
it to develop into a small albino plant. This indicated that it can still carry out essential
plastid functions other than photosynthesis. Transmission electron micrographs of the
plastids in ppi2 cotyledons indicated that these remain largely undifferentiated, lacking
thylakoid membranes which are a specific characteristic of chloroplasts associated
directly with photosynthesis (see Section 1.1). Further characterization of the mutant
revealed that the major photosynthetic proteins, like the large rubisco subunit, the small
rubisco subunit and the light harvest chlorophyll (namely RbcL, RbcS and Lhcll), were
present in ppi2 plastids, but only at much lower levels than in wild-type chloroplasts. This
indicated that although accumulation of photosynthetic proteins was severely reduced in
plastids lacking atToc159, these organelles were still capable of importing these proteins.
This led to the conclusion that atToc159 is the main receptor for the efficient import of
photosynthetic chloroplast preproteins, and for chloroplast biogenesis (Bauer et al., 2000).
Interestingly, the photosynthesis-related nuclear genes encoding the photosynthetic
proteins are down-regulated at the transcriptional level (Bauer et al., 2000). Recently it
has been proposed that, in ppi2, this down-regulation of photosynthesis-related nuclear
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genes may be mediated by new plastid-to-nucleus retrograde signalling pathways
involving the protein called GUN1 (Kakizaki et al., 2009).

In addition, it was proposed that the other Toc159 homologues, atToc132 and atToc120,
(see Appendix) are responsible for the normal accumulation of non-photosynthetic plastid
proteins, as well as for the limited accumulation of photosynthetic proteins observed in
ppi2 mutants. Less is known still about the function of atTOC90, but what is known is
summarized in the next section. This thesis will try to shed light in this area. Double
knockout mutants of the atToc120 and atToc132 genes display either an albino phenotype
(Kubis et al., 2004) or an embryo lethal phenotype (lvanova et al., 2004), whereas the
respective single mutants had no or only a weak phenotype (lvanova et al., 2004; Kubis et
al., 2004). The overexpression of either atToc120 or Toc132 complemented the double
mutant phenotype, indicating a significant functional overlap between the two proteins
and a function distinct from the atToc159 (Kubis et al., 2004). While ppi2 affected aerial
tissues, the toc132 toc120 plants exhibit structural abnormalities in the roots suggesting a
role in the import of house-keeping substrates or in non-photosynthetic tissues (Kubis et
al., 2004). Analysis of Arabidopsis TOC complexes indicated that Toc120 and Toc132
proteins are present in complexes that exclude Tocl159 (lvanova et al., 2004) and are

present in protoplastids (Brautigam and Weber, 2009).

Due to its proteolytic sensitivity, Toc159 was first identified as an 86 kDa protein
(Waegemann and Soll, 1991) and was then initially named Toc86 (Hirsch et al., 1994;
Kessler et al., 1994). Recently, {Inoue, 2010 #651} has reported that in vivo function of
atTocl59 and atTocl32 can be largely switched by swapping their A- domains in
transgenic Arabidopsis thaliana. It was proposed that the A- domains of Toc159 receptors
are major determinants of distinct pathways for protein import (Inoue et al., 2010).
Complementation studies of the Arabidopsis ppi2 mutant have revealed that the A-
domain is dispensable. “Toc86” or Toc159GM consisting only of the G-and M-domains
rescued the albino phenotype of the ppi2 mutant (Lee et al., 2003; Agne and Kessler,
2009). Thus, these results indicate that the “Toc86” form of Tocl159 most likely is an
active protein. While clearly the A-domain is non-essential, it cannot be ruled out that it
may be somehow functionally redundant with the A-domains of other Tocl59
homologues (Bauer et al., 2000). The M-domain anchors the protein to the chloroplast
outer membrane, and is sufficient to complement the defect in protein import in

Arabidopsis protoplasts (Lee et al., 2003). The G-domain contains GTP binding motifs as
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well as a dimerisation motif (Sun et al., 2002). The G-domain binds GTP and is involved
in the targeting of Toc159 to the membrane in the presence of GTP (Smith et al., 2002;
Lee et al., 2003).

Recently, it has been proposed that the TOC complex interacts with actin and the
interaction is mediated by Toc159 (Jouhet and Gray, 2009). The role of this interaction
remains to be investigated further, but a possible explanation is a role in gravitropism
which involves actin. Gravitropism has been recently linked to the TOC complex by the
observation that atToc75-11 and atTocl32 are responsible for enhancing root
gravitropism (Stanga et al., 2009).

1.5.2.3 The Toc75 protein and channel of the outer envelope membrane

The channel in the outer membrane of chloroplast is formed by the Toc75 protein. Toc75
is the most abundant outer membrane protein (Perry and Keegstra, 1994). In vitro
analysis has demonstrated that Toc75 interacts with preproteins during import (Ma et al.,
1996; Schnell et al., 1994). Evidence that Toc75-related proteins are present in plant
species other than pea was provided by Summer and Cline (1999), who used an anti-
psToc75 antibody to identify a 75-kD protein in chromoplasts from red bell pepper. In
addition proteolytic treatment of either chloroplasts or outer membrane vesicles does not
cause degradation of Toc75, indicating that the protein is deeply embedded in the
membrane (Tranel et al., 1995). Tranel et al. (1995) showed that on treating isolated
chloroplasts with different proteases, Toc75 is protected from thermolysin treatment, and
is producing a large 52 kDa proteolysis-protected fragment after trypsin treatment
(Schnell et al., 1997; Tranel et al., 1995). These two proteases have been used to analyse
the topology of chloroplast envelope membranes, since thermolysin cannot penetrate the
outer membrane whereas trypsin damages the outer membrane and gains access to

proteins exposed in the inter membrane space but not to the stroma (Jackson et al., 1998).

Further analysis of the amino acid sequence of Toc75 has shown that it has a two-domain
structure typical of the outer membrane protein85 (Omp85) family, with an N-terminal
domain containing polypeptide-transport-associated (POTRA) signatures and a C-
terminal fB-barrel domain formed by B-strands (Sanchez-Pulido et al., 2003). Structural
analysis of Toc75 has shown that this B-barrel-type channel is lined by 16 or 18
transmembrane B-sheets (Sveshnikova et al., 2000b;Sanchez-Pulido et al., 2003; Schleiff
et al., 2003b).The Omp85 family comprises proteins essential for integration of B-barrel
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protein substrates in the outer membrane in Gram-negative bacteria and mitochondria
(Sam50), and this may also be the case for OEP80 in the chloroplast (Gentle et al., 2005;
Patel et al., 2008). Patch clamp analysis of planar lipid bilayers has shown that
reconstituted pea Toc75 forms a voltage-gated ion channel interacting specifically with
precursor proteins (Hinnah et al., 1997). The pore size has been estimated to be 14 A at
the narrowest part (Hinnah et al., 2002). The N-terminal part of Toc75 is characterized by
the presence of three POTRA domains, thought to perform secondary functions such as
TOC complex assembly, preprotein recognition or chaperone-like activity (Ertel et al.,
2005).

Toc75 is the only protein of the TOC complex to process an N-terminal cleavable
targeting sequence. Its N-terminal part consists of a classical transit peptide, and this part
reaches the chloroplast stroma where it is cleaved by the stromal processing peptidase.
The C-terminal part of the bipartite targeting sequence spans the intermembrane space
and is cleaved by an envelope-bound type-1 signal peptidase (Inoue and Keegstra, 2003).
A polyglycine stretch in the C-terminal part appears to play an essential role in retaining
Toc75 at the outer chloroplast membrane. The role of the polyglycine stretch is not clear
yet, though it has been hypothesized that the stretch could prevent association with Hsp70
to the intermediate of Toc75 (after cleavage of the transit peptide) before complete
insertion, thereby assuring correct folding of Toc75 at the envelope (Inoue and Keegstra,
2003; Baldwin and Inoue, 2006).

To date two Toc75 encoding genes are known to be present in the pea genome; Toc75,
coding for the protein-conducting channel and Toc75-V discovered on the basis of its
sequence similarity with the bacterial homologue. It has been proposed that Toc75-V
could be a direct ortholog of the cyanobacterial ancestor, and Toc75 a paralog (Eckart et
al., 2002). A number of Toc75 isoforms are present in Arabidopsis thaliana (see
Appendix), and they are named according to the chromosome location of the genes
(Jackson-Constan and Keegstra, 2001); atTOC75-11l, atTOC75-1V, atTOC75-V and
atTOC75-1.

AtTOCT75-111 is the closest homologue of pea Toc75, and is most likely the channel of the
Arabidopsis TOC complex. atToc75-111 was present in an immunocomplex isolated using
an affinity purified antibody against atToc33 (Hiltbrunner et al., 2001a). Furthermore, the

Toc75-111 knockout mutant is embryo-lethal, indicating an essential role in plastid
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development (Baldwin et al., 2005; Hust and Gutensohn, 2006). Recently, Huang et al.
(2011), conducted detailed studies on plants silenced for atToc75-111 or atOEP80 and the
results showed that both proteins are important for chloroplast biogenesis at
postembryonic stages of development.

A second homologue, atTOC75-1V having a shorter N-terminal region lacking the
POTRA domain and five of the eighteen predicted B-strands, does not appear to be
essential for protein import under normal growth conditions. Earlier work from Balwin et
al. (2005) showed that the atTOC75-1V gene is expressed at very low levels, and that
knockout mutant plants do not exhibit obvious developmental defects, suggesting that the
atToc75-1V protein plays a relative minor, highly specialized role (Baldwin et al., 2005).
However, the ultrastucture of etioplasts from dark-grown plants is altered in toc75-1V

mutants, suggesting a specialized role in etioplasts (Baldwin et al., 2005).

A third homologue, atTOC75-V, has a molecular weight of 80 kDa and is thought to be
involved specifically in the biogenesis of outer membrane proteins (Huang et al., 2011). It
has been named outer envelope protein of 80 kDa (OEP80). It does not appear to be part
of the TOC complex (Eckart et al., 2002).

atTOC75-1, the fourth homolog, was shown to be a pseudogene interrupted by a gypsy

transposon insertion (Baldwin et al., 2005).

In silico analysis has shown that Toc75 is the only component of the TOC complex of
cyanobacterial origin, and it is perhaps derived from the secretory pathway of the original
endosymbiont (Reumann et al., 1999). Toc34 and Toc159 appear to have been added to
the core complex later on, but still at an early step of evolution as the components are
common to all higher plants, mosses as well as green algae (Kalanon and McFadden,
2008; Reumann et al., 2005).

1.5.2.4 Tocl2 and its role

Tocl2, a protein containing a J-domain, was initially reported to be located at the
intermembrane face of the outer envelope (Becker et al., 2004b). Toc12 has been shown
to interact with Toc64 (Becker et al., 2004b). In vitro, Tocl2 interacts with Hsp70
proteins and it enhances their ATP hydrolysis. A possible role of Toc12 is to retain Hsp70
proteins in the close vicinity of the TOC complex, in order to bind to any incoming

preproteins and prevent them from slipping back into the cytosol at the early intermediate
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stage. A disulfide bridge in the loop region of the J-domain was implicated in the redox
regulation of the Toc12/Hsp70 interaction (Becker et al., 2004b). Translocation across the
dual membrane envelope is accomplished in a synergistic way, where the TOC and TIC
complexes are in close proximity at contact sites between the two membranes (Schnell et
al., 1994; Nielsen et al., 1997). These contact sites may be mediated by Toc12 and Tic22,
which are both largely facing the intermembrane space, and so may act by “bridging” the
two translocon complexes (Kouranov and Schnell, 1997; Ma et al., 1996); Becker et al.,
2004b). However, more recently it has been shown that Tocl2 is actually a truncated
form of a largely protein called J8, which is a stromal protein (Chiu et al., 2011).
Moreover, it has not been possible to identify an Arabidopsis gene encoding an
intermembrane space Hsp70 (Ratnayake et al., 2008; Su et al., 2008). Thus, the above
mentioned hypotheses for translocation between the TOC and TIC complexes must be

revised.
15.25 Toc64

The role of Toc64 is less well-defined. The C-terminal domain has three tetratricopeptide
repeat motifs (TPR), which are exposed on the cytosolic face of the organelle (Sohrt and
Soll, 2000). TPR motifs exhibit a large degree of sequence diversity. Individual TPR
domains are composed of two anti-parallel alpha helices separated by a turn. TPR motif-
containing proteins act as scaffolds for the assembly of different multiprotein complexes
including the anaphase promoting, the peroxisomal omport receptor and the NADPH
oxidase complexes. The N-terminal region contains a transmembrane region and the
central domain has homology with amidases (Sohrt and Soll, 2000). Toc64 is loosely
associated with the TOC core complex (Sohrt and Soll, 2000; Qbadou et al., 2006). Toc64
has been proposed to be involved in the targeting of cytosolic preproteins to the TOC
complex, with the TPR domain acting as a docking station for the Hsp90 chaperone
carrying preproteins (Schlegel et al., 2007). Pea has one known gene for Toc64, whereas
in Arabidopsis three paralogs have been found; atToc64-1, atToc64-111, and atToc64-V
(Jackson-Constan and Keegstra, 2001). Toc64-11l is targeted to the outer envelope
membrane of chloroplasts (Lee et al., 2003), whereas the two others are not chloroplastic.
Toc64-1, or AMI1, is a cytosolic protein that possesses only the amidase region and lacks
the transmembrane region as well as the TPR motifs. Toc64-1 is non-essential for

chloroplast protein import (Aronsson et al., 2007). atToc64-V is a mitochondrial protein
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and has been proposed to be the plant analogue of the animal and fungal component of

the translocase of the outer membrane of mitochondria, Tom70 (Chew et al., 2004).

1.6 The chloroplast translocation machinery of the inner envelope membrane

In mitochondria, translocation of the presequence through the translocase of the inner
membrane23 (TIM23) complex is driven by the electrical potential across the inner
membrane, which exerts an electrophoretic effect on the positively charged presequence
(Geissler et al., 2000). However, chloroplast are not believed to maintain a strong electric
potential across the envelope and also it has been shown that a membrane potential is not
necessary for protein translocation across the envelope (Theg et al., 1989). The first of
the known TIC components to be encountered by a translocating preprotein is most likely
Tic22 (Kouranov and Schnell, 1997; Kouranov et al., 1998). This protein resides in the
intermembrane space and more likely facilitates the passage of preproteins from the TOC
to TIC complex. A domain of Toc64 was also proposed to contribute to translocation
across the intermembrane space (Qbadou et al., 2007), but since the vast majority of this
protein is oriented towards the cytosol it would appear to be an unlikely participant in this
process (Hofmann and Theg, 2005a). The Tic22 protein might also play a role in the
formation of the so called TOC-TIC supercomplexes (Akita et al., 1997; Kouranov et al.,
1998), which presumably serve to facilitate simultaneous transport across both envelope
membranes (Fig. 4).

The most basic function of the TIC apparatus is the formation of an aqueous pore for
preprotein conductance. A role of Tic110 was supported by electrophysiological studies
done on protein reconstituted into artificial membranes (Heins et al., 2002), whereas as
the candidacy of Tic20 is based on its predicted topology and similarity with bacterial
branched-chain amino acid transporters and channel components of the mitochondrial
TIM machinery (Reumann and Keegstra, 1999). Though, recent results from Kasmati et
al. (2011) shown that analysis of Tic20 sequences from many species indicated that they
are phylogenetically unrelated to mitochondrial Tim17-22-23. Antisense downregulation
of the major Arabidopsis isoform of Tic20 caused defects in chloroplast biogenesis
associated with inefficient transport across the inner membrane (Chen et al., 2002). More

recently, Tic21, a protein with topological similarity to Tic20, was identified as a third
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putative channel component (Teng et al., 2006), although the role of this component in

chloroplast protein import has been disputed (Duy et al., 2007).

A binding chain pathway that would expose the transit peptide at the exit of the
translocation channel would allow stromal factors involved in protein translocation to
gain access to the translocating preprotein. A high level of energy (ATP) is required in the
stroma to complete preprotein translocation across the envelope (Theg et al., 1989). Three
stromal molecular chaperones have been reported to associate specifically with the TIC
complex: Cpn60 (Kessler and Blobel, 1996) and Hsp93 (Akita et al., 1997; Nielsen et al.,
1997) (Fig. 4). Cnp60 was initially identified as the predominant protein co-
immunoprecipitating with Ticl110 from solubilised chloroplasts (Kessler and Blobel,
1996) and later was shown to associate with the TOC-TIC complexes (Kouranov et al.,
1998). The absence of other significantly co-immunoprecipitated proteins under the
experimental conditions suggested that Cnp60 may interact directly with the stromal
domain of Tic110.

The Tic110 stromal domain can bind transit peptides, and probably functions to recruit
molecular chaperones to protein import sites (Akita et al., 1997; Inaba et al., 2003). It is
thought that chaperones held at Ticl1l0 bind to emerging preproteins, ensuring
unidirectional movement into the stroma through a rachet-type mechanism (Kessler and
Blobel, 1996; Nielsen et al., 1997). Hsp93 the second stromal molecular chaperone found
to interact with the TIC complex and was identified in cross-linking experiments with
early import intermediates (Akita et al., 1997). Recently the human muscle protein titin
(Ruprecht et al., 2010), has been used as a model cargo to understand the molecular
mechanisms of unfolding. Titin has been used before to analyze the unfolding properties
of the mitochondrial translocon (Oguro et al., 2009; Sato et al., 2005). Using the same set
of titin and titin mutants (Ruprecht et al., 2010) have shown that energy for initial
unfolding of the chloroplast precursors provided by the chloroplast translocon is higher
than that provided by the mitochondrial one. Furthermore, the initial unfolding of the
precursor is driven by an independent chaperone system interconnecting the two
translocons of the chloroplast envelope, and final translocation is achieved in chloroplasts
by Hsp93 (Ruprecht et al., 2010).
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1.7 The TIC machinery and its components

The composition and stoichiometry of the machinery involved in the import of
preproteins into chloroplasts at the inner envelope membrane is less known than that of
the TOC machinery. Seven or eight proteins have been proposed to form the TIC
apparatus in higher plants: Tic110, Tic20 and Tic21 as putative constituents of a
translocon channel; the co-chaperone Tic40 and the translocon associated Tic55, Tic32
and Tic62 subunits (Stengel et al., 2008) (Fig. 4). Tic21 is the most recently added
putative component of the TIC translocon (Teng et al., 2006).

1.7.1 Ticl10

Tic110 is one of the most abundant protein of the inner envelope membrane and plays an
essential role in plastid biogenesis, since knockout mutants of the single atTIC110 gene in
Arabidopsis are not viable (Inaba et al., 2005) and even the heterozygous knockout plants
display a mild phenotype (Kovacheva et al., 2005). It comprises two membrane spanning
a-helices in the extreme N-terminus, which are necessary for targeting to and insertion
into the inner envelope (Libeck et al., 1997; Kessler and Blobel, 1996). The carboxy-
terminus is largely hydrophilic and according to one hypothesis, it forms a large globular
domain on the stromal side where it recruits chaperones (Inaba et al., 2003; Jackson et al.,
1998). Other recent results demonstrated that the largely a-helical C-terminus features
four additional transmembrane domains, consisting of amphipathic a-helices (Balsera et
al., 2009a). This was corroborated by protease treatment of inner envelope vesicles,
which resulted in proteolytic degradation of Tic110 from the intermembrane space side.
Electrophysiological measurements of the heterologously expressed C-terminus showed
that this part of Tic110 alone, without the two hydrophobic a-helices, is able to form a
cation-selective calcium sensitive channel (Heins et al., 2002). Interestingly, Tic110
seems to be in a reduced state in the dark and to get oxidized in the light, which might
indicate that disulfide bridge formation is stress related phenomenon in Tic110 (Balsera et
al., 2009b).

1.7.2 Tic20 and Tic22

The second component with a proposed channel function is Tic20 (Kouranov et al.,
1998). Tic20 is an integral protein in the inner envelope membrane. The function of Tic20

in protein import has been supported by its direct interaction with preproteins in
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crosslinking experiments, its association with other TIC components and specific defects
of Arabidopsis antisense mutants in protein translocation at the level of inner membrane
(Kouranov et al., 1998; Chen et al., 2002). The predicted topology of Tic20 involves four
a-helical membrane spans, much like the pore-forming Tim23 and Tim22 proteins from
mitochondria. In addition because some preproteins were imported at a decreased rate, a
channel function for Tic20 was postulated. A study applying blue native polyacrylamide
gel electrophoresis (BN-PAGE) with pea chloroplasts revealed the existence of 1 MDa
complex consisting mainly of Tic20 (Kikuchi et al., 2009). This was interpreted as an
indication for Tic20 functioning as an import channel. Support for this notion comes from
a study in the complex plastid of Toxoplasma gondii, where Tic20 proved to be essential
for protein import (van Dooren et al., 2008). Importantly, according to these findings
Tic20 was eliminated as a candidate for the general import pore and assigned an
alternative import channel for specific subsets of proteins, but biochemical evidence for

channel function of Tic20 is still lacking.

In the Arabidopsis genome two close homologues to the pea Tic20 are found as well as
two more distantly related genes. The observed low-expression of Arabidopsis tic20-I and
tic20-1V isoforms at both the level of RNA (Teng et al., 2006) and protein (Vojta et al.,
2004; Kleffmann et al., 2004) suggests that Tic20 is sub-stoichiometric to other Tic
components and Toc75 (Chen and Li, 2007; Vojta et al., 2004). Recently, it was shown
by Kasmati el al. (2011) that after complementation studies it was confirmed a
redundancy between atTic20-1 and atTic20-1V. It was also be shown that the double

mutants tic20-1 tic20-11 and tic20-I tic20-V have a severe phenotype and are albino plants.

However, it has been proposed that during plant development, Arabidopsis Tic21 might
have a pattern of expression complementary to Tic20 and might also form a channel for

the TIC complex that compensates for the low accumulation of Tic20 (Teng et al., 2006).

As was discussed earlier, Tic22 is a soluble protein in the intermembrane space,
peripherally associated to the TIC complex. It interacts with the TOC complex through
Tocl2 and Toc64 and might participate in TIC-TOC supercomplex formation (Becker et
al., 2004a). Tic22 has been found intimately associated with Tic20. Its accumulation and
probably its function seem to be controlled by the redox status of photosynthetic electron
flow (Fulda et al., 2002).
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1.7.3 Tic40

Tic40 were detected by immunoblotting in pea, and both forms were found to be in a
close proximity with translocating preproteins, predominantly at the inner membrane but
also at the outer membrane. Tic40 was shown to behave as an integral membrane protein,
and is anchored by a single, transmembrane a-helix at the N-terminus. The C-terminal
part of Tic40 is largely hydrophilic, and was shown to be protected from trypsin
proteolysis in isolated chloroplasts, suggesting that it protrudes into the stroma (Chou et
al., 2003). Tic110 and Tic40 are therefore likely to have a similar topology. This, in
addition to the finding that the two proteins were found to be cross-linked together by a
disulfide bond under oxidative conditions (Stahl et al., 1999), leads to the suggestion that
they work together as a complex facilitating protein translocation. This was also

supported by genetic analysis (Kovacheva et al., 2005).

Interestingly, Tic40 possesses conserved domains placing it in the family of Hip/Hop co-
chaperones (Hsp70-interacting protein/Hsp90-organizing protein) (Bédard et al., 2007,
Chou et al., 2003; Stahl et al., 1999). The soluble C-terminal domain contains motifs
similar to Stil, the Hip co-chaperone interacting with Hsp70 yeast. Notably, the Tic40
Stil domain is functionally equivalent to that of the Hip co-chaperone. This was
demonstrated by complementation of tic40 plants with Tic40 containing the human Hip
Stil domain (Bédard et al., 2007). The presence of a degenerated TPR domain was also
discussed (Chou et al., 2003), though recent database alignments argue against this
notion. It rather seems that two Stil domains in tandem are located at the C-terminus
(Balsera et al., 2009b). In vitro analysis revealed that the so-called TPR domain interacts
with Tic110 (Majeran et al., 2008), while the Stil motif is responsible for binding Hsp93
as well as stimulating its ATPase activity (Chou et al., 2006). These findings indicate that

Tic40 rather regulates import efficiency than fulfils an essential function.
1.7.4 Tic55, Tic32 and Tic62

Tic55 is anchored to the inner envelope by two transmembrane helices at the C-terminus
and it exposes a large soluble domain in the stroma which contains a Rieske-type iron
sulphur centre and a mononuclear iron-binding site (Caliebe et al., 1997). It was
originally found in a complex with precursor proteins, Ticl110 and Tic62. Import
experiments in the presence of the Rieske-inhibitor diethylpyrocarbonate (DEPC)
suggested an important role in the import process. However, a recent study presented
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evidence that Tic55 is not the target of DEPC, since Tic55 knockout mutants show the
same import block after DEPC treatment (Boij et al., 2009). Tic55 was recently identified
as a potential thioredoxin target by affinity chromatography on a thierodoxin-column
(Bartsch et al., 2008).

Tic62 and Tic32 are extrinsic proteins of the inner surface of the inner envelope
membrane, and belong to the extended and classical family or short chain
dehydrogenases, respectively, and both bind NADP(H) (Kichler et al., 2002; Chigri et al.,
2006). For both proteins an electron transfer activity was demonstrated in vitro, though no
endogenous substrates have been identified so far. A dynamic association of Tic32 and
Tic62 with the “core” translocon represented by Ticl10 was observed, which was
dependent on the metabolic redox state in the stroma, reflected by the NADP*/NADPH
ratio (Chigri et al., 2006). Tic62 has a bimodular architecture: the N-terminus is involved
in NADP(H)-binding; the C-terminus specifically interacts with ferredoxin-NADP-
oxidoreductase (FNR) (Kuchler et al., 2002; Stengel et al., 2008); Chigri et al., 2006).
The C- terminus domain consists of a repetitive Pro/Ser-rich motif, which occurs
exclusively in vascular plants (Kiichler et al., 2002). In addition, Tic62 was shown to
have a triple localization in chloroplasts; it is not only found at the inner envelope
membrane where it was originally detected, but depending on the redox state, also in the
stroma as well as at the thylakoid membrane (Benz et al., 2009; Stengel et al., 2008).
Tic32 also has a bimodular functional organization with an N-terminal NADP(H) binding
region and a C-terminal calmodulin binding domain (Hérmann et al., 2004).

1.8 Chaperones: Hsp93 and Hsp70

In Arabidopsis two isoforms of Hsp93 are encoded: atHsp93-V and atHsp93-I11, the one
on chromosome five being the dominant form (Constan et al., 2004; Kovacheva et al.,
2007). Knockout mutants of Hsp93-V are pale and small, whereas single knockout plants
of Hsp93-111 have the same appearance as wild type plants (Constan et al., 2004). Double
mutants are not viable, indicating that at least a certain level of Hsp93 is absolutely
required. In general, members of this superfamily of molecular chaperones use ATP to
mediate protein folding/unfolding (Doyle and Wickner, 2009). They are function either
independently as chaperones or act as regulatory associates of the Clp protease complex.
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In Arabidopsis and pea, Hsp93 has a dimeric form which has been found in the stroma

(Peltier et al., 2004), although the likelihood is that is functions as a hexamer.

Apart from Hsp93, there is evidence of two stromal Hsp70 isoforms (Shi et al., 2010; Su
et al., 2010; Su et al., 2008). Recent experimental studies have shown that one of two
Hsp70 isoforms in Physcomitrella chloroplasts is essential for viability. By utilizing a
conditional Hsp70 knockdown mutant for in vitro, experiments after heat shock it was
shown that plastids containing the temperature-sensitive Hsp70 mutant protein have a
reduced import capacity (Shi et al., 2010). Arabidopsis co-immunoprecipitation
experiments found incoming precursor proteins bound to Hsp70 as well as to Hsp93,
implying a coordinated action of both chaperones in translocation (Su and Li, 2010).
Moreover, double mutants of atTic40 and atHsp70-1 proved to be lethal, which indicates

that these proteins have an overlapping, essential function (Su and Li, 2010).

1.9 Transport from the outer membrane into the inner envelope membrane

All proteins destined for the inner envelope membrane engage the TOC complex for the
initial import step. At the level of the inner envelope, proteins follow one of two possible
pathways: conservative sorting or stop transfer, depending on targeting information
contained within their mature parts (Firlej-Kwoka et al., 2008; Tripp et al., 2007). The
conservative sorting was first described for Tic40 and Tic110, which prior to inner
envelope membrane insertion reach the stroma. The second route, the stop transfer, was
proposed for ARCG6, which is arrested at the level of the inner envelope membrane and
laterally inserted into the lipid bilayer (Firlej-Kwoka et al., 2008; Tripp et al., 2007).
Recently, a study on targeting and insertion of a protein called albino or pale green
mutantl (APG1), identical to IEP37, revealed that the single transmembrane domain
represents the stop-transfer signal and likewise determines membrane topology (Viana et
al., 2010). The post import route includes a complete translocation into the stroma and re-
targeting to the inner envelope. Examples for proteins travelling via this pathway are
Tic110 and Tic40 (Lubeck et al., 1997). It is not clear how the soluble intermediates are
recognised in the stroma and re-inserted into the membrane, though some evidence was
provided that Hsp93 and Tic40 are involved in these processes (Li and Schnell, 2006;
Vojta et al., 2007).
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1.10 Senescence

Senescence is a process that occurs naturally simultaneous with age or is prematurely
induced by a variety of biotic and abiotic factors (Nooden and Penney, 2001). The
natural age-related senescent processes are regulated by internal genetic, hormonal, and
metabolic factors. In contrast, induced senescence occurs independent of age and has
vital roles in plant defence against viral, bacterial, and fungal pathogens, controlling high
levels of oxidative stress (Lim et al., 2007). Like autophagy, senescence is responsible
for the degradation and remobilization of macromolecules, including lipids, amino acids
and nucleic acids (Lim et al., 2007). Senescence degradation is achieved through the
coordination of at least two intracellular degradation pathways: the ubiquitin/proteasome
pathway and the vacuolar degradation pathway. However, in contrast to the autophagy
pathway, senescence predominantly leads to death of the organism, organ or tissue (Liu
et al., 2005).

1.10.1 Leaf senescence

The most well studied form of senescence is the organ-specific degradation of leaves,
termed leaf senescence. The most striking example occurs in the trees in autumn
(Hortensteiner, 2006), during which the high nitrogen composition in the chloroplasts is
remobilized prior to leaf abscission. In contrast, for many short lived plant species, leaf
senescence is correlated with completion of the entire life cycle. Nutrients are
continually mobilized from old to young leaves and ultimately to the upper leaf
(Gregersen et al., 2008). In the case of Arabidopsis, each leaf reaches maturity following
a period of rapid expansion approximately twelve days after its emergence from the
vegetative meristem as a leaf primordium (Zentgraf et al., 2004). After a period, leaves
begin to senesce ~28-34 days after post emergence (Lim et al., 2007). This is due, to the
addition of new rosette leaves, which shade the older leaves, and the accumulation of
oxidative damage as a result of photosynthesis (Zentgraf et al., 2004). Upon flowering,
the formation of leaves stops and nutrients are assimilated and relocated to the

reproductive structures.
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1.10.2 Structural and biochemical changes in leaf senescence

Leaf cells at the senescence stage show some distinctive structural and biochemical
changes. A notable feature of cellular structural change during leaf senescence is the
order of disintegration of intracellular organelles (Kato et al., 2002). The earliest
structural changes occur in the chloroplast. In contrast, the nucleus and mitochondria that
are essential for gene expression and energy production, respectively, remain intact until
the last stages of senescence. This reflects that the leaf cells need to remain in function for
progression of senescence until a late stage, possibly for effective mobilization of the

cellular material.

Chloroplasts are the main source of reactive oxygen species (ROS) in plants. During
photosynthesis, light energy is absorbed by a series of redox reactions and transferred to
the reaction centres of the photosystems. During senescence, chloroplasts are converted
into “gerontoplasts”. Electron microscopy revealed that the chloroplasts of senescing
leaves show an increased number of enlarged plastoglobuli, a disorientation of the grana
stacks, and an enlargement of the thylakoids (Gan and Amasino, 1995). This loss of
chloroplast integrity can be observed in the very early stages of senescence; it is
associated with the breakdown of the chlorophylls, and the degradation products are
transported into the vacuole (Gan and Amasino, 1995). Interestingly, the composition of
the thylakoid membrane appears unchanged. The conversion of chloroplasts to
gerontoplasts in leaves is mostly reversible in all higher plants (Thomas et al., 2003). The
chloroplasts may play a regulatory role during leaf senescence same importance as of that
of mitochondria during animal programmed cell death (PCD). There, mitochondria
integrate signals of proapoptotic and antiapoptotic proteins regulating the release of
cytochrome ¢ and the production of ROS that direct subsequent apoptotic processes
(Green and Reed, 1998; Dufour and Larsson, 2004). Cytochrome c release from
mitochondria and the decrease of Calvin cycle activity in chloroplasts both lead to an
increased generation of ROS in the respective organelle (Jimenez et al., 1998).

These observations imply that leaf senescence involves cellular events that finally lead to
PCD. The loss of integrity of the plasma membrane leads to disruption of cellular
homeostasis, ending the life of a cell in senescing leaves. The cellular biochemical
changes in senescing leaves are first accompanied by reduced anabolism (Bleecker and

Patterson, 1997). The overall cellular content of polysomes and ribosomes decreases
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fairly early, reflecting a decrease in protein synthesis. This occurs concomitantly with
reduced synthesis of rRNAs and tRNAs. Further cellular biochemical changes like
hydrolysis of macromolecules and subsequent remobilization, which require the
operation of a complex array of metabolic pathways. Chloroplast degeneration is
accompanied by chlorophyll degradation and the progressive loss of proteins in the
chloroplast, such as a ribulose biphosphate carboxylase (Rubisco) and chlorophyll a/b
binding protein (CAB). Hydrolysis of proteins to free amino acids depends on the actions
of several endo- and exopeptidases (Hortensteiner and Feller, 2002; Otegui et al., 2005).
Senescence-associated cysteine proteases, which are accumulated in the vacuole, also
play a role in protein degradation. Lipid degrading enzymes, such as phospholipase D,
phosphatic acid phosphatase, lytic acyl hydrolase, and lipoxygenase appear to be
involved in the hydrolysis and metabolism of the membrane lipids in senescing leaves
(Thompson et al., 1998; Thompson et al., 2000).

1.10.3 The vacuole and its role during senescence

In higher plant cells, most hydrolytic activities reside in the central vacuole, which
typically contains 50-100% of acid nuclease and 80-100% of acid protease activity of the
cell. Various lines of evidence point to an important role of the central vacuole in the
execution of programmed cell death in certain developmental scenarios, such as
differentiation/death of immature tracheary elements (Kuriyama and Fukuda, 2002).
However, while rupture of the central vacuole and release of hydrolytic enzymes into the
cytosol precedes terminal differentiation (death) of immature tracheary elements, the
central vacuole remains intact and compartmentation is maintained during senescence of

leaves (Nooden and Penney, 2001).

The central vacuole is involved in recycling cytosolic proteins (Canut et al., 1985), and in
degradation of unexpectedly proteins (Canut et al., 1986) and endoplasmic reticulum
resident proteins (Tamura et al., 2004). Sugar starvation triggers vacuolar autophagy of
cytoplasm and some organelles in suspension cell cultures (Yu, 1999). In wheat, the
activity of four cysteine proteases increases during senescence induced by protracted
incubation in darkness, water deficit or during normal monocarpic senescence associated
with reproduction, and these senescence-associated proteases localize to the central
vacuole (Martinez et al., 2007). Thus, the central vacuole might contain a significant part

of the proteases whose expression is associated with leaf senescence. However, since

46



most proteins degraded during senescence come from the chloroplast, the involvement of
the central vacuole requires the operation of some sort of hitherto unknown specific
traffic pathway from the chloroplast. Several possible routes for internalisation of
chloroplast components by the central vacuole are outlined already (Weber et al., 2006).

1.10.4 Molecular approaches during senescence and regulation of leaf senescence

The understanding of the molecular and hormonal regulation of senescence has come
from two main areas of investigation: the identification of senescence associated genes
(SAGs) using genomic techniques and the analysis of mutant plants with altered
senescence responses. Extensive work in multiple plant species, including maize, barley,
potato and Arabidopsis has led to the identification of a large number of SAGs. In
Arabidopsis, affymetrix GeneChip arrays representing 24,000 genes were utilized for
analyzing changes in global expression patern during leaf senescence. This analysis had
isentified more than 800 SAGs (van der Graaff et al., 2006; Buchanan-Wollaston et al.,
2005). Initial cDNA profiling experiments in Arabidopsis identified 12 genes that were
induced or repressed during senescence. In addition, analysis of 1,300 Arabidopsis
enhancer trap lines led to the identification of 147 genes with senescence specific
activation of the GUS reporter gene (He et al., 2001). Approximately 300 transcription
factors were up-regulated in the genomic analysis (van der Graaff et al., 2006). They
represent many families including NAC, and WRKY family members (Lin and Wu,
2001; Yang et al., 2001). NTL9 is a NAC protein induced during oxidative stress. Like all
NAC proteins, NTL9 is dormant in its native membrane bound form and becomes active
following condition dependent proteolytic cleavage and nuclear localization (Yoon et al.,
2008). Consistent with its designation as a senescence associated transcription factor,

NTL9 overexpression leads to premature activation of many SAGs (Yoon et al., 2008).
1.10.5 The role of plant hormones in the onset of leaf senescence

Plant hormones attenuate plant growth and development with environmental conditions
and also mediate defence responses. All of the abiotic and biotic factors that induce
hormone production, including drought, pathogen attack, osmotic stresses, and oxidative
stresses, can also induce senescence. Not surprisingly therefore, hormones implicated in
the response to these stimuli have either positive or negative roles in the regulation of
induced senescence. Analysis of microarray data and enhancer trap lines revealed that
many SAGs are induced by exogenous application of several key plant hormones,
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including abscisic acid (ABA), cytokinin, SA, ethylene and jasmonic acid (JA) (Weaver
et al., 1998; He et al.,, 2001). Each plant hormone affects various developmental and
environmental events in a complex manner; this causes difficulties in assaying the roles

of the hormonal pathways in leaf senescence.

Cytokinins, which function during cell division, chloroplast maturation, and shoot
morphogenesis, have also been found to be senescence delaying hormones. Endogenous
cytokinin levels drop during leaf senescence and exogenous application or endogenous
enhancement of cytokinin content using the senescence specific SAG12 promoter delays
senescence (McCabe et al., 2001; Ori et al., 1999). Consistent with the physiological
finding that the cytokinin level decreases during leaf senescence, genomic scale
molecular analysis revealed that genes involved in cytokinin synthesis, a cytokinin
synthase and adenosine phosphate isopentenyl-transfarease (IPT), genes are
downregulated and a gene for cytokinin degradation, cytokinin oxidase, is up-regulated in
senescing leaves (Buchanan-Wollaston et al., 2005). Cytokinin functions by delaying
chloroplast degradation and increasing the activities of photosynthesis related genes,
including Rubisco, and NADH-dependent hydroxypyruvate reductase (HPR) (Gan and
Amasimo, 1995). This activity is mediated by histidine kinase 3 (AHK3), a cytokinin
receptor. An AHK3 gain of function mutant (ore2) displays increased leaf longevity
through the phosphorylation of the Arabidopsis response regulator 2 (ARR2), which may

directly regulate transcription suppressing senescence (Kim et al., 2006).

Abscisic acid (ABA) is a key plant hormone mediating plant responses to environmental
stresses. It also functions in plant development such as seed germination and plant
growth. It can also mediate responses to drought (stomata regulation) (Lopez et al., 2008),
and high salt concentrations (Hirayama and Shinozaki, 2007). All the above mentioned
factors can contribute to induce senescence. The ABA level increases in senescing leaves
and exogenously applied ABA induces expression of several SAGs (Woo et al., 2001),
which is consistent with the effect on leaf senescence. In rice leaves, ABA stimulates the
production of hydrogen peroxide, resulting in increased oxidative stress and the

promotion of senescence (Hirayama and Shinozaki, 2007).

In contrast to ABA, microarray data suggest that SA functions predominantly during
natural rather induced senescence (Buchanan-Wollaston et al., 2005). Salicylic acid is

known to function in the systemic acquired resistance pathway in response to pathogen
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infection. The concentration of endogenous SA is four times higher in senescing leaves of
Arabidopsis. A transcriptome analysis of transgenic SA-deficient NahG plants indicates
SA is required for the up-regulation of several SAGs during leaf senescence (Morris et al.,
2000; Buchanan-Wollaston et al., 2005). This includes the cycteine protease SAG12,
which is undetectable in SA signalling, and biosynthesis mutants pad4 and nprl (Morris
et al., 2000).

Methyl jasmonate (MeJA) and its precursor form jasmonic acid (JA) promote senescence
in detached oat (Avena sativa) leaves (Ueda and Kato, 1980). Exogenously applied MeJA
in detached Arabidopsis leaves has shown to leads to a rapid loss of chlorophyll content
and to photochemical efficiency of photosystem Il (PSIl) and increased expression of
SAGs such as SEN4 and SEN5. A more convincing support of the role of JA in leaf
senescence comes from the observation that JA-dependent senescence is defective in the
JA-insensitive mutant coronatine insensitive 1 (coil), implying that the JA signalling

pathway is required for JA to promote leaf senescence (He et al., 2002).

Ethylene has a clearly established role in the induction and promotion of dark-induced
senescence. Ethylene has long been associated with the ripening of fruit, maturation of
reproductive organs and induction of senescence (Yen et al., 1995). Analysis of the “onset
of leaf death” mutants demonstrates ethylene’s involvement in the regulation of
senescence (Jing et al., 2005). Three classes of mutants were described: those with
ethylene-enhanced premature senescence phenotypes, those with ethylene dependent
senescence phenotypes, and those with phenotypes so severe that ethylene treatment had
no effect (Jing et al., 2005). In all cases, the effect of ethylene appears to be age-
dependent since senescence could not be in cotyledons or young leaves. In addition, while
increased duration of ethylene treatment causes leaf yellowing, variation is observed in
the attenuation of the mutants to the ethylene signal. This suggests several of the genes
may encode signalling components. In addition, ethylene insensitive mutants such as
ethylene insensitive (ein2) display a delayed senescence phenotype (Oh et al., 1997) and
three ethylene biosynthesis genes, including 1-aminocyclopropane-1-carboxylate (ACC)

synthases, are up regulated during senescence (van der Graaff et al., 2006).
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1.10.6 Induction of leaf senescence through the sugar signalling

The main role of sugars in metabolism is as carriers of energy and carbon. However,
sugars have several additional roles, such as the maintenance of osmotic potential and
signalling the energy status of plant parts. Microarray analysis indicates that the
senescence specific gene SAG12 is induced more than 900 fold by glucose, and several
enzymes involved in nitrogen assimilation, including the nitrate transporter AtNRT2 and
glutamine synthetase GLN1, are also up-regulated (Pourtau et al., 2006). In castor bean
leaf blades, accumulation of callose deposition in the sieve plates prevents the flow of
phloem. This leads to “back up” of excess sugars into the leaf tissues. Since this occurs
just prior to the senescent breakdown of chlorophyll, it reinforces the connection between

high sugar concentration and the onset of senescence (Jongebloed et al., 2004).

Detached leaves of tobacco and barley incubated under strong light, showed accelerated
yellowing, associated with sugar accumulation suggesting that high sugar levels can
induce early yellowing in these species. Arabidopsis plants showed earlier leaf
senescence when grown at long days (16 h light) rather than short days (12 h light), both
at relatively low light levels (100 pmol m™s™). Leaf senescence was even more advanced
when plants were held at long days at relatively high light levels (200 pmol m?s™). No
positive correlation was found between leaf senescence and the glucose and fructose
concentrations in the leaves of plants grown at low light levels, but the concentrations in
these hexoses were higher in leaves of plants grown at relatively high light levels
(Wingler et al., 2006). When Arabidopsis plants were grown on agar at high and low N
levels, the presence of 1-2% glucose or sucrose in the agar induced earlier leaf yellowing
in the plants grown at low N levels. Addition of sorbitol or mannitol had no effect,
indicating that the response was not due to an osmotic effect in the root zone (Pourtau et
al., 2004; Pourtau et al., 2006). The sugar treatment resulted in an early decrease of a
chlorophyll fluorescence parameter (F./Frn), which also decreased prior to normal
developmental leaf yellowing (Wingler et al., 2004). These data led to the hypothesis that

high sugar levels in the leaf cells are the cause of early leaf senescence.
1.10.7 Role of signalling cascades in the initiation of senescence

Senescence is often described as the terminal phase of plant development. However, it is
important to understand the meaning of the terminal nature of senescence with the

realization that senescence of one part of a plant is often essential for the ongoing

50



development of other organs and tissues. Perhaps the clearest example of this is leaf
senescence and the attendant translocation of nutrients from the dying leaf tissue to
developing seeds (Kaup et al., 2002). Senescence is induced by endogenous signals
including age, developmental cues and plant growth regulators (Gan and Amasino, 1995);
(Nooden and Penney, 2001; Riefler et al., 2006). However, it can also be engendered
prematurely by a number of exogenous environmental stresses, inducing light and
temperature stress, dehydration, nutrient stress and pathogen ingression (Beers and
McDowell, 2001; Pic et al., 2002; Xiong et al., 2005). Moreover, these endogenous and
exogenous signals inducing senescence appear to be coordinated through a common
signalling network (Fig. 8) designed to engage the transcriptional activity underlying

senescence (Buchanan-Wollaston et al., 2003a; Lim et al., 2003).

Recent analysis of gene expression in mutant Arabidopsis plant lines has indicated that
signalling pathways involving ethylene, jasmonic acid and salicylic acid regulate the
expression of genes required for developmental senescence (Buchanan-Wollaston et al.,
2005). Studies of age related changes required for leaf senescence in Arabidopsis have
resulted in characterization of a number of old (onset of leaf death) mutants (Jing et al.,
2002). The ability of ethylene to induce leaf senescence under normal conditions is
limited to a precise stage of age, and some of these old mutants, for example old1, display
an early senescence response to ethylene (Jing et al., 2005). Premature senescence is also
induced by exogenous factors, including treatment with jasmonic acid, and in such
instances there is an accompanying up-regulation of many of these genes known to be

involved in developmentally induced senescence (He et al., 2002).
1.11 Aims of this thesis

This thesis is specifically focused on the study of atToc90, its role, and its interaction with
the TOC machinery. The TOC machinery performs two essential functions: firstly, it
recognizes those proteins that need to be imported as they arrive at the chloroplast surface;
and secondly, it forms a channel through the outer membrane so that the proteins can pass
across, once recognized. As atToc90 is a receptor, my focus was on the first of these

functions: recognition.

Quite recently it was found that there are actually several different types (or isoforms) of
the TOC receptors. For example in Arabidopsis there are two different Toc34 isoforms,
called atToc33 and atToc34. The different isoforms probably have different client-
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recognition preferences (i.e for photosynthetic and non-photosynthetic preproteins), and
exist so that chloroplasts can efficiently recognize all of the many different proteins they
need to import. Different Arabidopsis TOC complexes were purified using the tandem
affinity purification (TAP) method. By purifying atToc34- and atToc33-containing TOC
complexes, | aimed to elucidate the association preferences (and functions) of atToc90. A
secondary goal was to identify novel components of the outer membrane import
machinery. Proteins in the purified TOC complexes were studied by SDS-PAGE,
immunoblotting and mass spectrometry (see Chapter 3).

Another important aim was to elucidate the role of atToc90 using genetics. Taking into
consideration the findings of Kubis et al. (2004) and Hiltbrunner et al. (2004), a large
group of double and triple mutants was identified and studied. All of the mutant
combinations studied involved toc90 (the atToc90 knockout mutation) in combination
with various other mutations affecting the TOC complexes for photosynthetic and non-
photosynthetic preproteins. The aim of this part of the study was to look for genetic
interactions between toc90 and mutations affecting other TOC components (see Chapter
2).

The final aim of my thesis was to investigate whether atToc90 plays a role in leaf
senescence. This hypothesis emerged following a careful analysis of atTOC90 gene
expression (together with other TOC component genes) using Genevestigator, a software
tool for the analysis of publicly-available data from Affymetrix microarray experiments.
This work involved the analysis of multiple toc90 mutant alleles under various stress
conditions and treatments (particularly those related to senescence). In each experiment,
toc90 was compared to the wild type (see Chapter 4). For these physiological experiments,
a new atToc90 overexpression transgenic line was generated (using the full-length

atTOC90 cDNA sequence) and analysed at each step.
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Cytosol

Intermembrane space

Figure 1.1: Description of the process of protein import via the TOC/TIC import machinery.

The first stage is called “energy-independent binding”, where the transit peptide makes reversible
contacts with receptor components of the TOC complex. In the second stage GTP and a low
concentration of ATP in the intermembrane space are needed. The preprotein is inserted across the
outer envelope membrane (OM) and it is coming in contact with the TIC complex in the inner
membrane (IM). The third and final stage requires high concentrations of ATP in the stroma so the
preprotein can translocate across both envelope membranes. The transit peptide will be removed by
stromal processing peptidase (SPP), and the mature protein will take its final conformation. Adapted
from Jarvis (2008).
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GTP--GDP

Figure 1.2: Two different schematic models for preprotein recognition by the TOC GTPases, Toc34
and Toc159.

(a) The targeting model, where a newly synthesized preprotein is bound by the central GTPase
domain of the cytosolic Tocl59; electrostatic interactions between the positively charged transit
peptide and the amino-terminal acidic domain of Toc159 might facilitate this interaction. Toc159-
GTP and Toc34-GTP associate in a low affinity interaction through a homotypic association between
their GTP domains. This interaction between the two GTPase domains and the transit peptide
stimulates GTP hydrolysis by both proteins, leading to the integration of Tocl159 into the TOC
complex and the insertion of the preprotein across the OEM. Preprotein translocation is then
completed by an Hsp70 protein of the intermembrane space. Once translocation is complete, the two
GTPases undergo GDP-GTP exchange, which leads to the dissociation of Toc159 to the cytoplasm
for subsequent cycles of targeting. (b) The second model is called the motor model. In the “motor”
hypothesis the transit peptide is first phosphorylated near its carboxyl end. Preprotein recognition
occurs by binding of Toc34-GTP at the outer membrane to the C-terminus of the phosphorylated
transit peptide. The transit peptide stimulates GTP hydrolysis byToc34 and after dephosphorylation
of the transit peptide, leads to transfer of the preprotein to Toc159. The C-terminal region of the
transit peptide stimulates Tocl59 GTPase activity, and Toc34-GDP dissociates from the TOC
complex, which enables Toc159 to thread the preprotein through the channel via repeated cycles of
GTP hydrolysis. After multiple rounds of GTP hydrolysis the complex is able to accept a new
precursor substrate. Adapted from Jarvis (2008).
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Figure 1.3: Structure of the TOC/TIC chloroplast protein import apparatus.

The core TOC translocon resides in the outer membrane (OM), and is composed of three major
proteins: Toc34, Toc159 and Toc75. Toc75 forms the outer envelope channel, whereas Toc34 and
Tocl59 function as receptors for the transit peptides of incoming proteins. Cytosolic proteins 14-3-3,
Hsp90 and Hsp70 direct nuclear encoded plastid proteins to the distinct TOC receptors as illustrated.
Tocl2, Toc64 and Hsp70 along with Tic22 have been proposed that act as transporters of the
preproteins across the intermembrane space and deliver them in the TIC complex. It has been
suggested that the TIC complex is formed by Tic110, although Tic20 and Tic21 also could be channel
components. Tic40 is associated with the stroma exposed domain of Tic110 and with the stromal
chaperone Hsp93 in the formation of a stromal import motor complex. After reaching the interior, the
transit peptide is cleaved by stromal processing peptidase (SPP) and the mature protein is folded with
the help of Cpn60 and stromal Hsp70. The stromal ATP protein was also shown to play a role in
driving preprotein import, perhaps working in parallel with Hsp93Tic55, Tic62, and Tic32 are
proposed to be involved in redox regulation with FNR or calmodulin (CaM). Adapted from Jarvis
(2008).
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Figure 1.4: Model for substrate-specific protein import pathways.

The TOC GTPases are encoded by small gene families in Arabidopsis and other species. Evidence
from genetic and biochemical studies suggests that the different isoforms encoded by these genes
exhibit a substantial degree of functional specialization, and that they associate preferentially to form
different TOC complexes with substrate specificity. Specifically, it is proposed that atTocl59
associates with atToc33 and together these two mediate import of the most highly-abundant
photosynthetic preproteins (Class 1 substrates). It is also suggested that atToc34 and atToc132 and/or
atToc120 form a complex with specificity mostly for low abundance preproteins. However, genetic
data indicate that neither pathway exhibits absolute substrate specificity and this is indicated by the
crossing dotted arrows. It is even possible that a third putative class of preproteins follows either
pathway with equal efficiency. Nonetheless, following OEM translocation, the import pathways
converge at the TIC complex. Putative redox-sensing components of the TIC machinery (Tic62,
Tic55 and Tic32 alongside with CaM and FNR) may be recruited to the complex specifically during
the import of photosynthetic preproteins. Adapted from Jarvis (2008).
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Table 6: Major components of the TOC chloroplast protein import machinery with their dinstiguished

phenotype and homologous in Arabidopsis thaliana.(Adapted from Jarvis, 2008)

Compone | Arabidopsis | Distinguish mutant Reference
nt thaliana phenotype
TOC
proteins
1 Toc34 atToc33 pale | Jarvis et al. (1998); Kubis et al.
(2003)
2 atToc34 green | Constan et al. (2004a)
3 Toc159 atToc159 | Major isoform in Bauer et al. (2000); Kubis et al.
photosynthetic preproteins (2004)
albino
4 atToc132 | Minor isoform in non- Ivanova et al. (2004); Kubis et
photosynthetic preproteins al. (2004)
yellow-green
5 atToc120 green | Ivanova et al. (2004); Kubis et
al. (2004)
6 atToc90 | Minor isoform green Kubis et al. (2004); Hiltbrunner
et al. (2004)
7 Toc75 atToc75-lll | Major isoform Baldwin et al. (2005); Hust et al.
pale/homozygous;embryo (2006)
lethal
8 atToc75-1V green Baldwin et al. (2005)
9 atToc75-V/ no data | ho data
OEP80
10 atToc12 no data | ho data
11 atToc64-111 Qbadou et al. (2006); Aronsson

et al. (2007)
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Chapter 2

Genetic studies revealing new insight into the function of
atToc90, an chloroplast outer envelope protein
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2.1 Introduction

The chloroplast, like the mitochondrion, has its own genome and therefore has the ability to
synthesize some of the envelope proteins necessary for the processes of photosynthesis and
biogenesis. Embedded in the envelope membranes are multiprotein complexes called TOC
and TIC, standing for translocon at the outer and inner envelope membrane of the chloroplast,
respectively. The TOC complex initiates the import of nuclear-encoded proteins from the
cytosol into the organelle (Chen and Schnell, 1999; Keegstra and Cline, 1999). The core of
the TOC complex is composed of two GTPase receptors, Toc159 (Kessler et al., 1994; Perry
and Keegstra, 1994) and Toc34 (Gutensohn et al., 2000; Jelic et al., 2002), and a B-barrel
membrane channel, Toc75, through which precursors are translocated across the outer
membrane (Schnell et al., 1994; Hinnah et al., 1997). The Toc34 and Toc159 GTP binding
domains are exposed at the surface of the chloroplast. Toc159 has a large cytosolic N-
terminal acidic domain (A-domain), a C-terminal membrane anchoring domain (M-domain),

and a cytosolic GTPase domain (G-domain).

For some components of the import complexes in Arabidopsis there are multiple
homologues. Arabidopsis has two homologues of Toc34: atToc34 and atToc33. Evidence for
the existence of an import pathway with preference for photosynthetic precursors was gained
by detailed studies on the atToc33 knockout mutant ppil (Jarvis et al., 1998; Kubis et al.,
2003). Recent complementation studies of atToc33 knockout plants with several mutated
forms of the atToc33 protein have shown that neither dimerization nor GTP binding is
essential for chloroplast development in vivo, although, import efficiency was reduced in the

complemented plants (Aronson et al., 2010; Lee et al., 2009).

The Tocl59 family of GTPases has been proposed to mediate the initial recognition of
preproteins by plastids. It is well known that Toc159 has four homologues: atTocl59,
atTocl32, atToc120 and atToc90 (Hiltbrunner et al., 2001). Complementation studies of the
Toc159 knockout mutant ppi2 (see Section 1.5.2.2) in Arabidopsis have revealed that the A-
domain is dispensable. Toc159GM, consisting only of the G- and M-domains only, rescued

the albino phenotype of the ppi2 mutant (Agne et al., 2009).

Previous studies suggested that atToc90 supports accumulation of photosynthetic proteins in
plastids, although it is not strictly required for the import of proteins. The atToc90 protein
associates with the chloroplast surface in vivo and with the TOC complex in vitro, similar to
atTocl59, suggesting that it has a function in chloroplast protein import similar to that of

59



atTocl159 (Hiltbrunner et al., 2004). To determine the subcellular location of atToc90,
Hiltbrunner et al. (2004) had expressed the protein as a GFP-fusion in isolated Arabidopsis
protoplasts, and what they found was that GFP-Toc90 was present at the chloroplast
periphery suggesting a chloroplast outer membrane location. To determine whether atToc90
functions in chloroplast protein import, the proteins ability to associate with isolated

chloroplasts and the TOC complex was analysed (Hiltbrunner et al., 2004)

In this part of the thesis the phenotypes of a group of double and triple atToc90 mutants were
studied, to try to get an insight into possible functions of atToc90. The vast majority of these
mutants were made by Ramesh Patel in 2004 and all of them were confirmed to contain the
respective T-DNA insertion and to be homozygous by PCR test. The below described studies
have been carried out with seeds of the same harvesting time and PCR tested again. An
example of the PCR results is given below (Fig. 2.2). The aim of this study was to look for
genetic interactions (which might suggest functional redundancy or overlap) between

atToc90 knockout mutations and mutations affecting other TOC components.

2.2 Results
2.2.1 Identification of atToc90 knockout mutants

To genetically assess functional relationships between atToc90 and other major TOC
proteins, | crossed the corresponding knockout mutants (Tables 1 and 2) and then identified
all the double and triple mutant combinations by growth on appropriate selective media,
followed by PCR analysis. However, first, to investigate the role of the atToc90 protein in
vivo, | used the Arabidopsis knockout mutants and conducted a comprehensive comparative
study of the mutant phenotype with wild type. There are three alleles: toc90-1 (1236-C11),
toc90-2 (N566449), and toc90-3 (NG19434) (Fig. 2.1). The three mutants were confirmed as
heterozygous by plating an appropriate selective medium (phosphinothricin for toc90-1;
kanamycin for toc90-2 and toc90-3) and by PCR analysis using gene and T-DNA specific
primers (Table 3). To confirm that the mutants were truly knockout mutants, the absence of
the atToc90 mRNA was confirmed by RT-PCR (see Chapter 4; Fig. 4.2) and the absence of
the atToc90 protein was confirmed by immunoblotting (see Chapter 4; Fig. 4.2). Carefull

analysis of the three single knockout mutants did not reveal any detectable differences from
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the wild type under standard growth conditions or at any stage of development. For a more

detailed analysis of the mutant phenotypes, see Chapter 4.
2.2.2 Double mutant studies

The study of the toc90 double mutants was started by crossing toc90-1 with various mutants
shown in Table 1. Phenotypic analysis was made in the F4 generation, using plants that were
24 days old following growth on soil. The phenotypes of the double mutants were compared

with those of the single relevant mutants and with that of wild type.

Three of the single mutants (toc33, toc132-2, and toc75-111-3) display a clear visible pale
phenotype. When they were crossed with toc90-1, the resulting double homozygote mutants
exhibited identical phenotypes to the single mutants (Fig. 2.3). Some of the double mutants
have also been described in the past by Kubis et al. (2004). My data confirmed previous
findings, and suggested that there is no significant functional redundancy between atToc90

and several other TOC proteins.

2.2.2.1 The toc90-1 tocl59 double mutant displays a more severe phenotype than
toc159

Among the different single mutants studied here, toc159 exhibits the most severely chlorotic
phenotype in fact, it is albino. The toc90 toc159 double homozygote was grown to maturity
alongside toc159 single mutants on medium containing 3% sucrose to aid growth, as the
mutant is not able to grow photoautotrophically. In the early stages of development, the
double and the single mutant do not exhibit different phenotypes. When both genotypes were
about 32 days old, a phenotypic difference became evident (Fig. 2.4A). To characterise the
severity of the double homozygote, chlorophyll measurements were conducted. The double
mutant contained reduced chlorophyll concentrations compared with the single toc159, which
is also visible by eye. This result is in contrast with the finding that Kubis et al. (2004)
reported where no phenotypic difference was observed. To confirm the results, toc90-3, an
other allele of atToc90, was crossed with the toc159 (Col-0) and double homozygous plants
were identified in similar fashion. These mutants were studied in the same way and the

results indicated a clear difference between the single and double knockout mutant.

In summary, my double mutant studies provided clear evidence that there is no functional

redundancy between the atToc90 and the majority of the TOC components that are shown in
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Table 1. However, there was clear evidence for functional redundancy between atToc90 and
atTocl159.

2.2.3 Arabidopsis thaliana Toc90 triple mutants reveal significant functional

redundancy

As was shown in Section 2.2.1, with the exception of toc90-1 toc159, no visible phenotypic
difference from the control was observed in several toc90 double knockout mutants. For this
reason, toc90-1 was crossed with several double mutants in order to extend the search for any
possible distinct phenotypes (Table 2). All the resulting crosses were analysed by using the
respective antibiotic resistant markers (where applicable) and by PCR testing using specific
primers (Table 3).

2.2.3.1 Analysis of a toc90-1 toc132-2 toc120-2 triple homozygous mutant

The toc90-1 toc132-2 toc120-2 triple homozygote mutant was scored after 10 days of growth
in vitro. At this early stage of development the visible phenotype of the triple homozygote
plants was very clear (Fig. 2.5A). Plants of both genotypes were rescued and grown alongside
each other on 3% of sucrose. Kubis et al. (2004) have shown that the double homozygote,
toc132-2 toc120-2, has a very strong visible phenotype, almost as severe as of the toc159
mutant. Unlike toc132-2 toc120-2, the toc90-1 toc132-2 toc120-2 triple homozygote is not
able to survive to maturity on soil. The severity of the triple homozygote’s phenotype clearly
demonstrates the existence of a functional overlap between atToc90 and atToc132/atToc120.
To confirm our findings, the toc90-3 single mutant was also crossed with toc132-2 120-2.
Again, in the F3 progeny of the crosses, the triple mutant was compared and the results

confirmed the previous findings (Fig. 2.5A).

This functional redundancy was even more apparent after |1 conducted chlorophyll
measurements. Plants from both genotypes were grown on 3% sucrose for 24 days and then
collected and used to perform dimethylformamide (DMF) chlorophyll measurements. The
chlorophyll levels of the triple homozygote mutant were significantly lower than those of the
double mutant control (Fig. 2.5B)
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2.2.3.2 Analysis of a toc90-1 toc132-2 toc120-2 heterozygous mutant

After obtaining significant results from the analysis of the toc90 toc132 tocl20 triple
homozygous mutant, the heterozygous form of the toc90-1 toc132-2 toc120-2 (hom/hom/het)
triple mutant was also analysed. Kubis et al. (2004) have described that the pale phenotype of
the toc132-2 toc120-2 heterozygote is very clear even at the seedling stage. The phenotype of
the toc90-1 toc132-2 toc120-2 heterozygous mutant (genotype: toc90/toc90; toc132/toc132;
+/toc120) is significantly more severe than that of the control toc132-2 toc132-2;+/toc120-2
heterozygote (Fig. 2.6A). Repeating this analysis using the toc90-3 allele showed the same
results. As in the case of the triple homozygous mutant, the results with the heterozygous
mutant strongly suggest that there is a functional overlap between atToc90 and
atTocl32/atToc120.

My experimental observations were confirmed once again by making chlorophyll
measurements. Significantly reduced chlorophyll levels were present in 24 days old plants of

the heterozygous triple mutant compared with the double heterozygote (Fig. 2.6B).
2.2.3.3 Analysis of a toc90-1 toc159 toc120-2 triple homozygous mutant

The other triple mutant which was studied was toc90-1 toc159 toc120-2. As was stated in
Section 2.2.1, there is a clear visible difference between the single toc159 mutant and the
double homozygous mutant, toc90-1 toc159. Interestingly, the double homozygous mutant
toc159 toc120-2 exhibited a similar phenotype to toc90-1 toc159. However, the most severe
phenotype was observed in the triple homozygote, toc90-1 toc159 toc120-2, where the plants
were extremely small (Fig. 2.7A). To confirm the results, the toc90-3 allele was similarly
crossed with toc159 toc120-2, and analysis of the triple mutant provided identical results
(Fig. 2.7A).

Chlorophyll measurements were taken and the chlorophyll levels of the triple mutant were
found to be significantly lower than those of the other genotypes (Fig. 2.7B). The albino
triple mutant can not survive in soil, like all the other albino homozygous genotypes, but does
have survival chances when it is rescued to 3% sucrose. The results suggest that there is a

functional redundancy amongst atToc90, atToc159 and atToc120
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2.2.3.4 Analysis of a toc90-1 toc33 toc34-2 triple mutant

Finally, the toc90-1 toc33 toc34-2 (hom/het/hom) triple mutant was compared with the toc33
toc34-2 (het/hom) double mutant. Kubis et al. (2003) have shown that the toc33 toc34-2
double homozygote is embryo lethal, and only the +/toc33; toc34 toc34 survive. The latter
genotype exhibits a severe phenotype but can nonetheless survive to maturity on soil. To
quantify the severity of the pale phenotype in the triple mutant, 1 conducted chlorophyll
measurements. Comparing the triple mutant with the double mutant, the former was found to
be smaller and paler in appearance (Fig. 2.8A). However, a small but significant difference in
the chlorophyll levels was also observed. The triple mutant presents a slightly lower

chlorophyll level than the double mutant (Fig. 2.8B).

To corroborate the results, toc90-3 was also crossed with +/toc33; toc34 toc34, and analyses
of the resulting triple mutant gave identical results (Fig. 2.8A). The results indicate a

functional overlap between the atToc90 and atToc33/ atToc34.

The other three triple mutants that were analysed (Table 2), after careful phenotypic analysis,
did not exhibit any obvious difference when were compared with the appropriate controls
(data not shown). In summary, the data indicate that atToc90 is important for chloroplast
biogenesis. Even though atToc90’s role is unknown, it seems that it shares a functional
relationship not only with the other orthologues of Toc159, but clearly also with atToc33 and
atToc34.

2.2.4 Analysis of atToc90 function by overexpression
2.2.4.1 Generating new atToc90 overexpression lines.

To support the findings from the double and triple Toc90 mutant studies, transgenic
complementation studies were conducted. For this work, the Toc90 protein was expressed
under the control of the constitutive cauliflower mosaic virus (CaMV) 35S promoter in two
different mutant backgrounds: (1) the toc159 single mutant background; (2) the toc132-3
toc132-3;+/toc120-2 double heterozygous mutant background. For this experiment, was used
the full length sequence of atToc90, as was described by Hiltbrunner et al. (2004) (accession
number W43716).

The full length EST clone (H4C12T7) has a 2379 bp open reading frame (ORF). The ORF
codes for a protein of 793 amino acids with a molecular mass of 89.338 kDa. The atTOC90

cDNA was cloned into the pDONR207 donor vector after PCR amplification using specific
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primers (Table 4). The presence of the insert was confirmed by digestion with Hspl (cleaves
at a position 307 bp) and Pstl (cleaves at a position of 2759 bp) restriction enzymes. The
results were confirmed by sequencing (detailed explanation of how constructs were made in
Chapter 6)

The desired product was finally introduced to the pB2GW?7 vector (spectinomycin resistant)
by Gateway recombination cloning. The presence of the insert was confirmed by restriction
analysis using Sacl and Xhol. The resulting complementation vector was confirmed by

sequencing.

The complementation constructs were then introduced into Agrobacterium strain GV3101
and then used to transform toc159 heterozygotes and toc132-3/toc132-3; +/toc120-2 by the
floral dip method (Clough and Bent, 1998). Transformants were identified by plating T1 seed
on selective medium, and then segregation was analysed in the T2 generation. Only single-
insertion lines were carried forward. Transgene overexpression was estimated by RT-PCR.
RNA was extracted from 14 days old T2 transgenic plants grown on medium containing the
necessary antibiotic.

2.2.4.2 ldentification and genotyping analysis of the transformants

After floral dipping, multiple (>10) phosphinothricin and kanamycin resistant primary

transformants (T1) were identified for the transgenic lines in the background of toc159.

The first PCR preformed confirmed that the T1 transgenic lines analysed were heterozygous
for the toc159 allele. One pair of atTOC159 gene specific primers utilized were located on
opposite sides of the T-DNA insertion in toc159 (forward and reverse, Table 3). Another pair
of primers consisted of one primer specific for the left border of the T-DNA insertion, and a
atTOC159 gene specific primer. All transgenic lines were found to carry the toc159 mutant
allele (as well as the wild type atTocl159 allele), as revealed by the positive amplification

result for the first primer pair and the positive amplification result for the second primer pair.

T2 transgenic plants carrying the 35S-atTOC90 construct in the toc159 background were
scored on medium containing phosphinothricin to identify the 35S transgene homozygotes.
From these four lines were selected by RT-PCR based on the extent of transgene
overexpression relative to the wild-type; It is very important here to note that after the
identification of the desired transgenic lines which are expressing high levels, seeds were

sown to find homozygous plants. This was done by sowing seeds from the transgenic lines
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S2, and S8 in MS media containing kanamycin and phosphinothricin. About 20 petri dishes
for each line were used to identify the homozygous. After careful phenotypic analyses, plates
showing 100% resistance in the antibiotics mentioned above were selected as homozygous.
The selected lines were: S2-3, S8-5, and S8-13. RNA was extracted from 14 day old T2
transgenic plants grown on medium containing phosphinothricin to select for the 35S
construct and kanamycin to select for the toc159 mutation. Primers for RT-PCR were
selected to be upstream and downstream of the toc90-1 T-DNA insertion (so as not to
amplify the native gene) and the data were normalized using equivalent data for the
translation initiation factor gene elF4E1 (Rodriguez et al., 1998) (Table 5) (Fig. 2.9A).

The analysis of the second set of transgenic lines in the background of toc132-3 toc132-
3;+/toc120-2 was performed in similar fashion. Multiple (>20) phosphinothricin and
sulfadiazine resistant primary transformants (T1) plants were identified and genotyped by
PCR. The T2 generation seeds were used to identify the homozygous 35S-atTOC90 plants.
RNA was extracted from 14 day old T2 transgenic plants grown on medium containing
phosphinothricin for the construct. As above, two lines were selected based on the degree of

transgenic overexpression (Fig. 2.10A); the selected lines were P5 and P20.
2.2.4.3 Phenotypic analysis of the transformants

As controls for the phenotypic analysis of the 35S-atTOC90 (full length cDNA clone,
H4C112) transformants in the background of (a) toc159 and (b) toc132-3 toc132-3;+/toc120-
2, | used 35S-atTOC90 transgenic plants analysed by Kubis et al. (2004). Those transgenic
plants were constructed with the use of cDNA clone RZL46g05 (accession number
AV548084) which was truncated at the 5 end and encodes a protein that is 14 residues
shorter (Kubis et al., 2004).

Transgenic plants with the full length at atTOC90 construct displayed partial
complementation of the phenotype of toc159, while transgenic plants with the truncated
construct showed no complementation (Fig. 2.9A). To confirm that these differing results
were not due to different levels of overexpression mediated by the two different constructs, |
analysed the points by RT-PCR (Fig. 2.11C) and by immunoblotting (Fig. 2.11D), (see also
Section 2.2.4.4 for more detailed discussion). Lines that were homozygous for the 35S-
atTOC90 (full length) transgenes and the tocl59 mutation, had levels of transgene
overexpression that was not significantly different from those in the transgenic 35S-atTOC90
plants carrying the truncated construct (Fig. 2.11A). Taking into account the above results,
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and also the earlier study of the double knockout mutant, toc90-1 toc159, my data strongly
support the conclusion that atToc90 and atToc159 share significant functional redundancy. In
support of this, after growth in vitro for 14 days, complemented seedlings of this construct
can grow to maturity on soil and even produce new seeds (Fig. 2.11B).

In contrast, the results obtained from the analysis of the 35S-atTOC90 lines in the toc132-3
toc132-3;+/toc120-2 background did not reveal any partial or full complementation, with
either construct (Fig. 2.11A). A line that was homozygous for the 35S-atTOC90 (full length)
transgene (P20), had significantly higher levels of transgene overexpression than any of the
other transgenic 35S-atTOC90 lines. Chlorophyll measurements were conducted on this line
but no significant difference was found. From the above findings it seems that atToc90 and
atTocl132 atToc120 do not share a significant functional overlap. This result was surprisingly
different from those | obtained earlier from the studies of the triple mutants, toc90-1 toc132-2
toc120-2 and toc90-1 toc90-1; toc132-2 toc132-2; +/toc120-2.

2.2.4.4 Protein expression analysis

To confirm that the two constructs were expressing the expected protein, total protein
samples were extracted from 10 day old seedlings of representative lines for each construct,
as well as from wild-type plants. These extracts were analysed by immunoblotting using an
atToc90 specific polyclonal antibody (Fig. 2.12c). The antibody was made by Dr Sybille
Kubis. In parallel the same protein samples were analysed by staining with Coomassie
Brilliant Blue R250 (Fisher Scientific) to confirm that equal amounts of each sample were
loaded. As expected, three of the partially complemented lines carrying the full length
construct were found to overexpress the atToc90 protein the correct size (~100 kDa) (Fig.
2.12c). This indicates that the construct is efficiently expressed and that the product is more
likely targeted to the chloroplast. Also, seedlings carrying the truncated construct showed a
similar high level of expression, confirming the efficiency of the construct. Similar results

were obtained with the lines in the toc132 toc120 background.

The experiment has been repeated twice with fresh total protein samples from the same
representative lines in an attempt to confirm the findings. All the different biological and

technical replicates produced the same results as shown in Fig. 2.12c.
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2.3 Discussion

Several detailed genetic studies by Kubis et al. (2004) and lvanova et al. (2004) provided no
evidence for a significant role of atToc90 in chloroplast biogenesis as a component of the
TOC complex. In {Kubis, 2004 #149}, toc90 homozygotes were indistinguishable from the
wild-type with respect to phenotypic appearance, growth and development, and chlorophyli
accumulation. Also, there was no obvious effect of the toc90 mutation in the toc132, toc120
and toc159 backgrounds, and so it was concluded that atToc90 does not share any substantial
functional redundancy with these components. Hiltbrunner et al. (2004) have reported that
atToc90 interacts genetically with atToc159, and more recently, Infanger et al. (2011)

suggested the ability of atToc90 to support the import of atToc159 client proteins.

Overall, most of the double toc90 mutants that | analyzed led to confirmation of previous
findings. However, my experiments showed a clear functional redundancy between atToc90
and atToc159 as a toc90-1 tocl59 double mutant was even sicker than the albino toc159
single mutant. Moreover, this result was confirmed in a study of the triple mutant toc90-1
toc159 toc120-2, which showed an extremely severe albino phenotype, indicating functional

overlap between atToc90, atToc159 and atToc120.

The results of the studies on the double and triple toc90 mutants were further supported by
the results from the complementation study based on the overexpression of atTOC90 using
the full length cDNA clone (H4C12), which was first reported by Hiltbrunner et al. (2004).
Kubis et al. (2004) have reported that the overexpression of atToc90 was inactive in their
toc159 complementation studies. In my complementation studies, there was clear evidence of
partial complementation by 35S-atTOC90 in the tocl59 background. In my lines, the
expression of atTOC90 was almost at the same level as it was in the lines of Kubis et al.
(2004). A likely explanation for these different results might be the importance of the usage
of the full length atTOC90 cDNA. An alternative suggestion was made by Infanger et al.
(2011), who suggested that the success in their toc159 complementation studies was due to
the fact that they used the Wassilewskija ecotype instead of Columbia that Kubis et al. (2004)
used. Infanger et al. (2011) also showed that the overexpression of atTOC90 can partially

complement the albino knockout of atTOC159 and restore photoautotrophic growth.

As was mentioned in Section 2.2.4.3, it is surprising that my complementation studies using
35S-atTOC90 in the tocl32 toc120 background did not produce a positive result (i.e., no
partial complementation was found). The complementation studies could not confirm the
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clear results from the toc90 toc132 toc120 mutants. A possible explanation to this might be
that the phenotypic additivity seen in the toc90 toc132 toc120 triple mutant was not due to
redundancy between the relevant proteins, but rather due to disruption of different import
pathways (i.e. for photosynthetic and non-photosynthetic preproteins) leading to a deficiency

in a much broader range of chloroplast proteins.

Hiltbrunner et al. (2004) showed that synthetic atToc90 was bound to chloroplast membranes
under protein import assay conditions and a small portion of the protein specifically co-
immunoprecipitated with Toc75, suggesting that atToc90 functions as a component of the
chloroplast protein import machinery. My study in the respective double mutants, toc90-1
toc75-111-3 and toc90-1 toc75-1V-1, did not reveal any different phenotypes from the single
mutants, toc75-111-3 and toc75-1V-1 (Stanga et al., 2009; Baldwin et al., 2005). A difference
could be more expected in the first case because of the distinct pale phenotype of toc75-111-3
but that was not seen.

Analysis of the double mutant toc90-1 toc33 showed that the phenotype remained the same as
in the single toc33 mutant. However, when was analysed the toc90 toc33 toc34 triple mutant,
it was observed a significant effect of the toc90 mutation, in that the triple mutant was sicker
than the toc33 toc34 double mutant. This result also suggested a functional redundancy
between atToc90 and atToc33/atToc34. Like the other genetic results, these findings suggest
that atToc90 cooperates with proteins that mediate the import of the most highly-abundant
photosynthetic preproteins (i.e. atTocl59 and atToc33) as well as with proteins like
atTocl32, atTocl20 and atToc34, that have specificity for low abundance non-
photosynthetic preproteins. Interestingly, when it was compared the triple mutant toc90-1
toc159 toc33 with the double mutant toc159 toc33, could detect no phenotypic difference
(data not shown). The same results were obtained after comparison of the triple mutant
toc90-1 tocl59 toc34-2 with the double homozygote tocl59 toc34-2 (data not shown).

Further work will be required in order to explain these unexpected results.

From the results above it has been demonstrated that all four Toc159 homologues in
Arabidopsis play an important role in chloroplast biogenesis, but still a distinct function for
the atToc90 protein remains unclear. It was shown by Ivanova et al. (2004) that these four
homologues differ in the length of their N-terminal acidic domains, and recent evidence from

Inoue et al. (2010) suggests the involvement of this domain in specialization and specificity.
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The lack of an A-domain in atToc90 may allow it to act with less specificity in more than one

import pathway.

toc90-1 toc90-2 toc90-3
LB LB LB LB

AF :f/ atToC90 I Siop bl
_H

Figure 2.1: Schematic diagram showing the structure of the Arabidopsis Toc90 gene and the location of

each T-DNA insertion.

atToc90 has three mutant alleles: toc90-1, toc90-2 and toc90-3. Black boxes represent the exons while
the untranslated regions are represented by white boxes. The thin lines between the boxes represent the
introns. ATG is the translation initiation codon. LB, represents the left border T-DNA insertion site and

p(A) represents the polyadenylation site.
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Figure 2.2: PCR gel analyses of the toc90-1 toc120-2 double mutant.

DNA was extracted from nine F1 toc90-1 toc120-2 plants (leaves) to confirm their zygosity. In the left
side of the figure a PCR (PCR 1) was conducted to confirm the T-DNA insertion of atTOC120. The
primers were used for this PCR was FISH2 and toc120-F as it is indicated in the right part of the first
PCR. The expected size is 650 bp as it is shown in the left part. Five out of nine samples indicated that
they have the atTocl120 T-DNA insertion. To further examine if the plants are homozugous,
heterozygous for the atTOC120 or wild-type, a second PCR was conducted (PCR 2). The primers were
used for PCR 2 were toc120 RT-F and toc120 RT-R with the expected size to be at 620 bp. The results
showed that samples 1, 2, 3, 5 and 6 were homozygous for the atTOC120. Sample 4, 7, 8, and 9 were
wild-type and sample 10 was used as a control and was H,O. In the right side of the figure appear the
results of the testing; in the upper part which samples have the T-DNA insertion of atTOC90 by using the
LB3 and toc90 RT-F primers with an expected size of 785 bp , and in the lower part in PCR 2 was tested
the zygosity. The primers which were used in PCR 2 was toc90 RT-F and toc90 RT-R with an expected
size of 1.1 kb. The results showed that samples 1 to 7 were homozygous, samples 8 and 9 were wild-type
and sample 10 was the control (H,0). From all the above was concluded that samples 1, 2, 3, 5, and 6

were the double homozygote toc90-1 toc120-2 plants.
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Figure 2.3: The tooc90 knockout mutation does not interact genetically with many other TOC

component mutations.

Homozygous single and double mutants (24 days old). Plant were germinated in vitro and transferred to

soil after 14 days of growth on Murashige and Skoog medium (MS).
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Figure 2.4: Characterization of the toc90-1 toc159 double knockout mutant.

(a) Phenotypic analysis of the toc90-1 toc159 double mutant. Single and double mutants were grown
together on 3% sucrose for 32 days. (b) Chlorophyll levels show a clear difference between the single
knockout mutant, toc159, and the double homozygote, toc90-1 toc159. Chlorophyll measurement was
performed photometrically following extraction in dimethylformamide (DMF); 30 plants from each
genotypes were selected for this experiment and the chlorophyll concentration is presented in nmol/mg

tissue. The experiment was repeated more than two times.
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Figure 2.5: Characterization of the toc90-1 toc132-2 toc120-2 triple homozygous mutant. (A) Upper
photo is revealing the phenotypic differences between the toc90-1 triple mutant and the appropriate
controls. Lower photo shows a repeat of the experiment with the toc90-3 allele, confirming the results
obtained with the toc90-1. All the genotypes have been grown for 12 days in MS media and then
transferred in petri-dish plates containing 3% of sucrose. The age of all the genotypes is 32 days after
emergence. (B) Chlorophyll data revealing the clear difference between the toc90-1 and toc90-3 triple

mutant and the appropriate controls. Chlorophyll measurements were performed using the DMF method.
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Figure 2.6: Characterization of the toc90-1 toc132-2 toc120-2 triple heterozygous mutant.

(A) Upper photo is revealing the phenotypic differences between the toc90-1 triple mutant and the
appropriate controls. Lower photo shows a repeat of the experiment with the toc90-3 allele, confirming
the results obtained with the toc90-1. All the genotypes have been grown for 12 days in MS media and
then transferred in petri-dish plates just MS media. The age of all the genotypes is 32 days after
emergence. (B) Chlorophyll data revealing the clear difference between the toc90-1 and toc90-3 triple
mutant and the appropriate controls. Chlorophyll measurements were performed using the DMF method

when all the genotypes were 12 days.
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Figure 2.7: Characterization of the toc90-1 toc159 toc120-2 triple homozygous mutant.

(A) Upper photo is revealing the phenotypic differences between the toc90-1 triple mutant and the
appropriate controls. Lower photo shows a repeat of the experiment with the toc90-3 allele, confirming
the results obtained with the toc90-1. All the genotypes have been grown for 12 days in MS media and
then transferred in petri-dish plates containing 3% of sucrose. The age of all the genotypes is 32 days
after emergence. (B) Chlorophyll data revealing the clear difference between the toc90-1 and toc90-3
triple mutant and the appropriate controls. Chlorophyll measurements were performed using the DMF

method. Chlorophyll measurements were performed using the DMF method when all the genotypes were
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Figure 2.8: Characterization of the toc90-1 +/toc33 toc34-2 triple heterozygous mutant.

(A) Upper photo is revealing the phenotypic differences between the toc90-1 triple mutant and the
appropriate controls. Lower photo shows a repeat of the experiment with the toc90-3 allele, confirming
the results obtained with the toc90-1. All the genotypes have been grown for 12 days in MS media and
then transferred in petri-dish plates containing 3% of sucrose. The age of all the genotypes is 24 days
after emergence. (B) Chlorophyll data revealing the clear difference between the toc90-1 and toc90-3
triple mutant and the appropriate controls. Chlorophyll measurements were performed using the DMF

method when all the genotypes were 12 days.
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Figure 2.9: RNA levels for the 35S-atTOC90 full length in the background of toc159.

(A) Twenty microgram samples of total RNA isolated from the toc159 mutant transgenic lines were
analysed by RT-PCR. Total RNA was extracted from 14 day old transgenic seedlings and wild-type
grown in vitro. PCR reactions were designed to identify the levels of transgene overexpression. elF4E
was used as a loading control. PCR was terminated after 22 cycles for elF4E and 28 cycles for atTOC90.
After electrophoresis and staining the bands were quantified using AIDA software. (B) Relative levels of

expression of 35S-atToc90 were normalized to eiF4E and to wild-type.
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Figure 2.10: RNA levels for the 35S-atTOC90 in the background of toc132-2 toc120-2.

Analysis of the toc132 toc120 transgenic lines was conducted in similar fashion. (A) Twenty microgram
samples of total RNA isolated from the toc159 mutant transgenic lines were analysed by RT-PCR. Total
RNA was extracted from 14 day old transgenic seedlings and wild-type grown in vitro. PCR reactions
were designed to identify the levels of transgene overexpression. elF4E was used as a loading control.
PCR was terminated after 22 cycles for elF4E and 28 cycles for atToc90. After electrophoresis and
staining the bands were quantified using AIDA software. Samples 24 and 25 are transgenic lines in the
truncated form of atToc90 and were included as controls. (B) Relative levels of expression of 35S-

atToc90 were normalized to eiF4E and to wild-type.
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Figure 2.11: Phenotypic and mRNA analysis together of the 35S-atTOC90 lines in the background of
toc159 and toc132-3 toc132-3; +/toc120-2.

(A) Representative 35S-atTOC90 full length (S2-3, S8-5) and 35S-atTOC90 truncated (8-1) line in the
toc159 background (Kubis et al. 2004) growing alongside the single toc159 knockout mutant are shown.
Plants were grown on Murashige and Skoog medium with 0.5% sucrose. Also, representative 35S-
atTOC90 full length (P5, P20) into the toc132-3 toc132-3;+/toc120-2 background, growing alongside
with the double toc132-3 toc132-3;toc120-2toc120-2 homozygote plants and the 35S-atTOC90 truncated
form (2-4) of atToc90 in the same background. (B) 35S-atTOC90 toc159 homozygous plants were

transferred to soil and they can grow to maturity and produce new seeds.
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Figure 2.11: Phenotypic and mRNA analysis together of the 35S-atTOC90 lines in the background of
toc159 and toc132-3 toc132-3; +/toc120-2

(a) Total RNA was extracted from transgenic 35S-atTOC90 plants of the two backgrounds, along with
wild-type, that had been grown for 14 days in vitro. RT-PCR was constructed using Toc90 primers
designed to identify just transgene overexpression, and the bands were normalized to elF4EL1. PCR was
terminated after 26 cycles for Toc90, and 22 cycles for elF4E1l. The graph below the PCR results
represents the overexpression levels normalized to elF4E1 and to the wild-type levels. (b) represents the
overexpression levels normalized to elF4E1 and to the wild-type levels(c) Total protein was extracted
from plants of the same transgenic lines. Thirty micrograms of protein was loaded and stained with
Coomassie Brilliant Blue R250 to confirm equal loading. Immunoblotting analysis of total protein
extracts was performed using an antibody specific to atToc90. F.L denotes the full length construct
(H4C112); T denotes the truncated construct R2L46g05). (d) Chlorophyll levels indicate the similarity in
the chlorophyll levels between the full length construct and the truncated construct in the background of
toc132-3 toc132-3; +/toc120-2
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Chapter 3

Purification and characterization of TOC complexes
containing atToc33 and atToc34 from Arabidopsis
chloroplasts.
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3.1 Introduction
3.1.1 Multiple isoforms of the TOC receptors in Arabidopsis thaliana.

Chloroplast protein import is facilitated by multimeric translocation complexes in the outer
envelope (TOC complex) and the inner envelope (TIC complex). In Arabidopsis there are
two homologues for Toc34, atToc33 and atToc34, and four Toc159 homologues, atToc159,
atToc132, atToc120 and atToc90, as it was described in the Introduction. Utilising knockout
mutants for each of the different homologues, Kubis et al. (2003;2004) and Constan et al.
(2004) conducted comprehensive and comparative studies of the two Toc34 and four Toc159
homologues. Using import studies, proteomics and transcriptomics, the understanding of the
substrate specificity of the chloroplast protein import was advanced significantly. Detail
characterization of the ppil mutant, the atToc33 knockout mutant, showed that it is
specifically defective in the expression, import and accumulation of photosynthetic proteins,
suggesting a higher importance of atToc33 for the import of photosynthetic precursors. In the
same way, Toc34 is thought to have specificity for non-photosynthetic proteins, while the
Toc159 homologues exhibit similar specialization. Detailed genetic studies of the Toc159
homologues revealed that the toc132 toc120 double homozygotes exhibit a severe phenotype
that is superficially similar to ppi2 (the atToc159 knockout), indicating that an important role
is shared by the atTocl32 and atTocl20, which is distinct from that of atTocl59. In
agreement with this overexpression of atTOC159 failed to rescue the toc132 toc120 double
mutant, whereas overexpression of either atTOC132 or atTOC120 could (Kubis et al., 2003;
Kubis et al., 2004; Constan et al., 2004). The atToc159 isoform is believed to act with
atToc33 in photosynthetic preprotein import, whereas atTocl32 and atTocl20 act with

atToc34 in non-photosynthetic import.

All the above strongly support a model whereby the different Toc34 and Toc159 isoforms
exhibit specialized functions in the import of subsets of precursors. The existence of distinct
receptor systems may ensure that the import of less abundant, but equally important non-
photosynthetic, constitutive precursors is not out-competed by the bulk flow of highly

abundant, photosynthetic proteins (Jarvis and Robinson, 2004).

In this chapter | aimed to investigate the composition of distinct TOC complexes using the
Tandem Affinity Purification (TAP) method, which allows the efficient purification of
protein complexes under native conditions (Puig et al., 2001; Rigaut et al., 1999). By tagging
atToc33 and atToc34 | was expecting to elucidate the association preferences of the various
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TOC component isoforms, and the composition of the different TOC complexes which was

mentioned above.

3.1.2 TAP (Tandem Affinity Purification) — tagging.

The method of TAP (tandem affinity purification)-tagging allows a high yield, high purity
and rapid purification of protein complexes by the use of a small protein or peptide attached
to the target protein (Rohila et al., 2004; Puig et al., 2001). The TAP tag contains the
calmodulin binding peptide (CBP), a tobacco etch virus (TEV) protease site, and tandem
protein A domains (ProtA) (Fig. 3.3). The CBP tag allows efficient selection and specific
release from the affinity column under mild conditions. In contrast, ProtA can only be
released from matrix-bound 1gG under denaturing conditions at low pH. Therefore, a specific
TEV protease recognition sequence is inserted (Dougherty et al., 1989), which has been
shown to allow proteolytic release of the bound material under native conditions (Senger et
al.,, 1998). A fusion cassette encoding CBP, a TEV cleavage site, and a ProtA was

constructed and named the tandem affinity purification (TAP) tag (Rigaut et al., 1999).

The TAP method involves the fusion of the TAP tag to the target protein and introduction of
the construct into the host cell or organism, maintaining the expression of the fusion protein
at its natural level. In other words, this two step purification method (Fig. 3.4) includes first
the binding of the ProtA of the fusion protein into the 1gG beads. After washing, the fusion
protein will be incubated with TEV protease which will release later the target protein by
cleavage under native conditions. The second step consists of the incubation of the eluted
protein in a calmodulin-coated beads in the presence of calcium, before the release of the
purified complex with EGTA (for a detailed description, see Materials and Methods).

For my work, was used the modified TAP vectors that have been described by Rohila et al.
(2004), which are specifically optimized for use in plants. In most of my experiments, it was
found that first stage purification using the Protein A domain and 1gG matrix was sufficient,
and that the second stage CBP-based purification (Fig. 3.4) was not necessary.
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3.2 Results
3.2.1 Generation of transgenic plants expressing TAP tagged atToc33 and atToc34

For the TAP-tagging experiments the Toc34 receptor component of the core TOC complex
was selected, (which as mentioned above has two homologues, atToc33 and atToc34) along
with the fourth homologue of Toc159, atToc90. The atToc33 knockout mutant, ppil, has a
pale phenotype and aberrant chloroplasts. The atToc34 knockout mutant, ppi3, has no visible
phenotype in aerial tissues, but root growth is retarded, indicating a relatively higher
importance of this isoform in non-photosynthetic tissues. The atToc90 knockout mutant as it
shown in Chapter 4, does not display any abnormal visible phenotypes. Nonetheless, the
genetic experiments (specifically the triple mutants, toc90 toc33 toc34, toc90 toc132 toc120,
and toc90 toc159 toc120) suggested a functional redundancy of atToc90 and homologues of
both Toc34 and Toc159.

To generate the transgenic plants, were used the Gateway-based plant TAP vectors (Rohila et
al., 2004). These vectors can be used to generate N-terminal (DNTAPi) and C-terminal
(pCTAPI) fusions. Constructs encoding fusions between atToc33 and atToc34 and an N-
terminal TAP-tag were generated by using Gateway technology, cDNAs of the two genes,
and the pNTAPi vector. All constructs have been transformed using the floral dip method
(Clough and Bent, 1998) into the respective knockout mutants, ppil (toc33) and ppi3-2
(toc34). Because ppi3 does not have an obvious phenotype in aerial tissues, the atToc34-
NTAPI was also transformed into ppil plants, to confirm the functionality of the constructs.
The vector carries the CaMV 35S promoter, so an overexpression of atToc34 is sufficient to
mediate ppil complementation (Jarvis et al., 1998). This provided a confirmation that the

atToc33 construct was functional.
3.2.1.1 Characteristics of plants expressing Toc33-NTAPi and Toc34-NTAPI.

Gentamycin and kanamycin resistant T1 seedlings were screened by PCR to detect both the
ppil T-DNA insertion and the Toc33-NTAPi transgene, and the ppi3 T-DNA and the Toc34-
NTAPI transgene, respectively. Gentamycin resistance was used as a selectablemarker for the
construct and kanamycin as a selectable marker for the ppil and ppi3 T-DNA insertions.
Western blots were performed using peroxidase anti-peroxidase (PAP) antibody, which
recognizes the protein A domain, for both TAP transgenic lines and, using anti-atToc33, and
anti-atToc34 for the Toc33-NTAPi and Toc34-NTAPi lines, respectively. The immunoblots
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produced signals at the expected sizes: 55 kDa for Toc33-NTAPi and 56.9 kDa for Toc34-
NTAPI. T1 generation plants expressing Toc33-NTAPi and Toc34-NTAPi were selected and
grown to produce seeds. Resulting T2 gentamycin-kanamycin resistant lines were grown on
soil under normal growth conditions to perform chlorophyll measurements for the atToc33

lines or to measure root growth for the atToc34 lines (Fig. 3.1)

Chlorophyll was measured with DMF method, when atToc33-NTAPi plants have been 10
days after emergence, using wild-type and ppil as controls. The measurements revealed
similar chlorophyll amounts in Col-0 and the atToc33-NTAPI transgenic lines. These results
indicated that Toc33-NTAPi had complemented the ppil phenotype. Toc34-NTAPi seedlings
were growing vertically for 14 days alongside with wild-type and ppi3. The results indicated
that atToc34-NTAPI plants have complemented the retarded phenotype in root growth of the
ppi3 mutant (Fig. 3.4).

3.2.2 Small scale TAP tagging

Resulting T2 resistant lines in the selective resistant markers (see 3.1.1 and 3.1.2) were grown
on petri dishes for 14 days after emergence to perform a small-scale purification of the TAP
tag complex. The selected lines for chloroplast isolation were Toc33-NTAPi G2, Toc34-

NTAPi G7, and Col-0 (wt plants) were used as control.

Chloroplast isolation was performed as described by Kubis et al. 2008 (see Material and
Methods). Always was used fresh chloroplasts but frozen chloroplasts have been used in a
same small scale TAP tagging and shown to work as well as fresh chloroplasts (data not
shown). The starting amount of the fresh chloroplasts for each sample was 40 x 10°
chloroplasts, which is equivalent to ~2 mg of protein. TAP tagging was performed (see
Materials and Methods) in the following steps: (a) solubilization of the chloroplasts in
solubilization buffer with 1% dodecyl-B-D-maltoside (DDM) plus protease inhibitors, (b)
binding of the fusion protein with associated proteins to 1gG beads for 2 hours in a cold room,
(c) washing thoroughly for several times with 0.3% DDM plus protease inhibitors before
incubating overnight with TEV protease, (d) before elutions, Ni-NTA was incubated to the
samples for 30 minutes to bind the His-tagged TEV enzyme and final step (e) elutions of the

samples.

After performing TAP purification all the collected samples were subjected to immunoblot

analysis using antibodies raised against atToc33, atToc159 and atToc75 to detect whether
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these TOC proteins co-purified with the TAP fusion proteins (Fig. 3.5). In my small scale
TAP tagging experiments the goal was to optimize the purification method and then complete
the basic complex characterization. The small scale experiments were performed several
times using only the atToc33-NTAPiI lines, and methodological improvements were achieved
until finally the method was optimized and was ready for scaling-up procedure using more
chloroplasts. The methodological improvements consists of;, making our own home made
IgG beads (following Pfanner laboratory protocol), instead of using 1gG Sepharose 6 Fast
Flow (GE Healthcare), usage of His-tagged TEV and not the commercial ProTEV (Promega),
and finally adding Protein A Sepharose 4 Fast Flow (GE Healthcare) beads into the TEV
eluted samples. This application had as a result to minimize the intensity of the heavy chain

IgG, which are visible in Silver staining gels in the area of 50 kDa (Fig. 3.8).
3.2.3 Large scale TAP tagging

To perform a large scale TAP tagging experiment to enable proper characterization of the
TOC complexes, a much larger number of chloroplasts was isolated (see Materials and
Methods) from 14-day-old atToc33-NTAPi (33N) G2, atToc34-NTAP (34N) G7, and wild
type Col-0 seedlings. The number of chloroplasts which was used in such large scale TAP

tagging experiment was 550 x 10° chloroplasts, which is equivalent to ~27.5 mg of protein.

() atToc33-NTAPi G2 analysis:

Typical results for the atToc33-NTAPi analysis are shown in figure 3.6 and the whole
technique is well described in Chapter 5 (Materials and Methods). Immunoblotting using
atToc33 antibody showed a strong signal at a molecular mass of 55 kDa as was expected for
the atToc33-TAP fusion protein. It was clear from the immunoblot that the binding step was
successful as only a faint band appears in the post-binding lane. In the TEV eluate, a clear
strong signal was detected at 40.1 kDa indicating the appearance of atToc33-CBP. In the final
elution with SDS buffer essentially no band was detected either at 55 kDa or 40.1 kDa
demonstrating that the purification was successful. As a negative control, chloroplast sample
from Col-0 wild type was used, and with this | detected only a band at 33 kDa (corresponding

to native atToc33) and only in the total solubilized lysate and post-binding samples (Fig. 3.6).

In the same experiment other antibodies were used: atToc159, atToc90, atToc75, atTicl110,
atTic40 and LHCP (Fig. 3.6). The first two antibodies (atToc159 and atToc75-111) are against

known partners of atToc33 in TOC complexes, and so were used to demonstrate the
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successful isolation of atToc33 complexes. The third antibody (atToc90) is against the
protein of primary interest to me, as my thesis aims is to elucidate the function of this protein.
The antibodies against Tic11l0 and Tic40 were used to assess whether TOC-TIC
supercomplexes were isolated in my experiment, while the LHCP antibody was used as a
negative control as this thylakoid protein should not be detected in TOC complexes. The
results with atTocl59 and atToc75-1l1 antibodies clearly indicated the success of the

experiment, as clear bands were visible in the TEV eluate (Fig. 3.6).

Interestingly, atToc90 is presence with a good visible band at 100kDa in the TEV elution
sample. LHCP antibody was used as a control. Immunoblotting using a-atTicl110 and o-
atTic40 could detect a good band in the starting material and unbound protein samples, and a
faint band was detectable in the TEV eluate of the Toc33-NTAPiI but not in the wild type.
This indicated that some TOC-TIC supercomplexes had been isolated. As expected, the
LHCP protein was absent from the eluates, clearly indicating the specificity of the
experiment. All the Western blots were repeated more than three times for the results to be

confirmed.

(b) atToc34-NTAPi analysis:

Typical results for the atToc34-NTAPi analysis are shown in figure 5. The same procedure
was performed for the atToc34-NTAPi G7 transgenic line. Immunoblotting using atToc34
antibody (Agrisera) showed a strong signal at a molecular mass of 56.9 kDa as was expected
for the atToc34-TAP fusion protein in the starting material. A faint band in the unbound
protein sample indicated that the binding step with the IgG beads was successful. In the TEV
eluate a clear band at the size of 41 kDa indicated the presence of atToc34-CBP (Fig. 3.7),
while in the final elution with SDS buffer no band was visible, indicating that TEV elution
was successful. Unfortunately, there was no visible band corresponding to the native atToc34
protein to wild type samples. This might have been due to the antibody being rather weak or
the fact that atToc34 a much less abundant protein than atToc33 making it less easy to be
detected.

As previously described in paragraph (a), other antibodies were used in the same experiment
to detect other TOC-TIC proteins that may have been co-purified. Among those was tested
were atTocl32, atTocl120, atToc90, atToc75, atTicl10, atTic40 and LHCP (Fig. 3.7). The
atTocl32, atToc120 and atToc75-111 proteins are all known partners of atToc34, and so these
antibodies were used to confirm the isolation of atToc34 complexes. The results clearly
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indicated that all of these proteins were present in the atToc34-NTAPi TEV eluates. As with
the atToc33-NTAPi experiment (Fig. 3.8), the TIC protein antibodies indicated that some
TOC-TIC supercomplexes had been isolated, while the absence of the thylakoid LHCP
protein from the TEV eluate sample clearly indicated the specificity of the experiment.

Again, most interestingly, atToc90 was present with a good visible band, although it was
fainter than the band present in the atToc33-NTAPi TEV eluate sample (Fig. 3.7).

3.2.4 Silver staining and colloidal coomassie blue

After detailed immunoblotting analysis of samples were analysed by SDS-PAGE, followed
by Silver and colloidal Coomassie staining techniques (see Materials and Methods) (Fig. 3.8).
This was done in order to visualise the different proteins within the TEV eluted proteins for
mass spectrometric analysis. In both staining methods, two bands corresponding to the 19G
heavy and light chains, at around 50 kDa (faint) and 25 kDa (stronger signal) respectively,
appeared in the TEV eluates. In addition to these bands, several other bands were observed in

the silver stained gels (Fig. 3.8).

Areas of the colloidal Coomassie stained gels (with the same loading order as the silver
stained gels) were excised and sent for the mass spectrometric analysis after digestion of the
proteins with trypsin (detail analysis in section 3.2.5). Areas that were selected and excised

for mass spectrometry are indicated in Table 1.
3.2.5 Mass spectrometric protein identification

To enable identification of the atToc33-NTAPi and atToc34-NTAPi associated proteins, a
large scale TAP tagging purification was enabled as described above (see Section 2.3)

followed by proteomics analysis.

Proteomics was carried out by the University of Leicester Proteomics Facility (PNACL,
University of Leicester). Bands of interest were excised from the gel, and in-gel trypsin
digestion was carried out upon each (Speicher et al. 2000). Each slice was destained using
200mM ammonium bicarbonate/20% acetonitrile, followed by reduction (10 mM
dithiothreitol, Melford Laboratories Ltd., Suffolk, UK), alkylation (100 mM iodoacetamide,
Sigma, Dorset, UK) and enzymatic digestion (sequencing grade modified porcine trypsin,
Promega, Southampton, UK) using an automated digest robot (Multiprobe 1l Plus EX, Perkin

Elmer, UK). After overnight digestion, each sample was acidified using formic acid (final
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concentration 0.1%), and analyzed either by MALDI-ToF mass spectrometry or by LC-
MS/MS.

LC-MS/MS was carried out using an RSLCnano HPLC system (Dionex, UK) and an LTQ-
Orbitrap-Velos mass spectrometer (Thermo Scientific). Samples were loaded at high flow
rate onto a reverse-phase trap column (0.3mm i.d. x Imm), containing 5um C18 300 A
Acclaim PepMap media (Dionex) maintained at a temperature of 37 °C. The loading buffer

was 0.1% formic acid / 0.05% trifluoroacetic acid in water.

Peptides were eluted from the trap column at a flow rate of 0.3 pl/min and through a reverse-
phase capillary column (75um i.d. x 250mm) containing Symmetry C18 100 A media
(Waters, UK) that was manufactured in-house using a high pressure packing device (Proxeon
Biosystems, Denmark). The output from the column was sprayed directly into the nanospray

ion source of the LTQ-Orbitrap-Velos mass spectrometer.

The LTQ-Orbitrap-Velos mass spectrometer was set to acquire a 2 microscan FTMS scan
event at 30000 resolution over the m/z range 400-1800 Da in positive ion mode. Accurate
calibration of the FTMS scan was achieved using a background ion lock mass for
polydimethylcyclosiloxane (445.120025 Da). Subsequently up to 20 data dependent CID
MS/MS were triggered from the FTMS scan and performed in the LTQ-Velos ion-trap. The
isolation width was 2.5 Da, normalized collision energy 35.0, Activation Q 0.25, Activation

time 10 ms. Dynamic exclusion was enabled.

The raw data file obtained from each LC-MS/MS acquisition was processed using the
Raw2MSM application (Olsen et al. 2005). Each file was in turn searched using Mascot
(version 2.2.04, Matrix Science Ltd.) against the UniProtkKB/Swissprot database. The peptide
tolerance was set to 5 ppm and the MS/MS tolerance was set to 0.6 Da. Fixed modifications
were set as carbamidomethyl cysteine, and variable modifications were set as oxidised
methionine. The enzyme was set to Trypsin/P and up to 3 missed cleavages were allowed. A
decoy database search was performed.

Data was further processed using Scaffold (Searle and Scaffold, 2010) (version 3.0.9,
Proteome Software). The Mascot.dat files were imported and searched using X!Tandem®
(version 2006.9.15.4, The Global Proteome Machine Organization). PeptideProphet (Keller et
al. 2002) and ProteinProphet (Nesvizhskii et al., 2003) (Institute for Systems Biology)

probability thresholds of 95% were calculated from each of the Mascot and X!Tandem decoy
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searches and Scaffold was used to calculate an improved 95% peptide and protein probability

threshold based on the data from the two different search algorithms.

Data received from the peptide analysis of each gel section or slices are presented in Table 1.
The peptide profile showed some interesting results based on the model for substrate-specific
protein import pathways. First, the mass spectrometry results actually confirmed the
immunoblot data presented in Fig. 4. The most interesting results that is and be worthy of
further analysis and discussion are that: (i) atToc132, atToc120 and atToc90 were co-purified
with atToc33-NTAPi; (ii) atToc159 and atToc90 were co-purified with the atToc34-NTAPI.
The high number of peptides identified indicates that this is not a mistake. This procedure

was repeated more than three times to be sure that the results are accurate and reliable.

3.3 Discussion

By performing immunoblot analyses, | showed that atToc159, atToc75-111 and atToc90 could
be co-purified with atToc33-NTAPi. These findings were also confirmed by mass
spectrometric analysis. Since not atToc33 but atToc34 was proposed to interact preferentially
with atTocl32 and atTocl20 (lvanova et al., 2004), it is interesting that the mass
spectrometry results showed that both atTocl32 and atTocl20 were co-purified with
atToc33-NTAPI.

| have also performed TAP tagging with atToc34-NTAPi. Immunoblot analysis showed that
atTocl32, atToc120, atToc75-111 and atToc90 were co-purified with atToc34-NTAPi. Mass
spectrometric analysis confirmed these findings. Most interestingly, | was able to detect
atToc90 in these complexes. It is also noteworthy that atToc159 was unexpectedly detected in
the atToc34 complexes by mass spectrometry.

My results indicate that the substrate specific import pathways model that was presented in
the Introduction may not be entirely accurate. One possible explanation is that, while the
different receptor isoforms may indeed have distinct client specificities, they perhaps are
nonetheless associated together in large mixed TOC complexes. Another possible explanation
is that the use of the strong, constitutive 35S promoter to drive expression of the TAP fusions
in my work led to association of the fusion proteins with TOC components that they would
not normally associate with in the wild type. Having said that, great care was taken when

generating the TAP lines to select only those transformants that express the fusions at levels
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close to the native level. Indeed, my own data (not shown) suggested that the fusion proteins

are not strongly overexpressed.

Interestingly, in both TEV eluates | could detect some Tic110 and Tic40. After repeating the
experiment several times | concluded that this result as not due to a contamination. However,
my mass spectrometric results did not identify either TIC protein (or any chaperones) in the
TEV eluates; Tic110 is known to recruit the chaperones Hsp93 and Cpn60 with the help of
Tic40 (Kovacheva et al., 2007; Kessler and Schnell, 2006). Nonetheless, my immunoblot
results suggest that |1 was able to purify at least some TOC-TIC supercomplexes, as was
reported previously (Nielsen, 1997; Kouranov et al., 1998).

Mass spectrometry analysis revealed the presence of a small portion of actin (only a small
number of peptides were identified) in the eluted TAP-tagged atToc33 protein complexes, but
not in the eluted TAP-tagged atToc34 complexes. Unfortunately, | was unable to confirm the
mass spectrometric results by immunoblotting because of a lack of the respective antibody. A
possible link between TOC proteins and actin is interesting. Recent results from Jouhet and
Gray, (2009), showed that there is an interaction between Toc159 and actin. Also, many other
TOC-TIC components were identified after co-immunoprecipitation with antibodies to actin.
The significance of this is uncertain but it may play a role in directing preproteins to the

chloroplast surface from the cytosol.

The most interesting outcome of this work from the perspective of my thesis is that atToc90
was clearly shown to associate with both atToc33 and atToc34 complexes, by both
immunoblotting and mass spectrometry. This is consistent with the genetic data presented in
Chapter 2, which suggested a role for atToc90 in photosynthetic and non-photosynthetic
protein import pathways. Equal amounts of chloroplasts were used to perform the large scale
TAP-tagging experiments. Comparing the immunoblot results suggested that atToc90 is more
abundant in the eluted TAP-tagged atToc33 protein complexes. However, as the
immunoblots were conducted on different occasions, the results are not strictly comparable.
In the future, it will be interesting to repeat the experiments simultaneously, to rigorously
assess whether atToc90 is more abundant in atToc33 complexes than in atToc34 complexes.
If true, this would be consistent with the notion that atToc90’s role is primarily concerned

with the import of photosynthetic preproteins (Hiltbrunner et al., 2004; Infanger et al., 2010).
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Figure 3.1: PCR gel analyses of atToc34-NTAPi G7 transgenic line.

DNA was extracted from nine T1 transgenic plants (leaves) to confirm their zygosity. In the upper part
of the figure a PCR was conducted to confirm the T-DNA insertion of atTOC34. The primers were used
for this PCR was LBal left border and toc34-F as it is indicated in the right part of PCR gel. The
expected size is 1.9 kb as it is shown in the left part. All the tested samples indicated that they have the
atToc34 T-DNA insertion. To further examine if the plants are homozugous, or heterozygous for the
atTOC34, a second PCR was conducted. The primers were used were toc34-F and toc34-R with the
expected size to be at 2.1 kb. The results showed that all the samples were homozygous for the atTOC34.

For control was used Col-0 sample and H,0.
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Figure 3.2: PCR gel analysis to confirm the function of atToc34-NTAPi G7 transgenic line.

DNA was extracted from nine T1 transgenic plants (leaves) to confirm the function of atToc34-NTAPI
G7. The primers were used for this PCR was 35S primer and toc34-R as it is indicated in the left part of
PCR gel. The expected size is 2.3 kb as it is shown in the right part. In all four tested samples indicated

that they are expressing the NTAP.
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Figure 3.3: Structure of TAP tag expression cassette and analysis of atToc33-NTAPi and atToc34-
NTAPI constructs.

(a) Schematic representation of a general NTAPi construct. The construct encoding fusions of the protein
of interest, in our case fusions between atToc33 and atToc34 and an N-terminal TAP-tag were generated
by using cDNAs of the two genes and the pNTAPI vector. The vector carries the CaMV 35S promoter.
NTAPI is consisted from an IgG binding domain of Staphylococcus aureus Protein A (ProtA), a tobacco
etch virus (TEV) proetease cleavage site and another 1gG binding domain, the calmodulin binding
peptide (CBP) (b) Phenotypic analysis of the atToc33-NTAPi G2 construct. Transgenic plants of this
NTAPI construct were growing in vitro for 14 days alongside wild-type and ppil plants. Results are
indicating that atToc33-NTAPi plants have complemented the ppil phenotype. The result was confirmed
after performing chlorophyll measurements with the DMF method in 10 days seedlings which showed
similar chlorophyll amounts between Col-0 and atToc33-NTAPi G2 (c) atToc34-NTAPi G7 plants were
growing vertically for 14 days alongside with wild-type and ppi3-2. The results show clearly that
atToc34-NTAPi G7 plants have complemented the retarded phenotype in root growth of the ppi3 mutant.
Root length was quantified by analysis of multiple independent images using SigmaScan Pro software
(SPSS Inc.). The values shown are means derived from approximately 8 individual measurements. Error

bars indicate standard deviation.
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Figure 3.4: Schematic overview of the TAP tagging method.

The protein A has a very high affinity for 1gG. The calmodulin binding peptide has high affinity for
calmodulin. An extract containing the TAP-tagged target protein is mixed with IgG affinity resin
before being incubated with TEV protease that will release the target protein by cleavage. This eluate
may be used for a second affinity step where the target protein will bind to calmodulin in the presence
of calcium, before release of the purified complex by EGTA which chelates calcium ions essential for

calmodulin binding (Dziembowski and Seraphin, 2004). (Taken from Puig et al.2001)
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Figure 3.5: Small scale TAP tagging experiment using the atToc33-NTAPi (33N) G2 transgenic line and

immunoblotting analyses of the results are shown.

Western blotting with atToc33 antibody shows a strong band for the atToc33-CBP protein at the
expected size (40.01 kD) and a strong band of atToc33-TAP (approx. 50 kD) in the total solubilized

lysate and post binding fractions for atToc33-NTAPi. | also identified a strong band corresponding to

atToc33-CBP in the SDS elution sample, indicating that the elution after TEV cleavage was not

complete. Native atToc33 were identified in the wild type total solubilized lysate and post-binding

samples only. Antibodies raised against atToc159 and atToc75-111 were used to confirm that other TOC

proteins can be co-purified with the TAP fusion proteins, indicating the successful purification of TOC

complexes
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Figure 3.6: Large scale TAP tagging experiment using the atToc33-NTAPi (33N) G2 transgenic line and

immunoblotting analyses of the results are shown.

Antibodies raised against TOC proteins were tested to confirm the co-purification of these proteins
together with the TAP fusion. First was tested the o atToc33 antibody which was detected in the first two
wild type samples Toc33 (TS and PBS) in the corresponding size. A strong band of atToc33-TAP
(approx. 50 kD) was detected as expected in the total solubilized lysate The binding of proteins (33N
PBS) had almost 100% efficiency and that allowed more proteins to elute after the TEV elution; the
atToc33-CBP protein at the expected size (40.01 kD). Although, was tested three more antibodies: a
atToc75, a atToc90, and a atTocl59. The most important among the findings was the detection of
atToc90. Bands are in the expecting size and can prove that Toc75, Toc90, and Toc159 are part of the
TOC complex. Finally, it was tested antibodies against two TIC proteins (atTic110 and atTic40). As a
negative control it was used the LHCP antibody. Abbreviations in the figure are defined as follows: TS,
total solubilisation; PBS, post binding solubilisation; TEV, TEV cleavage elution; SDS, 2 x LB elution.
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Figure 3.7: Large scale TAP tagging experiment using the atToc34-NTAPi (34N) G7 transgenic line and

immunoblotting analyses of the results are shown.

Antibodies raised against TOC proteins were tested to confirm the co-purification of these proteins
together with the TAP fusion. First was tested the o atToc34 antibody which was detected in the first two
wild type samples Toc34 (TS and PBS) in the corresponding size. A strong band of atToc34-TAP
(approx. 55 kD) was detected as expected in the total solubilized lysate. The binding of proteins (34N
PBS) had almost 100% efficiency and that allowed more proteins to elute after the TEV elution; the
atToc34-CBP protein at the expected size (41 kD). Although, was tested five more antibodies: o atToc75,
a atToc90, a atToc120, o atToc132, and a atToc159. The most important among the findings was the
detection of atToc90. Bands are in the expecting size and can prove that Toc75, Toc90, Toc120, Tocl32
and Tocl59 are part of the TOC complex. Finally, it was tested antibodies against two TIC proteins
(atTic110 and atTic40). As a negative control it was used the LHCP and FNR antibody. Abbreviations in
the figure are defined as follows: TS, total solubilisation; PBS, post binding solubilisation; TEV, TEV

cleavage elution; SDS, 2 x LB elution
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Figure 3.8: Silver and Coomassie staining of the TAP-tagged atToc33 and atToc34 complexes.

The TEV and SDS eluates were analysed by SDS-PAGE followed by silver (upper panel) and Coomassie
staining (lower panel). Staining with Coomassie could not give a good visualization of the TOC bands
because it is less sensitive than silver staining. Control eluates from Col-0O wild type were used as
negative controls. However, Coomassie stain is more compatible with mass spectrometry. Areas from
Coomassie stained gel were selected to be trypsin digested and made ready for mass spectrometry

analysis. Areas that were selected and excised for mass spectrometry are indicated in Table 1
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Table 3.1: Mass spectrometric analysis results for Toc33-NTAPi and Toc34-NTAPi.

TAP Protein kDa range | Accesion | no. of
transgenic | identification | of gel slice gene representative
lines number | peptides
33N-G2 | atTocl59 150-250 | At4g02510 | 278

kDa

atToc90 90-150 kDa | At5g20300 | 10

atToc132 100-250 At2g16640
kDa

atTocl120 100-250 | At3g16620 | 6
kDa

atToc75-111 75 kDa At3g46740 | 18

atToc33 30-50 kDa | At1g02280 | 11

Actin 1 130-250 | At1g49240 | 2
kDa

34N-G7 | atTocl59 150-250 | At4g02510 | 223

kDa

atToc90 90-150 kDa | At5g20300 | 9

atTocl120 100-250 | At3g16620 | 12
kDa

atToc75-111 60-80 kDa | At3g46740 | 14

atToc34 25-50 kDa | At5g05000 | 22
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Chapter 4

Possible involvement of the Arabidopsis atToc90
protein in leaf senescence
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4.1 Introduction

Here in this chapter, the aim was to elucidate the function of atToc90 and understand the
relationship that atToc90 has regarding leaf senescence. The idea of looking for a relationship
between the atToc90 and leaf senescence came after careful searches using Genevestigator
(http://www.genevestigator.com) (Zimmermann et al., 2004), a very useful and easy

accessible software tool for the analysis of publicly available gene expression data from
Affymetrix microarray experiments. Genevestigator is a high performance search engine for
gene expression. The high quality and well annotated data with high performance computing
allowed running queries across thousands of datasets simultaneously. Therefore, it was
interested to start looking which conditions affect the expression of atTOC90 comparing with
the other known TOC genes, as it shows in figure 4.1. Significant changes of atTOC90 gene
expression were observed in relation to senescence and osmotic treatments, line treatment
with high concentration of NaCl, jasmonic acid, abscisic acid (ABA), and low nutrient
supply. Though, as none of these treatments could show a significant change in my

experiments between the Toc90 knockouts and overexpressor lines (Fig. 4.1).

Few studies have shown any involvement of the TOC/TIC components in leaf senescence.
Niwa et al. (2004) have reported that, in an Arabidopsis thaliana mutant that lacks the
atTic40 protein, cotyledon cells contain undeveloped plastids, and that a proportion of these
are sequestered and partially degraded in the vacuoles. Such autophagy occurs under nutrient
starvation conditions to recover resources for the cell, but can also serve as a quality control
mechanism to remove abnormal organelles. It should be noted that it is quite possible that
osmotic stress is related to senescence. For the below described physiological experiments of
this chapter, was used three knockout mutants of atTOC90 (toc90-1, toc90-2, and toc90-3),
together with an overexpression 35S-atTOC90 transgenic line in the background of Col-0
constructed with the full length sequence of atTOC90 (see Chapter 2). As the control, was
used wild-type plants (Col-0 ecotype).

In some species such as Arabidopsis, leaf age can be used as a predictor of the timing of
senescence; the sequential senescence of rosette leaves coinciding with maximum
inflorescence development. During its life cycle, a rosette leaf progresses through distinct
developmental stages. Leaf chlorophyll and protein contents are often used as indicators of
leaf senescence. Chlorophyll degradation is the first visible symptom of senescence, but by
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the time yellowing of the leaf can be seen, the majority of the senescence process has

occurred (Buchanan-Wollaston et al., 2003).

Environmental and endogenous factors interact in the onset and progression of leaf
senescence. Environmental causes may accelerate leaf senescence by affecting physiological
aging, reproductive development, and hormone levels. Plants also have mechanisms whereby
leaf senescence can be induced by stresses such as nutrient availability, water deficit, and
high light.

Senescence proceeds gradually in leaves and is characterised by three distinct phases. First is
the initiation phase, the result of early signalling cascades that lead to changes in gene
expression. These signalling cascades will determine whether leaf senescence is induced
upon the stress conditions. These changes in gene expression lead to modifications in the
endogenous concentrations of plant regulators such as plant hormones (ABA and cytokinin),
reactive oxygen species (ROS) which by their localization and cellular concentration can
regulate the expression of senescence associated genes (SAGs). Second is the re-organization
phase where major metabolic and ultrastructural changes occur. These changes may include
chlorophyll degradation, decrease of cell integrity, and decrease of photosynthetic activity.
Last is the terminal phase of leaf senescence, thought to be the result of the accumulation of
cell death inducing factors that lead to complete loss of cell integrity and death. This phase

occurs only when nutrient remobilization has been accomplished.

Chloroplasts show the first symptoms of senescence associated decline in leaves. The
modifications that take place in chloroplasts include the distortion of grana, decrease of
chloroplast volume, and finally complete loss of chloroplast components (Krupinska et al.,
2006). It has been suggested that conversion of chloroplasts to gerontoplasts may be
reversible if the senescing tissue is exposed to an exogenous application of cytokinin to
favour greening (Olah and Masaricova, 1998). Degradation of chloroplast proteins within the
organelle is supported by the observation that chloroplasts contain a number of proteases, like
caseinolytic protease (CIpP), DegP and FtsH (Adam and Clarke, 2002).
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4.2 Results
4.2.1 Analysis of the atToc90 knockout mutants and an overexpression line

Three atToc90 knockout mutants were introduced briefly in Chapter 2. To assess the
importance of atToc90 for plant and chloroplast development, it was conducted a phenotypic
analysis of these mutants, as well as of an atToc90 overexpression line in the wild type
background. The overexpression line was generated using the 35S overexpression construct
carrying the full length atTOC90 cDNA that was described in Chapter 2. The relevant
overexpression transformant (line N1) was chosen after the careful analysis of approximately
20 transformants by RT-PCR (in much the same way that the overexpression lines in the
mutant background were selected in Chapter 2), and was identified as being the line giving
the highest level of overexpression (~8.5-fold higher than wild type) (data not shown).
Careful analysis of the knockout and overexpressor genotypes revealed that they all exhibit a
normal green phenotype like the wild-type, throughout development (Fig. 4.2A and 4.2B). To
confirm that | was working with the true knockout and overexpression lines, RT-PCR and
immunoblot experiments was conducted. From the results (Fig. 4.2C), one can see that both
atTOC90 mRNA and atToc90 protein are absent from the three knockout mutants, and
present at higher levels by comparison with the wild-type in the overexpression line (line
N1).

The phenotypes of the three homozygous atToc90 knockout mutants and the 35S-atTOC90
N1 transgenic line were further analyzed by making chlorophyll fluorescence measurements
(Fig. 4.3). When the plants were 22 days old, it was performed measurements on dark
adapted leaves using a continuous excitation fluorimeter (Handy PEA, Hansatech). The
obtained results showed no significant change in F,/Fn, (which provides an estimate of the
photosystem Il photochemical efficiency) or in the photosynthetic performance index (PI)
calculated using the Hansatech software, in any genotype relative to wild type (Fig. 4.3).
Chlorophyll measurements were not conducted with the SPAD meter, because SPAD
readings cannot show the photosynthetic performance. From the visible indistinguishable
phenotype was more or less expected that the chlorophyll levels to be the same for all
genotypes.

Thus, my initial observations revealed neither a visible abnormal phenotype nor a
photosynthetic defect in any of the lines, under standard growth conditions. As described in
the sections below, | therefore went on to analyze the plants under various different
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conditions that induce stress or senescence. For all these experiments | have used two of the
homozygous knockout mutants (toc90-1 and toc90-3) and one overexpression line (N1),

unless stated otherwise.
4.2.2 Jasmonic acid treatment

Originally identified in fragment oils, methyl jasmonate (MeJA) and its precursor jasmonic
acid (JA) were first shown to promote leaf senescence in detached oat leaves (Ueda and Kato,
1980). Jasmonates are widely distributed in plants as a class of plant growth regulators
(Creelman and Muller, 1997). They were found to be strong promoters of leaf senescence
(Chen et al., 1998; Ueda et al., 1981). Exogenously applied JA and MeJA led to decreased
expression of photosynthesis related genes, increased degradation of Rubisco, and rapid loss

of chlorophyll in barley leaves (Weidhase et al., 1987).

For the following experiments, both MeJA and JA were used. To investigate a potential role
of atToc90 in leaf senescence, the homozygous toc90 knockout mutants, the atToc90
overexpression line (N1), and wild-type plants was treated with JA. All the genotypes were
grown for 14 days under standard growth conditions (20°C; 16 hours light / 8 hours dark) side
by side on vertically oriented petri dishes, containing MS medium with or without 30 pum JA.
The expected pale, senescent phenotype was observed in all the genotypes (He et al., 2002).
Moreover, a short root phenotype was also observed in all the genotypes. Unfortunately,
although | was not able to establish a clear relationship between the application of JA and
senescence, no evidence for effect of atToc90 knockout or overexpression on the induced

senescence could be detected (Fig. 4.4).

It is possible that the growth of plants on JA from germination was too harsh a treatment to
detect potential subtle effects of the loss or overexpression of atToc90. JA is also known to
promote senescence in detached Arabidopsis leaves (He et al., 2002), while exogenously
applied MeJA generally has similar effects. Thus, it was analyzed the effect of MeJA in
detached leaves of the above mentioned genotypes. After plants were grown on soil for 28
days, rosette leaves were detached and placed in small petri dishes containing water, with or
without 100 um MeJA, and incubated in the dark for 4 days. At the end of the incubation
time, I noticed that the control leaves kept in only water had become paler, with clear signs of
senescence. Unexpectedly, the leaves treated with MeJA were greener and contained more
chlorophyll than the control leaves (data not shown). It is unclear why MeJA did not promote

senescence in this experiment, as previous work showed increased senescence in response to
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JA treatment under otherwise identical conditions (He et al., 2002). It is possible that better
results would be obtained if the experiment was repeated with JA instead of MeJA. However,
| decided to focus on dark treatment as a method for inducing senescence in my subsequent

work.
4.2.3 Induction of leaf senescence in attached darkened leaves

As was mentioned at the beginning of this chapter, during leaf senescence, cells undergo
many changes in metabolism and cellular structure. In Arabidopsis, some mutants have been
associated with delayed leaf senescence, which can be seen by observing visual progression
of leaf yellowing during incubation of detached leaves under dark conditions (Oh et al., 1997,
Woo et al., 2001). Some mutants can keep their green phenotype under such stress
conditions, and among them are the ore mutants and the pph mutant (see Chapter 1 for
further information on these mutants). The functionality of the leaves of such “stay green”

mutants can be assessed by measuring chlorophyll fluorescence.

Weaver and Amasino (2001) have reported that senescence can be induced in individually
darkened Arabidopsis leaves but not when the whole plants are incubated under darkness. To
investigate the role of atToc90 regarding senescence, | analysed the atToc90 knockout and
overexpression lines by covering attached rosette leaves. In this experiment, | also included
as a control the pph “stay green” mutant (Schelbert et al., 2009). After 14 days of growth in
vitro, plants were transferred to soil and grown until they were 24 days old. Developmentally
similar rosette leaves from all genotypes were then covered with aluminium foil for 4 days.
After the period of the dark incubation, the leaves were uncovered. Fig. 5 shows
representative leaves immediately after the dark incubation, together with control leaves

which had been left to grow under normal conditions.

Wild-type covered leaves showed a substantial yellowing implying that senescence had
occurred during the incubation. In fact, all the genotypes compared with their respective
controls showed a paler phenotype at the end of the dark treatment. Interestingly, the toc90
knockout mutants and the atToc90 overexpression line showed a less pronounced senescence
phenotype, although they did not display a “stay green” phenotype to the same extent as the
control pph mutant (Fig. 5A). To further characterize these phenotypic results, | conducted
chlorophyll measurements (Fig. 5B). In response to the dark treatment, the chlorophyll levels
of the wild-type had declined sharply (to <20% of the normal level). In contrast, the
chlorophyll decline in the toc90 knockout mutants was much less (to ~60% of the level in the
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controls), implying that senescence had progressed more slowly. It is surprising that the 35S-
atTOC90 N1 transgenic line also exhibited reduced senescence following dark treatment
(albeit to a lesser extent than in the toc90 knockout mutants), as one might have expected to
observe an opposite (or diametrically opposed) phenotype to that seen in the knockout
mutants. This suggests that an excess of atToc90 can interfere with the protein’s function in a
similar way to its absence. The experiment has been repeated several times, and it confirmed
that the attenuated senescence results are reproducible. It is also reassuring that two
independent toc90 knockouts gave identical results.

The next question | wanted to answer was whether the applied dark treatment was truly
inducing senescence. To address this question, RNA from similarly treated leaves
immediately was isolated after uncovering the leaves, and conducted RT-PCR analysis (Fig.
5C). It was expected that the less exposed to light the dark-treated leaves were, the more
accurate this experiment would be. In this work, was tested the senescence associated genes,
PPH and SAG12, as well as a gene encoding chlorophyll a/b binding protein (CAB) whose
expression declines during senescence. It is well known that SAG12 is a senescence specific
gene in Arabidopsis (Gan et al., 1995), and it has been used as a molecular marker for leaf
senescence. | also analysed the expression of the atTOC90 gene, while the translation
initiation factor gene elF4E1 was used as a control to normalize loading. For this experiment,

was used the gene specific primers listed in Table 1 (see Appendix).

In the wild type, expression of both PPH and SAG12 increased following dark treatment (Fig.
5C), supporting the notion that the treatment was inducing senescence. Similarly, the
expression of CAB was reduced in the wild type following dark treatment, as expected. More
interestingly, the dark-induced expression changes of SAG12 and CAB were attenuated in the
atToc90 knockout and overexpressor lines, just as they were in the pph “stay green” mutant
control. Puzzlingly, however, the opposite trend was observed for PPH, as its expression
increased even more in the atToc90 lines following dark treatment. In addition, as would be
expected on the basis of the Genevestigator data presented in Fig. 1, the expression of
atTOC90 was increased in the dark-treated leaves. Expression of atTOC90 was also elevated
in the pph mutant, regardless of the growth conditions, further suggesting a link between
atToc90 and senescence. Overall, these results indicate that the experimental conditions used
were appropriate, and support the notion of a special role for atToc90 in relation to

senescence.
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4.2.4 Light stress treatment

In their natural environment, plants are exposed to fluctuating high light intensities and
absorb high light energy. Excessive stimulation of the photosynthetic apparatus under high
light stress leads to the production of ROS and to the photooxidative damage of the
chloroplast (Szymanska and Kruk, 2010). In excess light-stressed plants, damaged
chloroplasts initiate retrograde signalling to the nucleus (Pogson et al., 2008; Nott et al.,
2004) to down-regulate the expression of photosynthetic genes and up-regulate stress defence
genes to moderate oxidative stress (Rossel et al., 2007; Rossel et al., 2002; Koussevitzky et
al., 2007). Thus, it can be seen that there is a degree of similarity between light stress

response and senescence.

In an attempt to provide further evidence of a physiological role for atToc90, knockout and
overexpressor plants were subjected to high light treatments. The plants were initially grown
under standard conditions, as in the other experiments. Then, | started the light stress
treatment when plants were 26 days old. Light stress treatment consisted of exposure of the
plants to 2000 umol/m?/s of white light for 4 hours daily, and it lasted for one week. At the
end of each exposure period, the plants were returned to light of normal intensity light (100
umol/m?/s). The test plants were grown alongside identical plants that were not treated with
high light, and these were used as controls for the comparative study. At the end of the light
stress treatment (after 7 days), | photographed the plants and determined the chlorophyll

levels of the treated and control plants (Fig. 6).

All high light-treated plants contained reduced chlorophyll levels by comparison with the
control plants. In contrast with the wild-type, where the reduction in chlorophyll content was
quite modest (~20%), the chlorophyll levels of the toc90 knockout mutants and the
overexpression line were considerable (~40%). This implies that the perturbation of atToc90
function reduces the capacity of the plant to deal with high light stress. It is interesting that,
once again (see Section 2.3 above), | have observed that the knockout mutants and the
overexpression line exhibit a similar phenotype under stress conditions, which as mentioned
above is not completely intuitive. Perhaps proper atToc90 functions relies on there being an
optimal concentration of the protein in the envelope. Although the phenotypic observations
(see photographs in Fig. 6) were not as clear as the chlorophyll measurements, the experiment

has been repeated more than two times, and the results were the same.
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4.2.5 Osmotic stress treatment

Stress tolerance in plants has long been described as a coordinated expression of certain
genes and the silencing of others (Hare et al., 1996). The expression of these genes is
influenced by several environmental factors (Foolad, 2004). The data presented in Fig. 1
suggested that the atTOC90 gene might have a role to play in response to osmotic stress.
Thus, I conducted experiments to determine whether exogenous application of mannitol or
polyethylene-glycol (PEG) has a different effect on the toc90 knockout mutants and the 35S-
atTOC90 overexpression line. Seeds of the above-mentioned genotypes were sown in petri
plates containing MS medium with different concentration of mannitol or PEG. The same
genotypes were also grown on MS medium lacking mannitol or PEG, and these were used as
controls. After stratification, the various petri plates were placed vertically in a growth
cabinet for 14 days under standard conditions. After two weeks growth | measured the roots
of both stressed and control plants and the results are shown in Fig. 7. The analysis revealed
progressive inhibition of root growth, as well as of overall plant size, for all genotypes as
concentration of the the osmotic stressing agent (mannitol or PEG) was increased. However,
there was not any significant difference between the wild type and the atToc90 knockouts or
the overexpressor. | measured root growth by analysing the photographs using SigmaScan
Pro software, and the results confirmed my phenotypic observations. The experiment was

repeated many times, and the results were found to be reproducible.

My conclusion from this experiment was that the toc90 mutants and the atToc90
overexpressor do not behave significantly differently from the wild-type under osmotic stress
conditions. Thus, | was not able to detect a significant role for the atToc90 protein in the
plant’s ability to deal with osmotic stress, despite what the Genevestigator data had suggested
(Fig. 1). 1 also tried different approaches, such as the rescue of young seedlings from stress
conditions to MS medium with no added mannitol or PEG, but all of the genotypes again

responded in identical fashion (data not shown).
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4.3 Discussion

The atToc90 protein is a member of the Tocl59 family of chloroplast protein import
receptors. While the other members of the family have well established roles in the import of
photosynthesis related preproteins (atToc159) or housekeeping preproteins (atToc132 and
atTocl120) (Jarvis, 2008), the function of atToc90 remains ill defined. To shed light on the
role of this protein, | identified and characterized atToc90 knockout mutants and an atToc90
overexpression line, but | could not detect any differences between them and the wild type

under normal growth conditions.

Leaf senescence is a genetically regulated developmental programme during which many
morphological, physiological and molecular events take place. One of the most obvious and
important symptoms of leaf senescence is the visible yellowing, which correlates with the
dismantling of chloroplasts, a reduction of chlorophyll content and photosynthetic activities,
and the degradation of RNA and proteins. Analysis of publicly available microarray data had
suggested a possible role for atToc90 in senescence. To investigate this possibility, |
compared atToc90 knockout mutants and an atToc90 overexpression line with the wild type
under various conditions that induce senescence or are somehow related to senescence. |
investigated how the plants respond to exogenously applied stress factors, JA and MeJA, dark
treatment, high light intensity stress, as well as osmosis stress (which also was suggested as a
possible role for atToc90 by the microarray data).

Upon germination of the plants on medium containing JA, a severely senescent phenotype
was observed in all genotypes, but unfortunately no difference could be observed between the
wild type and the various mutants and overexpressor lines. It was possible that this treatment
was too harsh, and so | then went on the use dark treatment to induce premature senescence
in attached leaves. | confirmed that darkness can induce senescence in individually darkened
leaves, and provided evidence that atToc90 plays a significant role in the process. Like those
of the well studied pph (Schelbert et al., 2009) (which lacks an enzyme of chlorophyll
breakdown called pheophytinase, responsible for dephytylating the Mg-free chlorophyll
derivative, pheophytin), the leaves of the toc90 mutants and the atToc90 overexpression line
remained quite green following dark treatment, unlike the wild type leaves which turned
yellow. This observation was supported by making chlorophyll measurements, while the
analysis of gene expression changes in the leaves provided additional support for a possible

special role of atToc90 during senescence.
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Further work will be required to elucidate the nature of this putative role, but one possibility
is that atToc90 is responsible for recognizing precursors of the many enzymes (e.g.
chlorophyll breakdown enzymes, proteases and nucleases) that are induced during senescence
and which presumably must be imported into the chloroplasts. In the future it will be
interesting to conduct import assays with such preproteins using chloroplasts isolated from
the toc90 knockout mutants (Aronsson and Jarvis, 2002). During the course of this work |
obtained antibodies from Professor John Gray (anti-LLS1 [lethal leaf spotl]) and Professor
Stefan Hortensteiner (anti-RCCR [red chlorophyll catabolite reductase]) (Gray et al., 2004;
Pruzinska et al., 2005) to look at the protein levels in the toc90 mutants by immunoblotting,
but the efficiency of the antibodies was not good and | did not obtain clear results. This
would be another interesting avenue of research to pursue. In the future it will be very
interesting to perform these and other similar assay to investigate and confirm that atToc90

indeed plays a crucial role in leaf senescence.

While no evidence for a role of atToc90 in the plant’s response to osmotic stress could be
found, high light stress treatments did reveal a difference between the atToc90 mutants and
wild type. In this case, however, rather than attenuating the chlorophyll reduction seen in the
wild type (which is what we observed following dark treatment, as discussed above), the
reduction of chlorophyll was even more pronounced in the mutants than in the wild type on
this occasion. Again, further work will be required to elucidate the basis for this difference,
but it is possible that the atToc90 receptor is required for the efficient import into chloroplasts
of proteins that enable them to deal with the ROS and other stresses that are created under
high light conditions (e.g. enzymes responsible for the biosynthesis of a range of antioxidant

compounds) (Szymanska and Kruk, 2010).

112



At5g16620 @ Acsg20300 @ ac3g16620 @ Acsgoso00

@ Acagososo @ rc2q16640 @ Ac2g06950 @ Ac1g02200 @ rcagozsio
atTocl59 At4g02510 Arabidopsis thaliana (treatment) <=3 2 3> # Arrays (exp/ctrl
atToc132  At2g16640 |- Biotic: M. persicae (s} [¢) /3
[~ Chemical: low Q02 (+) 4/2
atToc120 At3816620 = Stress: ocsmotic_green_late 6/6
atToc90 At5320300 [—Biotic: P. syringae 4 (avrRpml) 2/2
[~ Chemical: cycloheximide (+) 2/2
atToc75-III At3846740 [~ PCD: senescence @ 2/2
atToc75-IV At4809080 [= Nutrient: Nitrate_low 33
atToc33 At1302280 [ Nutrient: mannitol_2-4-6h /3
[~ Stress: salt_green late 6/6
at’I‘gc34 At5g0 5000 — Chemical: EP-Tu (e1226) 4/2
atTicl10 At1g06950 = Hormone: ABA_6 (+) 2/2
[= Hormone: ABA_7 (¢} 2/2
[~ Biotic: P. syringae_3 (+) 6/6
[~ Nutrient: P-_long-term 6/6
[= Stress: salt_roots_late 6/6
[ Biotic: P. syringae_l (+) 9/9
[= Nutrient: nitrate (45mM)_sucrose (30mM} 2/2
[~ Nutrient: lowN_glucose 3/3
= Chemical: prohexadione (+} 2/2
[~ Chemical: ozone_ 1 3
= Light intensity: photoperiod sh /9
== Biotic: Bemisia tabaci type B (+) 2/2
[ Biotic: P. syringae_4 (avrRpsd) 2/2
[~ Chemical: 6-benzyl adenine (+) 2/2
[= Stress: osmotic_roots_late 6/6
= Hormone: ABA_1 (e} 44
[~ Nutrient: K (-} 6/6

Figure 4.1: Analysis of the expression of major TOC and TIC genes using Genevestigator.

The AGI numbers of the TOC/TIC genes are provided at the left side of the figure, while colour
coding of the data points is indicated at the top. The results show that the atTOC90 gene (gray spots)
is significantly up-regulated in response to senescence, osmotic stress, and nutrient deficiency.
Experimental details about the relevant stresses were suggesting high expression of atTOC90 when
leaves were treated under dark conditions and in osmotic stress. For the osmotic stress were

suggested treatments with high percentage of NaCl, polyethyleneglycol (PEG), and mannitol.
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Figure 4.2: Visible phenotypes and molecular characterization of the three atToc90 knockout

mutants and a 35S-atTOC90 transgenic line.

Wild-type Col-0, the three atToc90 knockout mutants, and a 35S-atTOC90 overexpression line (line
N1) were grown side by side in vitro. (A) Typical 8 day old plants are shown; the images were taken
using a Zeiss dissecting microscope. After 14 days growth in vitro, the plants were transferred to soil.
The figure shows typical 22 day old plants on soil. The three knockout mutants and the
overexpression line exhibit the same green phenotype as the wild type. (B) Analysis of protein
expression; for immunoblotting, total protein was extracted from the same genotypes (grown for 14
days under similar conditions), and 20 pg samples were loaded per lane. After blotting to
nitrocellulose, analysis used a specific antibody raised against an atToc90 peptide. Samples of the
three atToc90 knockout mutants, wild-type and the atToc90 overexpressor were separated by SDS-
PAGE followed by Coomassie Brilliant Blue staining and used as loading control. (C) Analysis of
MRNA in the different genotypes. For the RT-PCR, 5 pg samples of total RNA isolated from
seedlings grown in vitro for 10 days in the light were each used to prepare a 20 pl reverse
transcription reaction. Then, 1 pl of this was used as template in a 20 pl PCR reaction, of which half
was loaded. PCR amplifications were performed using 23 cycles for elF4E1 and 32 cycles for
atTOC90.
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Figure 4.3: Analysis of photosynthetic parameters in the atToc90 knockout and overexpressor lines.

Wild-type Col-0, two atToc90 knockout mutants, and the 35S-atTOC90 overexpression line N1 were
grown side by side in vitro for 14 days, and then transferred to soil. After a total of 22 days growth,
chlorophyll fluorescence was measured using a continuous excitation chlorophyll fluorimeter (Handy
PEA, Hansatech). The parameters shown are F,/F, (A) and photosynthetic performance index, Pl
(B). The values shown are means derived from 2 individual measurements. Error bars indicate

standard deviation.
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Figure 4.4: Treatment of the atToc90 knockout and overexpressor lines with jasmonic acid.

Wild-type Col-0, two atToc90 knockout mutants, and the 35S-atTOC90 overexpression line N1 were
grown side by side in petri plates for 14 days under standard conditions, either on MS medium containing
30 uM jasmonic acid (JA) or on standard MS medium. At the end of the growth period, representative

plants from the control and JA-treatment plates were transferred to fresh plates for photography.
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Figure 4.5: Induction of senescence in individual attached leaves of the atToc90 knockout and

overexpressor lines by dark treatment.

(a) Typical dark-treated and untreated control leaves of wild-type Col-0, the pph “stay green” mutant,
two atToc90 knockout mutants, and the 35S-atTOC90 overexpression line N1 were detached from the
plants and photographed. Individual rosette leaves were covered with aluminium foil, and kept in the
dark for 4 days. (b) Chlorophyll levels in the dark-treated and control leaves were measured using a
SPAD-502 meter (Konica-Minolta), and the values were converted to units of absolute chlorophyll
content using a verified calibration curve (Qihua et al., 2011) The values shown are means derived from

3 individual measurements. Error bars indicate standard deviation.
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Figure 4.6: Analysis of mRNA from senescenced individual attached leaves of the atToc90 knockout
and overexpressor line after dark treatment.

For the RT-PCR, 5 ug samples of total RNA isolated from the senescent leaves (Fig. 4.5A) of each
genotype to prepare a 20 pl reverse transcription reaction. Then, 1 pl of this was used as template in a 20
ul PCR reaction, of which half was loaded. PCR amplifications were performed using the cycles

indicated at the left of the figure. The expected products are indicated in the right part of the figure.
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Figure 4.7: Treatment of the atToc90 knockout and overexpressor lines with high light stress.

Wild-type Col-0, two atToc90 knockout mutants, and the 35S-atTOC90 overexpression line N1 were
grown side by side in vitro for 14 days, and then transferred to soil. After a total of 26 days growth under
standard conditions (100 pmol/m?/s; 16 hours light / 8 hours dark), light stress treatment commenced.
Light stress treatment consisted of exposure of the plants to 2000 pmol/m?/s white light for 4 hours daily,
and it lasted for a week. At the end of the treatment, chlorophyll contents were measured using a SPAD-
502 meter (Konica-Minolta), and the values were converted to units of absolute chlorophyll content using
a verified calibration curve. The values shown are means derived from 3 individual measurements. Error

bars indicate standard deviation.
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Figure 4.8: Treatment of the atToc90 knockout and overexpressor lines under osmotic stress conditions.

Wild-type Col-0, two atToc90 knockout mutants, and the 35S-atTOC90 overexpression line N1 were
grown side by side on vertically oriented petri plates for 14 days under standard conditions, either on
standard MS medium or on MS medium containing different concentrations of mannitol (50 Mm and
100mM) or PEG (3% and 6%). At the end of the growth period, representative plants from the control
and treatment plates were photographed. As a measure of growth under the different conditions, root
length was quantified by analysis of multiple independent images using SigmaScan Pro software (SPSS
Inc.). The values shown are means derived from approximately 8 individual measurements. Error bars

indicate standard deviation.

120



Chapter 5

Materials and Methods
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5.1 Arabidopsis thaliana plants growth conditions and manipulation

5.1.1 Invitro culture

Arabidopsis thaliana seeds to be germinated in vitro were surface-sterilised by shaking in:
70% (v/v) ethanol, 0.05% (v/v) Triton X-100 for 5 minutes; and then in 100% ethanol for 10
minutes. Sterilised seeds were dried on filter papers in a laminar flow hood and sown on
Murashige and Skoog (MS) medium containing 0.5% (w/v) sucrose, 1xMS salts, 0.05%
(w/v) N-Morpholino-ethanesulphonic acid monohydrate (MES), pH 5.7, 0.6% (w/v) agar
(Murashige and Skoog, 1962).

When appropriate, the following antibiotics were used: kanamicin (50 pg/ml), gentamicin
(120 pg/ml), phosphinotricin (15 pg/ml), spectinomicin (110pg/ml), hygromicin (15 pg/ml),
cefataxin (50 pg/ml), and sulphodizine (4.5 pg/ml).

Plates were sealed with micropore tape (3M) which prevents contamination but allows air
exchange. Seed dormancy was broken by stratification in the dark at 4°C between 2 and 4
days. Seedlings were grown at 20°C under long day conditions (16 h light, 8 h dark) in
Percival growth cabinets (Percival Scientific) in which light intensity was approximately 120
umol photon/m?s of white light. Plants grown on selective MS medium were generally
scored for resistance or sensitivity to the antibiotic after 7-10 days growth. When plants
germinated in vitro were required to set seed, they were transplanted to soil after 12-14 days

and allowed to grow to maturity in the greenhouse.

5.1.2 Soil culture

Arabidopsis thaliana plants were grown in soil composed of Levingtons F2 Seed and
Modular Compost, silver sand and vermiculite (medium 2.0-5.0 mm, Sinclair). Generally,
plants were grown at 20°C in a controlled temperature glasshouse under long day conditions

Humidity was also regulated.

Arabidopsis plants were generally grown in 24 cell compartment trays. Plants were kept
covered with propagator lids for up to 5 days to maintain high levels of humidity. All plants
were watered regularly from the base. Arabidopsis seeds were harvested by rupturing the
siliques of dry plants over a sheet of paper, and the seed was sieved to remove dry plant

material. All newly harvested seeds were placed in Eppendorf tubes 1.5 ml.
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5.1.3 Cross-pollination of Arabidopsis plants

Arabidopsis thaliana plants to be used as parents in genetic crosses were germinated in vitro,
transferred to soil as described above, and allowed to bolt. Best results were obtained using
young, primary inflorescences, although secondary inflorescences were also employed.
Crosses were carried out using fine point forceps. Between 3 and 4 flower buds were crossed
per female parent, and 2 to 3 identical crosses were made (using distinct but genotypically
identical plants) for each genetic experiment. Flower buds selected for crossing were the most
mature of those whose stigmas were still fully enclosed within the sepals. The apical
meristem and all unwanted buds were carefully removed from the inflorescence. Sepals and
petals were also removed in order to gain access to the stamens. Each bud was then
emasculated by the removal of the stamens. Emasculated flowers were cross-pollinated using
at least two young open flowers from the required male parent. Inflorescences carrying the F1
seed were harvested directly, shortly after the siliques had begun to dehisce.

5.1.4 Chlorophyll measurements

To extract the chlorophyll from plant tissue, samples were placed in 1 ml of
dimethylformamide (DMF) in 1.5 ml microcentrifuge tubes (Porra et al., 1989), and mixed
overnight on a shaker at 4°C. Due the light sensitive nature of the chlorophyll, after collection
of the plant tissue and immersion in DMF, the microcentrifuge tubes were concealed in a
dark environment using aluminium foil. Approximately 15 mg of fresh plant tissue was
incubated in 1 ml DMF. Less DMF and more plant tissue was used for plants containing less

chlorophyll.

After chlorophyll extraction, measurements of the amount of chlorophyll contained within the
DMF were made by photometry. The absorbance of the samples was measured at
wavelengths 646.8 nm, 663.8 nm, and 750 nm. The accuracy of the measurements was
maintained by running blanks (just DMF) as samples and comparing them to zero values. The
amount of chlorophyll was calculated according to the following equations and total

chlorophyll (nmol) was calculated per mg fresh weight tissue;
Chlorophyll o =[13.43 x (Aggz.s - Azs0)] - [3.47 * (Assss - Ars0)]

Chlorophyll b = [22.9 x (Agass - Azs0)] -[5.38 x ((Asss.s -Ars0)]
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5.2.  Molecular biology techniques

5.2.1 Bacterial work
5.2.1.1 Growing bacteria

Escherichia coli (DH5a) was cultured in liquid Luria Bertani broth (LB), (10 ¢/l yeast
extract, 10 g/l peptone, 5 g/l NaCl, pH 7), in a shaking incubator or on LB-agar plates in a
bacterial growth incubator, at 37°C. When applicable, 100 pg/ml ampicillin or 50 pg/ml

kanamicin was applied.
5.2.1.2. Escherichia coli transformation.

Aliquots of chemically competent cells (Bioline) in 1.5 ml microcentrifuge tubes were
thawed on ice for 10 minutes. Plasmid DNA (<20 pl) was added to 50 ul of cells, mixed
gently, and incubated on ice for 15 min. Cells were subjected to heat shock at 42°C for 30 s,
followed by 2 min incubation on ice. LB (0.8 ml) was added to each sample prior rescue of
the cells by gentle shaking at 37°C for 1 h. An aliquot (100 pl) of the transformed cells was
spread on an LB plate containing the appropriate antibiotic. The remaining cells were pelleted
by centrifugation at 5,000 x g for 2 minutes and most of the supernatant was discarded. The
cells were resuspended in the remaining solution (~100 ul) and also spread on a selective LB-

agar plate.
5.2.1.3. Agrobacterium transformation.

An Agrobacterium strain (GV3101) containing an appropiate plasmid DNA (~1-5 ng) was
grown in 5 ml of LB medium containing Rifampicin (50 mg/ml) overnight at 28°C with
gentle shaking at 200 rpm. A 2 ml aliquot of the overnight culture was added to 50 ml of LB
medium in a 250 ml flask. The culture was grown at 28°C with vigorous shaking at 250 rpm
until the ODggo reached 0.5-1.0. The cell suspension was chilled on ice and centrifuged at
3,000 rpm for 10 min at 4°C. The supernatant was discarded and the cells were resuspended
in 1 ml of 20 mM ice cold CaCl, solution. A 100 pl aliquot of the cells was quickly dispensed

into pre-chilled microcentrifuge tubes, frozen in liquid nitrogen (N,), and stored at -80°C.
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5.2.1.4 Transformation of Arabidopsis thaliana using the floral dip method

Transgenic plants were generated using an Agrobacterium-mediated transformation protocol
based on the floral dip method (Clough and Bent, 1998). Approximately 30 Arabidopsis
plants were grown in 10 cm? pots in a greenhouse or in a growth cabinet. The primary
inflorescences were cut at the base when they reached ~5 cm in height to promote generation
of secondary inflorescences. When young secondary inflorescences reached ~5-10 cm and

had a few open flowers, the plants were dipped in solution containing Agrobacterium.

Five millilitre LB cultures of Agrobacterium were set up from fresh streak plates two days
prior to dipping and grown to saturation. The day before dipping, large overnight cultures
(250 ml of culture for four pots) were inoculated in conical flasks by diluting the saturated
culture 1:100 in fresh LB medium containing the appropriate antibiotic selection. The
following day, when the overnight cultures reached an ODjs=1.8 (~14 hours after
inoculation), the cells were collected by centrifugation at 5,000 rpm for 10 min in a Sorvall
rotor (SLA 1500), at room temperature. The cells were gently resuspended in 3 volumes of
infiltration medium; 2.2 g/l MS salts, 0.5% (w/v) sucrose and Silwet (50-100 ul/l) (Lehle
Leeds).

The above-ground parts of Arabidopsis plants were submerged, upside down, in the bacterial
solution for 10 min. Transformation occurs in the ovules of the developing flowers after the
female and male gametophyte cell lineages form, but before the embryo develops a single
cell (Clough and Bent, 1998). After 10 minutes, excess liquid was drained on tissue and the
pots were loosely wrapped in plastic film to retain humidity, allowing the motile bacteria
more time in which to enter the buds. Two days after dipping the plastic film was removed
and the plants were allowed to set seed. The seed was bulk harvested and the first generation
was screened for transformants (T1). Screening for T1 seeds was performed on MS medium
supplemented with cefotaxine (200 pg/ml), an antimicrobial agent that inhibits the growth of

Agrobacterium.
5.2.1.5. Plasmid preparation from bacterial growth overnight cultures

Aliquots (5 ml) of LB containing the appropriate antibiotic, in glass 25 ml universal tubes
were inoculated with single bacterial colonies (E. coli or A. tumefaciens) and growth was
allowed to proceed overnight at 37°C and 28°C respectively, in a shaking incubator. All

subsequent steps were carried out in an 1.5 ml microcentrifuge tubes. Cells (between 1.5 and
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3.0 ml overnight culture) were pelleted by centrifugation at 5,000 rpm for 2 minutes in a
bench-top microcentrifuge, and then resuspended in 100 ul solution I (50 mM D-glucose, 25
mM Tris-HCI, pH 8.0, 10 mM EDTA). Incubation at room temperature for 5 min was
followed by the addition of 200 pl solution Il (0.2 M NaOH, 1 % (w/v) SDS; freshly
prepared); samples were mixed by inversion. Incubation on ice was allowed to proceed for 5
minutes prior to the addition of 150 ul solution Il (3 M potassium, 5 M acetate, pH 4.8;
solution 111 was prepared by adding 11.5 ml glacial acetic acid and 28.5 ml distilled water to
60 ml 5 M potassium acetate). Samples were mixed by inversion, incubated on ice for 5
minutes and then centrifuged for 10 minutes in a bench-top microcentrifuge. Supernatants
were transferred to fresh tubes containing 1 ml ice cold ethanol. Samples were mixed by
inversion and allowed to incubate on ice for 5 min. Plasmid DNA was collected by
centrifugation at 13,200 rpm for 5 min, washed with 70% (v/v) ethanol, dried briefly in a
vacuum desiccator, and then resuspended in 40 pul TER (10 mM Tris, 1 mM EDTA, 10 pg/ml
RNase).

5.2.1.6 Preparation of high quality plasmid DNA

High quality plasmid DNA was prepared from E. coli cultures using the Qiagen QIlAprep

Spin Miniprep Kit, following the guidelines provided by the manufacturer.
5.2.1.7 Quantification of DNA and RNA

Spectrophotometry was used to calculate the approximate concentrations of double stranded
DNA and RNA solutions. A sample of DNA or RNA solution was diluted either 1:100 or
1:200 in distilled water (diH,0). The spectrophotometer was calibrated using diH,O in a
thoroughly rinsed cuvette. Measurements were made for each sample at wavelengths 260 nm

and 280 nm. Concentrations were calculated using the equations:
OD unit 260 nm =50 ng/ul of DNA

OD unit 260 nm = 40 ng/ul of RNA

5.2.2 Nucleic acid and protein preparation

5.2.2.1 Plant DNA extraction

A quick method was used to obtain DNA from plant tissue for PCR. Approximately 0.15g of
plant tissue, previously collected in liquid N, and stored at -80°C, was supplemented with
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liquid N, and ground to a fine powder in a 1.5 ml microcentrifuge tube using a small pestle of
the appropriate size. The powdered tissue was suspended in 0.5 ml EB [200 mM Tris, pH 7.5,
250 mM NaCl, 25 mM EDTA, 0.5% (w/v) SDS] and vortexed briefly to disperse large
clumps. Each sample was carried individually until this point and then stored on ice until all
other samples were ready to proceed to the next stage. Samples were centrifuged for 5 min at
4°C, and subsequently the supernatants were transferred to a fresh 1.5 ml microcentrifuge
tube containing 0.5 ml isopropanol (IPA). After 30-60 min incubation at -20°C, the samples
were centrifuged for 10 min at 4°C. The supernatants were discarded and the pellets washed
with 1 ml ice cold 70% (w/v) ethanol. The pellets were dried for approximately 15 min on the
bench and dissolved in 50ul sterile diH,O. After overnight dissolution at 4°C, the samples

were centrifuged for 2 min and the supernatant transferred to a fresh tube.
5.2.2.2 Plant RNA extraction

RNA was extracted from ~0.15 g plant tissue samples that had previously been collected in
liquid N, and stored at -80°C. For RNA extraction the Plant Mini Kit 50 (Qiagen) was used
following the guidelines of the manufacturer.

After the amount of plant material was determined (~100 mg), the tissue was placed in liquid
nitrogen and grinded thoroughly with a mortar. When the liquid nitrogen was evaporated, 450
pl of buffer RLT (Qiagen) containing -mercaptoethanol (B-ME) was added and then the
samples were vortexed vigorously. A short period of 1-3 minutes at 56°C helped the tissue to
be disrupted. The lysate was transferred to a QlAshredder spin column which was placed in a
2 ml collection tube, provided by the manufacturer, and centrifuged for 2 min at full speed.
At the end of this time the supernatant was transferred to a new microcentrifuge tube without
the pellet to be disturbed. 0.5 ml of ethanol was added to the cleared lysate and was mixed
immediately by pipetting. The sample was transferred, including any possible precipitation
that may have formed, to an RNeasy spin column which was also placed in a 2 ml collection
tube, provided by the manufacturer, and centrifuged for 15 sec at >10,000 rpm in a bench
microcentrifuge. When the flow-through was discarded, 700 pl of buffer RW1 (Qiagen) was
added to the RNeasy spin column. Another quick centrifugation step was applied as
previously for 15 seconds at >10,000 rpm. The flow-through was discarded again and 500 pl
of buffer RPE (Qiagen) was added to the RNeasy spin column. After centrifugation for 15 sec
at >10,000 rpm the flow-through was discarded and this step was repeated one more time.

Finally, the RNeasy spin column was placed in a new 2 ml collection tube, and 30 ul RNase-
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free (Qiagen) water was added directly to the spin column. After centrifugation for 1 min at
>10,000 rpm, the RNeasy spin column was discarded and the tube was placed carefully on

ice, ready for RNA measurement.

After RNA extraction, there followed a DNasel treatment using DNA free kit (Ambion). For
a 30 pl of reaction, in a 1.5 ml microcentrifuge tube was added; 5 pul DNase buffer, 1 pl
rDNase (Ambion), and 24 ul RNA sample. After carefull mixing the tube has been placed in
water bath at 37°C for 30 min. Then was added 5.5 pl of DNase inactivation reagent and the
microcentrifuge tube was incubated for 2 min at RT with occasional mixing. Finally, after
centrifugation at 3,000 rpm for 1 min, the supernatant was transferred to a new 1.5 ml

microcentrifuge tube.
.5.2.3 Polymerase chain reaction

The polymerase chain reaction (PCR) is the in vitro enzymatic, amplification of a specific
DNA sequence using oligonucleotide primers, DNA polymerase, nucleotides and a DNA
template. The two primers flank the region of interest and anneal opposing strands. It is a
cyclic reaction sequence that involves three steps: template denaturation, primer annealing to
the template, and 5’ to 3’ extension of the primers by the DNA polymerase. Each event

occurs at a specific temperature.

Conditions and reagent concentrations used for the PCR amplification of DNA varied
depending on the primers, the nature of the template, and the size of the expected product.
Primers were included in reactions at concentrations of 1 uM each. Each 2’-
Deoxyribonucleoside 5’-triphosphate (ANTP) was included in reactions at concentrations of
0.4 mM. Arabidopsis genomic DNA templates were added at concentrations of 10-15 ng per
50 ul reaction. The different DNA polymerases were used following the guidelines provided
by the manufacturers. Amplifications were usually carried out for 30-40 cycles as follows: i)
denaturation for 30 s at 92°C; ii) primer annealing for 30 s at temperatures between 55°C and
60°C, depending on the primers; and iii) elongation at 68°C or 72°C for 1-3 min depending
upon the length of the expected product. Amplifications were generally followed by a 5 min

extension step at 72°C, and finally denaturation followed at 10°C.
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5.2.4 Reverse transcriptase-PCR

First strand cDNA, complementary to the RNA previously extracted, was synthesised in a
two part reaction. A 12 ul reaction, containing 5 pg of total RNA, 5 pl of 100 uM CDS-5’
primer, 1 pl of 10 mM dNTPs, and sterile diH,O, was incubated at 65°C for 5 minutes; this
led to denaturation of RNA secondary structures. The reaction mixture was then incubated on
ice for 2 minutes. This was followed by the addition of 4 pl of 5 x buffer, 2 pl of 0.1 mM
dithriothreitol (DTT), and 1 pl of 40 u/pl RNAse inhibitor (Promega). After a 2 minute
incubation at 42°C, 1ul of Superscript 1l Reverse Transcriptase (Invitrogen) was added. This
20 pl reaction was incubated at 42°C in a water bath for an additional 60 minutes, followed
by a reverse transcriptase inactivation step at 70°C for 15 minutes. One microlitre of cDNA

synthesis reaction was then used as template in each 25 ul PCR reaction.
5.2.5. Total protein extraction from Arabidopsis thaliana plants.

Total protein was prepared for sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) from ~0.15 g plant tissue that had been collected in liquid N, and stored at -
80°C. Fresh PEB (1 ml) was prepared from a stock (100 mM Tris-HCI, pH 6.8, 10 % (v/v)
glycerol, 0.5 % (w/v) SDS, 0.1 % (v/v) Triton X-100, 5 mM ethlylene-diamin-tetraacetic-acid
(EDTA) by the addition of 10 mM DTT and 5 pl protease inhibitors (Sigma) and kept on ice.
Care was taken to keep the samples cold during the primary grinding step to prevent
proteolysis. Tissue samples were supplemented with liquid N, and ground to a fine powder in
a 1.5 ml microcentrifuge tube using a pestle of the appropriate size. After addition of 200 pl
of cold protein extraction buffer (PEB), samples were thoroughly homogenized by further
grinding on ice. Each sample was taken individually until this point and stored on ice until all
other samples were ready to proceed to the next stage. Samples were centrifuged in a bench
centrifuge at 13,800 rpm for 10 min at 4°C to remove insoluble material and finally 150 pl of

supernatant was transferred to a fresh tube.
5.2.6 Quantification of protein.

The Bio-Rad protein assay was used to estimate the protein concentration of samples
prepared as in 2.2.5. One microlitre of each protein sample was diluted in diH,O to a final
volume of 0.8 ml. At the same time, 0, 1, 2, 4, 6, 8, and 10 pg quantification standards were
prepared by adding the required volume a 1 mg/ml stock solution of bovine serum albumin
(BSA), 1 pl of PEB and diH,O to a final volume of 0.8 ml. The assay was conducted by
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adding 0.2 ml of dye reagent concentrate (Bio-Rad) to each quantification sample and mixing
by inversion. After 5 minutes at room temperature, the samples were transferred to 1 ml
plastic cuvettes and the absorbance of the samples at 595 nm was determined by
spectrophotometry. The 0 pg quantification standard was used as a blank, and the absorbance
of all the other samples was determined sequentially in the same order as the dye reagent was
added. If the assay was successful, a near-linear standard curve could be plotted using the
values obtained from the BSA standards. The formula defining the curve was derived and this

formula was used to determine the concentration of each protein sample.
5.2.7 TAP tagging purification

For a small-scale TAP tagging experiment, the ideal starting amount of chloroplast protein
was ~ 2 mg (~ 40 x 10° chloroplasts). A chloroplast pellet of 2 mg was resuspended in 1 ml
of 1x SB (1 M Tris-HCI, pH 8.0; 3 M NaCl; 0.5 M EDTA plus 1% DDM detergent and
protease inhibitors), and then transferred into a 2 ml microcentrifuge tube containing another
1 ml of 1x SB. Then the sample was mixed thoroughly. Chloroplasts were left to solubilise
by rotating in a rotate wheel for 30 min in 4°C.

While the chloroplasts were solubilising, the Micro Bio-Spin chromatography columns (Bio-
Rad) were prepared as follows. First, 160 pl of 1gG beads (homemade, Pfanner lab protocol)
was added into the column and centrifuged for 1 min at 4°C at 900 rpm in a pre-cooled bench
microcentrifuge; the columns were placed in a 2 ml microcentrifuge tube for each

centrifugation step, and these tubes were discarded afterwards.

The 1gG beads were washed as follows: 2 times with TBS(10 mM Tris-HCI pH 7.5 and 150
mM NacCl), 3 times with acetate buffer (1.43 ml glacial acetic acid added to 48.57 ml of
diH,O; pH 3.4 adjusted with 0.5 M NH;Ac), 1 time with TBS, 1 time with acetate buffer and
finally 4 times with 2x SB. To ensure that the pH has reached the level between 7.5 and 8,
pH test paper (Fisher) was used at the end of the procedure. At the end, the foot (end) of the

column was closed.

The microcentrifuge tubes were removed from the cold room, and a centrifugation step was
performed for 20 min, at 14,000 rpm in a cold microcentrifuge (4°C). After centrifugation, a
small pellet was visible, and the supernatant was transferred into a fresh 2 ml tube. From
there, an aliquot of 100 ul sample was taken (TS sample = total solubilised lysate; equivalent

to 0.05% of starting material).
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From the 1.9 ml left into the 2 ml tube, 400 pl of sample was carefully pipetted back into the
column to resuspend the beads and transfer them into the 2 ml Eppendorf tube. The tip was
kept because it was necessary to repeat this step again and wash well the tip from the
remained beads which were stuck in it. After 5 min the beads were settled down into the 2 ml
Eppendorf tube, and the step was repeated by pipetting this time ~ 450 ul of sample into the
column to transfer any remaining beads back into the 2 ml Eppendorf tube. The tube was

sealed and left rotating for 2.5 h in a 4°C cold room.

At the end of the rotation step, the 2 ml Eppendorf tube was centrifuged at 2,500 rpm for 2
min in a cold microcentrifuge. 100 pl of sample (PBS sample = post binding lysate;
equivalent to 0.05% of starting material) was removed for later analysis. Most of the
remaining supernatant of was discarded leaving a final volume of 700 ul sample. Care was

taken while discarding the supernatant for the beads not be disturbed.

The beads were resuspended in the remaining 700 pl supernatant and transferred back to the
column (always with a cut tip). The column foot was left open and the undesired sample
drained by gravity. It was necessary to add 500 pl of fresh wash buffer (+0.3% detergent and
protease inhibitors) back to the 2 ml tube, to pipette the remaining beads and transfer them
into the column and following the same procedure as previously, it was let to drained by

gravity.

The column was placed in a 2 ml eppendorf tube for the washes step. Then the column was
transferred in a cold microcentrifuge 4°C and washed 7 times with 500 pl of wash buffer

(0.3% detergent and protease inhibitors), at 900 rpm for 1 minute.

The foot of the column was closed and was added 207 pl of wash buffer plus 0.3% detergent
and protease inhibitors was added together with 3 pl of TEV (His-TEV) and 90 ul of 0.5 M
EDTA (final conc. 150 mM). The lid of the column was closed well; a Whatman sealing film
was used to avoid any loss of the sample, and then an overnight incubation was conducted in

the rotating wheel at 4°C.

The next day, Ni-NTA (Qiagen) beads was prepared with 60 pl of slurry placed in a
microcentrifuge tube. After centrifugation of 1 min at 10,000 rpm in a bench microcentrifuge,
the supernatant was discarded, and 150 pl of wash buffer was added (no protease inhibitors).

This step was repeated again, the supernatant was discarded, and 40 pl of wash buffer was
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added to the beads. Finally, all of the equilibrated Ni-NTA slurry (prepared as described

above) was placed into the TEV column and the rotation was continued for another 1 hour.

When both the foot and the lid of the column had been opened a centrifuge was performed in
a cold microcentrifuge at 1,500 rpm for 2 minutes. The sample of the flow-through was
collected and kept on ice (~340 pl sample TEV nl).

The foot and the lid of the column were closed. Then to the column was added: 150 pl of
wash buffer plus 0.3% detergent but no protease inhibitors, and 150 pl of 0.5 M EDTA (final
conc. 250 mM). The column was placed back to the rotate wheel and was left rotating for 1
hour at 4°C.

At the end of the previous step, the foot and the lid of column were opened, and the column
was centrifuged again at 1,500 rpm in a cold microcentrifuge (4°C). The sample was
collected (~300 ul TEV n2) and both elutions (sample n1 and sample n2) after the TEV
incubation were added together in one tube, a total of 600 pl in a 1.5 ml microcentrifuge tube

and kept on ice (TEV elution final sample).

To improve the results in the Silver stained gels Protein A Sepharose 4 Fast Flow (GE
Healthcare) beads was prepared. More specifically, 1gG from most species binds Protein A
Sepharose at neutral pH. The binding capacity of Protein A Sepharose depends on the source
of the particular immunoglobulin. For the preparation of the Protein A Sepharose 4 Fast Flow
beads, 25 mg Protein A Sepharose was added in 80 ul distilled water. It was left to swell well
in room temperature for 1 min. Afterwards the beads were washed with 1 ml of distilled
water, centrifuged at 1,500 rpm in room temperature in a microcentrifuge, and the
supernatant was discarded. The same step was repeated one more time and at the end the
supernatant was discarded again. Into the microcentrifuge tube contains the Protein A
Sepharose beads 1 ml of wash buffer (no detergent or protease inhibitors) was added. The
microcentrifugation step was repeated, the supernatant was discarded, and finally 100 pl of
wash buffer (no detergent or protease inhibitors) it was added.

All of the 100 ul of Protease A Sepharose beads was added into the TEV final elution sample
and then left to rotate in the cold room at 4°C for 1 h. After centrifugation at 3,000 rpm in a
pre-cooled microcentrifuge at 4°C of the TEV final elution sample and without disturbing the
beads, the supernatant was transferred slowly into the Microcon centrifugal filter device

(Millipore) microcentrifuge tube to proceed with the concentration of the sample(s),
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according to the manufacturer’s guidelines. The concentrated sample was transferred to a 1.5
ml Eppendorf tube and 2x loading buffer (same amount as the TEV sample) was added (TEV

sample).

Into the column was added 100 pl of 1x SDS loading buffer; elution was performed by
spinning down in a cold microcentrifuge for 1 min at 1,200 rpm. The eluted sample was
collected and 5 pl of 1 M DTT was added (SDS sample, 0.05% final conc.).

Before placing the samples to boil, 2x loading buffer was added to the TS and PBS samples.
After that, the samples were boiled in water bath for 5 min. Afterwards they were cooled on
the bench at room temperature for 2 min, and then the samples were ready to proceed to SDS-
PAGE and Westerns blotting.

5.3 Electrophoresis techniques
5.3.1 Agarose gels

Agarose gels were employed to resolve DNA and RNA fragments, to determine the
concentration of DNA fragments, using Lamda standards, and to assess the quality of RNA
samples. Loading buffer [10x = 0.5% (w/v) Orange G, 50% (v/v) glycerol] was added to the
samples to a final concentration of 1x prior to loading and electrophoresis. Gels generally
contained between 0.8 and 1.5% (w/v) agarose (depending upon the sizes of fragments to be
resolved) and 15 pg/ml SYBR Safe DNA gel stain (Invitrogen) in 0.5XTBE (45 mM Tris, 45
mM boric acid, 1 mM EDTA). Agarose was melted and the solution was cooled to ~50°C
before SYBR Safe DNA was added. For general analyses, small 10 cm x 15 cm gels (Wide
Mini-Sub Cell; Bio-Rad) were employed. Molecular mass markers were used to determine
the size of the DNA fragments. Approximately 0.05-0.1 pg of 1 kb + DNA ladder
(Invitrogen) was added per mm width of VV/cm. Gels were run in electrophoresis tanks (Bio-
Rad) containing 0.5 x TBE usually at ~ 10 VV/cm.

5.3.2 SDS-PAGE and Western blotting

Separation and identification of protein samples was carried out using sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Gels were cast and run in a
Protean Il apparatus (Bio-Rad). Glass plates were cleaned with industrial methylated spirits
(IMS) prior to assembly. Protein gels consisted of two phases, the top stacking gel [0.5 M
Tris-HCI pH 6.8; 0.4% (w/v) SDS] that concentrates the protein to a fine point, and the lower
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separating gel [1.5 m Tris-HCI, pH 8.8; 0.4% (w/v) SDS] that separates the proteins
according to their size (Laemmli, 1970). When the gel casting apparatus was assembled 4.5
ml of resolving gel [10 ml of 10% gel: 4 ml diH,0, 2.5 ml of 1.5 M Tris-HCI pH 8.8; 0.1 ml
of 10% SDS; 3.3 ml of 30% (w/v) acrylamide; 0.1 ml of 10% ammonium persulphate (APS);
4 pl N,N,N,N- Tetramethylethylenediamine (TEMED)] was immediately poured and
overlayed with 1 ml diH,O. After solidification of the separating gel, the overlying solution
was descarded and 1.5 ml of stacking gel [2.1 ml diH,0; 0.38 ml of 1 M Tris-HCI, pH 6.8; 30
pl of 10% SDS; 0.5 ml of 30% (w/v) acrylamide; 30 pl of 10% APS; 3 pl TEMED] overlaid.
Imeediatelly an appropriate comb was inserted into the stacking gel. The gel was then
allowed to set for at least 15 min at room temperature. Protein samples were prepared in 2x
sample buffer [60 mM Tris-HCI, pH 6.8; 25% (v/v) glycerol; 2% (w/v) SDS; 14 mM 2-
mercaptoethanol; 0.1% (w/v) bromophenol blue (Laemmli, 1970) and heated to 100°C for 3
min before loading into the wells of the gel. Gels were usually run at 150V until the dye front
reached the bottom of the gel (~1 h). The following antibodies was either made in Jarvis
laboratory or were bought; Dr Sybille Kubis made the atToc90, Dr Jocelyn Bédard (atToc33,
atTic40, and atTic110), Feijie Wu (atToc75-111, atToc120) and Flores-Perez (atToc132) for
preparing antigens for immunization. The atToc34 antibody was bought from Agrisera

(www.antibodies-online.com/agrisera).

5.3.3 Coomasie stained gels

Gels were stained for at least 30 minutes with Coomasie stain [1 g Coomassie Brilliant Blue
250 (Fischer); 450 ml methanol; 450 ml diH,O; and 100 ml glacial acetic acid], and
subsequently destained (100 ml methanol; 100 ml glacial acetic acid; and 800 ml H,0) for
several hours or overnight, until the bands were clearly visible, and the surrounding gel was

clear.
5.3.4 Silver stain gels

After electrophoresis the gel was removed from the cassette and placed into a tray containing
150 ml of fixing solution [150 ml of 50% (v/v) ethanol; and 5% (v/v) glacial acetic acid]. The
gel was soaked in the appropriate solution for 2 h at room temperature or better overnight to
improve sensitivity of the staining and avoid any background. Fixation was to restrict protein
movement from the gel matrix and remove interfering ions and detergent from the gel. The
next day the fixative solution was discarded and the gel was washed twice with diH,O for 10

min, while the sensitizing solution was made fresh together with the silver nitrate reaction
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solution. After the washes with diH,O, the gel was immersed in 150 ml of sensitizing
solution for 45 sec and then washed again briefly with diH,O before being submerged in 150
ml of silver staining solution and shaken for 1h to allow the silver ions to bind to the proteins.
Special care was taken not to pour the staining solution directly to the gel as this may result in
unequal background. Just before the staining step was completed the developing solution was
made fresh. The gel was rinsed briefly with diH,O to remove the excess of unbound silver
ions. The fresh developing solution was poured (150 ml) in continuously shaking. If the
developing solution was turned yellow, then the solution was discarded and a new fresh
volume was added. The reaction has been stopped when the desired intensity of the bands
was reached. 150 ml of stopping solution was poured into the tray directly onto the gel, and
then gently was shaken for 5-10 min. Moist gels can be kept in 12% acetic acid at 4°C for a

week time.
5.4 Chloroplast isolation

For one chloroplast isolation (Kubis et al., 2008) (one genotype) were necessary 25-40 petri
plates of 14-day-old plants, each containing ~150-200 seedlings were necessary. Plants were
grown in a plant tissue culture chamber (Model CU-36L5, Percival Scientific) set at 20°C,

providing 100 umol/m?/s white light with a long day cycle (16-h-light/8-h-dark).

Before the plates were removed from the Percival, a Percoll gradient was prepared for use.
To make 26 ml of final volume was added: 13 ml of Percoll (Amersham Biosciences), 13 ml
of 2xCIB (0.3 M sorbitol; 5 mM MgCl,; 5 mM EDTA; 10 mM EGTA,; 20 mM HEPES-KOH
pH 8.0; and 10 mM NaHCO3), and 2 mg glutathione. The components were mixed in a 30 ml
Nalgene tube and were centrifuged in a SS-34 rotor, Sorvall for 30 min at 19,000 rpm with

acceleration set to 7 and de-accelaration set to 2.

Meanwhile, the plates were taken out of the Percival and the seedlings were removed from
the medium by gently scraping them with a gloved wet finger, avoiding carry over of medium
(medium interferes with the isolation). The removed seedlings were placed into 100 ml of
CIB in one 1 It beaker and kept always on ice. During homogenization, a total of ~250 ml of
1xCIB was used per genotype; this was used in 10 consecutive rounds of homogenization,
each one using 20 ml 1xCIB. The 20 ml of 1xCIB were placed each time under the rotor of
polytron (PT 10-35), and homogenized for 1-3 seconds, with the speed set to 4.
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The homogenized material was filtered through two layers of Miracloth (Calbiochem). The
Miracloth filter was gently squeezed and the desired filtered homogenized material was
released in another 1 It beaker also placed on ice. This setp was repeated until the plant
material was all homogenized and filtered. Then the desired material was transferred into a
250 ml Nalgene tube and centrifuged in a SLA-1500 rotor, Sorvall, at 3,000 rpm for 5 min at

4°C, with both acceleration and de-accelaration set at 7.

Most of the supernatant was poured off and the pellet that had formed was resuspended in
about 500 pl supernatant by rotating the tube gently on ice. A cut 1 ml Gilson pipette tip was
used to transfer the homogenized material very slowly into the preformed Percoll gradient
taking care not to disturb the gradient. To separate the intact chloroplasts from broken
chloroplasts and any other debris, the Percoll gradient with the homogenized material was
centrifuged at 7,000 rpm for 10 minutes with acceleration set to 7 and de-accelelaration set to
2, in a HB-6 Sorvall RC6 centrifuge rotor. After centrifugation, the tube was removed
carefully and placed on ice. The lower green band in the gradient contained intact
chloroplasts and the upper band contained the broken chloroplasts. The broken chloroplasts
were removed by pipetting and then discarded while the intact chloroplasts were removed
using a cut 1 ml Gilson pipette tip and placed into a clean pre-cooled 30 ml Nalgene tube.
About 25 ml of 1xHMS buffer (50 mM HEPES-NaOH pH 8.0; 3 mM MgSO,; and 0.3 M
sorbitol) was added to the intact chloroplasts and mixed thoroughly by inverting the tube
carefully 2-3 times to wash off the Percoll. The chloroplasts were centrifuged at 2,000 rpm
for 5 min at 4°C in the same rotor as previously but with the acceleration and de-acceleration
set to 7. After centrifugation, the supernatant was gently poured off and then the formed
pellet of chloroplast was resuspended in 150-250 ul of fresh HMS by rotating the tube gently

on ice.
5.5 Establishing the yield of the intact chloroplasts

The following procedure was used to assess the amount of the intact chloroplasts. First, 5 pl
of isolated chloroplasts were added to 495 pl of 1xHMS buffer in a 1.5 ml microcentrifuge
tube to obtain 1:100 dilution. The tube was mixed gently. To determine chloroplast
concentration was used a hemocytometer, since it was originally designed to perform blood
cell types. The device was used to determine the number of chloroplasts per unit volume of a
suspension was called counting chamber. The counting chamber was prepared by cleaning

the surface carefully with lens paper. After placing a cover glass on the top of the counting
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chamber of the hemocytometer, approximately ~80 ul of the diluted suspension was pipetted
onto the counting chamber. The number of chloroplasts was counted in ten different 1/400

mm? with the help of a phase contrast microscope with a 16x objectives.

The concentration (number of chloroplasts per ml), was calculated as follows: n (the average
number of chloroplasts per 1/400 mm?) x 25 (the total number of squares in the grid) x 100
(the dilution factor employed) x 10* (scaling factor needed to express the data per ml. After
calculating the amount of the intact chloroplasts, the chloroplasts were ready for further

analysis.
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Chapter 6

General Discussion
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6.1 Genetic analyses

The atToc90 protein is the fourth member of the Toc159 family of chloroplast protein import
receptors. While the other family members have well established roles in the import of
photosynthesis related preproteins (atToc159) or non-photosynthetic housekeeping
preproteins (atTocl132 and atTocl120), the function of atToc90 is poorly defined (Jarvis,
2008). The detailed genetic studies of Kubis et al. (2004) and Ivanova et al. (2004) did not
detect a significant role for the atToc90 isoform of the Arabidopsis family of Toc159 protein
import receptors. In the work of Kubis et al. (2004), toc90 knockout mutants were
indistinguishable from the wild-type in relation to phenotypic appearance, growth and
development, and chlorophyll accumulation. In addition, no obvious effect of the toc90
mutation in the toc132, toc120 and tocl59 backgrounds was reported, and so it was
concluded that atToc90 does not share significant functional redundancy with these
components. However, Hiltbrunner et al. (2004) reported that atToc90 interacts with core
TOC components atToc75 and atToc33 physically, and with atToc159 (which is the main
isoform of the Toc159 family, involved in the import of photosynthetic proteins) genetically.
More recently, Infanger et al. (2011) suggested the ability of atToc90 to support the import of
atTocl59 client proteins. To shed light on the role of this protein, | also characterized
atToc90 knockout mutants as well as an atToc90 overexpression line, but, consistent with the
previous reports, | could not detect any differences between them and the wild type under

normal growth conditions.

In an attempt to understand the functional relationship between atToc90 and other
components of the TOC complex, I identified and studied a large number of toc90 double and
triple mutants. Overall, most of the double toc90 mutants that | analyzed led to confirmation
of previous findings (i.e. no genetic interaction was detected). However, my experiments
revealed clear evidence of functional redundancy between atToc90 and atToc159, the main
import receptor for photosynthetic preproteins, as a toc90 toc159 double knockout mutant
was even sicker than the albino toc159 (ppi2) single mutant. This result was consistent with
the observations of Hiltbrunner et al. (2004). Moreover, | confirmed and extended this result
by studying the triple mutant, toc90 toc159 toc120, which showed an even more severe
albino phenotype, indicating functional overlap between atToc90, atToc159 and atToc120.
An additional significant observation to come out of my genetic studies was that toc90 toc132
toc120 triple mutants are smaller and paler than toc132 toc120 double mutants (which are

chlorotic due to a defect in the import of housekeeping preproteins). This result, together with
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the other results, suggested that atToc90 might play a minor or supporting role in both of the
major import pathways, working alongside atToc159 in relation to photosynthetic protein
import, and alongside atToc132/atToc120 in relation to non-photosynthetic, housekeeping

protein import.

The results of my studies on the double and triple toc90 mutants were supported by data from
a complementation study using an overexpression vector based on the full length atTOC90
cDNA (H4C12), which was first reported by Hiltbrunner et al. (2004). Kubis et al. (2004)
reported that the overexpression of atToc90 was inactive in their toc159 complementation
studies, but their construct was based on a slightly truncated atTOC90 cDNA clone such that
the encoded protein lacked 14 N-terminal residues (as the N-terminal region of atToc159 is
not essential for the protein’s function, this very small deletion was not considered to be
important at the time). In my studies, there was clear evidence of partial complementation of
toc159 by full length 35S-atTOC90, but not at all by the truncated construct of Kubis et al.
(2004). In my work, the expression of atTOC90 was at essentially the same level in the lines
of Kubis et al. (2004) and in the new lines with the full length construct, so differences in
expression could not account for the different results. A likely explanation for the different
results is the importance of the usage of the full length atTOC90 cDNA, and the missing
residues in the protein encoded by the shorter construct. An alternative explanation was
offered by Infanger et at. (2011), who suggested that the success in their tocl159
complementation studies was due to the fact that they used the Wassilewskija ecotype instead
of the Columbia ecotype that Kubis et al. (2004) used. Infanger et al. (2011) also showed that
the overexpression of atTOC90 can partially complement the albino toc159 knockout and
partially restore photoautotrophic growth, in agreement with the results that | have presented

here.

It is surprising that my complementation studies using full length 35S-atTOC90 in the toc132
toc120 background did not produce a positive result (i.e. no partial complementation was
found), as the analysis of the toc90 toc132 toc120 triple mutant clearly suggested a functional
relationship between the components. A possible explanation for this is that the phenotypic
additivity seen in the toc90 toc132 toc120 triple mutant was not due to redundancy between
the relevant proteins as such, but rather due to the disruption of more than one import
pathways (i.e. for photosynthetic and non-photosynthetic preproteins) leading to a deficiency

in a much broader range of chloroplast proteins. This discrepancy between the double/triple
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mutant results and the complementation results illustrates how caution is needed when

interpreting the results of genetic experiments.

Hiltbrunner et al. (2004) showed that synthetic atToc90 was bound to chloroplast membranes
under protein import assay conditions and that a small portion of the protein specifically co-
immunoprecipitated with atToc75-111, suggesting that atToc90 functions as a component of
the core TOC complex. My analysis of the respective double mutant, toc90 toc75-111-3, did
not reveal any different phenotypes from the single mutant, toc75-111-3, which is a
hypomorphic allele and has a pale phenotype (Stanga et al., 2009). It is possible that a genetic
interaction would be observed if a stronger atTOC75-111 mutant allele was used, but no such
allele is available at present, as the complete knockout of this gene causes embryo lethality
(Baldwin et al., 2005).

The toc90 toc33 double mutant was phenotypically the same as in the single toc33 (ppil)
mutant, suggesting no significant functional interaction. However, when | analyzed the toc90
toc33 toc34 triple mutant, | observed a significant effect of the toc90 mutation, in that the
triple mutant was sicker than the toc33 toc34 double mutant. This result suggested functional
redundancy between atToc90 and atToc33/atToc34. Like the other genetic results, these
findings suggest that atToc90 cooperates with components that mediate the import of the
most highly-abundant photosynthetic preproteins (i.e. atToc159 and atToc33) as well as with
proteins like atToc132, atToc120 and atToc34, which have specificity for low abundance
non-photosynthetic preproteins. However, when | compared the toc90 toc159 toc33 triple
mutant with the toc159 toc33 double mutant, or the toc90 toc159 toc34 triple mutant with the
toc159 toc34 double mutant, | could detect no phenotypic differences (data not shown).
Further work will be required in order to explain these unexpected genetic results.

Overall, my genetic results demonstrated that all four Toc159 homologues in Arabidopsis,
including atToc90, play an important role in chloroplast biogenesis. In contrast with other
Toc159 family members, a distinct function for the atToc90 protein remains unclear. In fact,
some of my genetic data suggest that atToc90 acts in both main import pathways. Ivanova et
al. (2004) showed that the four Arabidopsis Toc159 homologues differ in the length of their
N-terminal acidic domains, and recent evidence from Inoue et al. (2010) suggested the
involvement of this domain in the specialization and specificity of the different receptor
isoforms. The lack of an A-domain in atToc90 may allow it to act with less specificity in

more than one import pathway.
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6.2 Purification and analysis of TOC complexes

To biochemically investigate the role of atToc90, | conducted experiments to purify TOC
complexes from isolated Arabidopsis chloroplasts using the tandem affinity purification
(TAP) method. By performing immunoblot analyses on the purified complexes, | showed that
atTocl59, atToc75-111 and atToc90 could be co-purified with TAP-tagged atToc33 (atToc33-
NTAPI). These findings were also confirmed by mass spectrometric analysis of the purified
fractions. Because atToc33 was not proposed previously to interact with atTocl132 and
atToc120 (lvanova et al., 2004) (instead, atToc34 was reported to interact with these two
proteins), it is interesting that my mass spectrometry results showed that both atToc132 and
atToc120 were co-purified with atToc33-NTAPI. | also purified TOC complexes using TAP-
tagged atToc34 (atToc34-NTAPI), and immunoblot analysis of these revealed the presence of
atTocl32, atToc120, atToc75-111 and atToc90. Mass spectrometric analysis confirmed these
findings. The presence of the first three proteins (atToc132, atToc120 and atToc75-111) is as
expected, as these are the reported partners of atToc34. Most interestingly from the point of
view of my project was the finding that atToc90 is also in these complexes. Finally, it was
noteworthy that atToc159 was unexpectedly detected in the atToc34 complexes by mass

spectrometry.

My results indicate that the substrate specific import pathways model that was presented in
Chapter 1 may not be completely accurate. One possible explanation for my unexpected
observations (i.e. that atToc132 and atToc120 are in atToc33 complexes, and that atToc159 is
in atToc34 complexes) is as follows: While the different receptor isoforms may indeed have
distinct client specificities, and cooperate preferentially with each other as has been
published, they perhaps are nonetheless associated together in large mixed TOC complexes.
Another possible explanation is that the use of the strong, constitutive 35S promoter to drive
expression of the TAP fusions in my work led to association of the fusion proteins with TOC
components that they would not normally associate with in the wild type. Having said that,
great care was taken when generating the TAP lines to select only those transformants that
express the fusions at levels close to the native level. Indeed, my own data (not shown)

suggested that the fusion proteins are not strongly overexpressed.

Interestingly, in both the atToc33- and atToc34-containing TOC complexes, | could detect
small quantities of the Tic110 and Tic40 components of the inner membrane TIC complex.

After repeating the experiment several times with similar results, | concluded this result to be
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reliable and not due to contamination. However, my mass spectrometric results did not
identify either TIC protein (or any of the stromal chaperones that they are known to associate
with) in the purified complexes; Tic110 is known to recruit the chaperones Hsp93 and Cpn60
with the help of Tic40 (Kovacheva et al., 2007; Kessler and Schnell, 2006), and so one might
therefore expect them to be present in purified complexes containing those TIC proteins.
Nonetheless, my immunoblot results do suggest that | was able to purify at least some TOC-

TIC supercomplexes, as was reported previously (Nielsen, 1997; Kouranov et al., 1998).

My mass spectrometry analyses also revealed the presence of a small amount of actin in the
eluted atToc33-NTAPi complexes, but not in the atToc34-NTAPi complexes. Unfortunately,
| was unable to confirm these mass spectrometric results by immunoblotting because | did not
have access to a suitable actin antibody. Nonetheless, this result is probably reliable as a link
between TOC proteins and actin was reported previously. The results of Jouhet and Gray
(2009) showed that there is an interaction between Toc159 and actin. Also, many other TOC-
TIC components were identified after co-immunoprecipitation with actin antibodies. The
significance of this is uncertain but it may play a role in directing preproteins to the

chloroplast surface from the cytosol.

From the point of view of my project, by far the most significant result from this TAP work
was the observation that atToc90 is associated with both atToc33- and atToc34-containing
complexes. This is consistent with the genetic data presented in Chapter 2, and discussed
earlier, which suggested a role for atToc90 in photosynthetic and non-photosynthetic protein
import pathways. Comparing the immunoblot results suggested that atToc90 may be
relatively more abundant in the atToc33 complexes. However, as my immunoblots were
conducted on different occasions, the results are not strictly comparable and so this
conclusion is not reliable. Thus, it will be interesting to repeat the experiments
simultaneously in the future, to rigorously assess whether atToc90 is more abundant in
atToc33 complexes than in atToc34 complexes. If confirmed, this would be consistent with
the proposal that atToc90 is primarily (if not exclusively) involved in the import of

photosynthetic preproteins (Hiltbrunner et al., 2004; Infanger et al., 2010).
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6.3 Physiological analysis of the atToc90 knockout and overexpression lines

Analysis of publicly available microarray data using the Genevestigator tool online
(Zimmerman et al.,, 2004) suggested that atToc90 may have a role in senescence. To
investigate this possibility, | compared atToc90 knockout mutants and an atToc90
overexpression line with the wild type, under various conditions that are related to
senescence. Germinating plants on medium containing jasmonic acid produced a severely
senescent phenotype in all genotypes, but unfortunately no difference could be observed
between the wild type and the various mutant and overexpressor lines. This treatment may
have been too harsh, and so thereafter I used dark treatment to induce premature senescence
in attached leaves. These studies were more successful, providing clear evidence that atToc90
plays a role in senescence. In contrast with wild type leaves which turned yellow, the leaves
of the toc90 mutants and of the atToc90 overexpression line remained green after dark
treatment, like those of the well studied pph “stay green” mutant, which lacks an enzyme of
chlorophyll breakdown called pheophytinase (Schelbert et al., 2009). Moreover, my analyses
of gene expression changes in the dark treated leaves provided further support for the

proposed role of atToc90 during senescence.

The exact nature of this putative role of atToc90 will need to be examined in future studies,
but one possibility is that it is responsible for importing into chloroplasts the many enzymes
(e.g. chlorophyll breakdown enzymes, proteases and nucleases) that are induced during
senescence. It will be interesting to conduct import assays with such preproteins using
chloroplasts isolated from toc90 mutants (Aronsson and Jarvis, 2002). Another interesting
approach to take would be assess the levels of senescence-related chloroplast proteins in the
toc90 mutants, to see if their levels are reduced. This could be done using quantitative
proteomics or immunoblotting, for example, as was done during the characterisation of the
atToc33 knockout mutant, ppil (Kubis et al., 2003). Both of these approaches would be

interesting avenues of research to pursue, alongside the above mentioned import experiments.

High light stress treatments also revealed a significant difference between the atToc90
mutants and wild type. However, in contrast with the dark induced senescence work
discussed above (where an attenuation of the chlorophyll reduction seen in the wild type was
observed in the toc90 mutants), here, the reduction of chlorophyll was even more pronounced
in the mutants than in the wild type. More work is needed to shed light on the basis for this

difference, but it is conceivable that atToc90 is necessary for the efficient chloroplast import
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of proteins that enable the organelle to deal with reactive oxygen species and other stresses
that are created under high light conditions (for example, enzymes responsible for the
biosynthesis of antioxidant compounds) (Szymanska and Kruk, 2010).

Taking into account the all the above finding | had come with a modification of the working
model proposed by Jarvis, 2008 (see Introduction), where atToc90 interacts with both
atToc33 and atToc34 for the targeting of photosynthetic and non-photosynthetic preproteins,

and has a possible role in high light stress

Highly abundant Non-photosynthetic
photosynthetic preproteins preproteins
High light
stress e’

| N
g

Intermembrane space /
-

Figure 2: Model of substrate-specific protein import pathways. After careful analysis of my results, atToc90
associated with both atToc33 and atTocl59, as well as with atToc34 and atTocl32 and/or atTocl20.
Furthermore, was suggested from the results an involvement of atToc90 in leaf senescence which is due to light

stress treatments
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APPENDIX



Table 1: Genetic analysis of Arabidopsis Toc90 double homozygous knockout mutants. All the double mutants
have been PCR tested and a comprehensive phenotypic analysis was carried out with the appropriate controls.

Appropriate controls for

Genotype Zygosity PCR genotype phenotypic comparison
toc90-1 toc33 (ppil) hom/hom yes ppil, toc90-1, Col-0
toc90-1 toc34-2 (ppi3-2) hom/hom yes ppi3-2, toc90-1, Col-0
toc90-1 toc120-2 hom/hom yes toc120-2, toc90-1, Col-0
toc90-1 toc132-2 hom/hom yes toc132-2, toc90-1, Col-0
toc90-1 toc159 (ppi2) hom/seg yes toc159 (albino plants)
toc90-1 toc75111-3 hom/hom yes toc75-111-3, toc90-1, Col-0
toc90-1 toc751V-1 hom/hom yes toc75-1V-1, toc90-1, Col-0

Abbreviations in the table are defined as follows: hom, homozygous; het, heterozygous; seg,

segregating; Col-0, Columbia
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Table 2: Genetic analysis of Arabidopsis Toc90 triple mutants. All the triple mutants have been PCR tested and
a comprehensive phenotypic analysis was carried out with the appropriate controls

Genotype Zygosity PCR Appropriate controls for
genotype phenotypic comparison

toc90-1 toc132-2 toc120-2 hom/hom/hom yes toc132-2 toc120-2 bleached
(bleached)

toc90-1 toc132-2 toc120-2 hom/hom/het  yes toc132-2 toc120-2 pale
(pale)

toc90-1 toc159 toc120-2 hom/seg/hom  yes toc90-1 toc159, tocl59, tocl59

toc120-2

toc90-1 toc33 toc34-2 hom/hom/het  yes toc33 toc34-2

toc90-1 toc159 toc33 hom/seg/hom  yes toc159, toc33 toc159

toc90-1 toc159 toc34-2 hom/seg/hom  yes toc159, toc34-2 toc159

toc90-1 toc33 toc132-2 hom/hom/hom yes toc33 toc132-2, Col-0

Abbreviations in the table are defined as follows: hom, homozygous; het, heterozygous; seg,
segregating; Col-0, Columbia
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Table 3: The T-DNA and gene specific primers used for genotyping

Gene

Primers

toc90-1

toc90-2

toc90-3

toc34-2

toc33

toc132-2

toc75-111-3

toc75-1V-1

toc120-2

toc159

5-TAGCATCTGAATTTCATAACCAATCTCGATACAC-3 LB3 (left border)
5- TTCCGTGACCCTCATCAAGAAC-3 forward

5- GAGAAATCACTGTATCGCATGTCG-3 reverse

5 -TGGTTCACGTAGTGGGCCATCG-3 LBal (left border)
5- GAGAAATCACTGTATCGCATGTCG-3 reverse

5- TTCCGTGACCCTCATCAAGAAC-3 forward
5-TGGTTCACGTAGTGGGCCATCG-3 LBal (left border)
5-CAGCGCATGGATGTGGTTCAA-3 forward
5-CTCCCGCCGTTTGCTGTTT-3 reverse
5-TGGTTCACGTAGTGGGCCATCG-3 LBal (left border)
5-TAATTTGATACGAGGTCAGCGAATCCGGC-3 forward
5 -TGATCTGGTTTGACTACACAATCGCACCC-3 reverse
5-ATAACGCTGCGGACATCTAC-3 LB/CGN3
5-GGTCTCTCGTTCGTGAATGG-3 127 Ex2 forward
5-CTGAGCGCCTATGATAAGAG-3127 EX7 reverse
5-CCCATTTGGACGTGAATGTAGACAC-3 LB Gabi kat (left border)
5-GATGGGACTGAGTTTGTGGTTAGGTC-3 forward
5-TCCTCCAACAATTGGTCTCTTGCTACCAG-3 reverse
5-GCAAATCACAGGTGGACCAG-3 dCAPS forward
5-TGCCCATGGAGGACTAGAAC-3 dCAPS reverse
5-GGTGCAGCAAAACCCACACTTTTACTTC-3 dspmill
5-CTATCATCTTCTACTCCGAGTCTCCG-3 forward
5-GCTGAATGAAACTTGTTAATGATAGT-3 reverse
5-CAGTCATAGCCGAATAGCCTCTCCA-3 FISH2
5-CTCCCAGAAAGCTGGATACTGTCAATGTG-3 forward
5-AATTGGTTCGCAGGAGGGTC-3 forward
5CTTTCAGTCTCTCCCTTCTC-3 reverse
5-GATGCAATCGATATCAGCCAATTTTAGAC-3 LB102A
5-CAGTAGCAAAGCGGAAATGGACTCAAAG-3 forward
5-GCACGTGGAGCTGCTGCAGGCTTCAAGGG-3 reverse
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Table 4: atTOC90 gene specific primers used to make the overexpression for the construct complementation
studies

Gene Primers

Toc90attB1-F 5-AAAAAGCAGGCTATGAAAGGCTTCAAAGACTG-3
Toc90attB2-R 5 -AGAAAGCTGGGTTTAGGAAACGAGAAAATTCAC-3
Toc90 H4C12/F  5-CATCTGGCATACCGGAGCTTGA-3

Toc90 H4C12/R  5-CTTCGAAACACGGCGGGACTT-3
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Table 5: atTOC90 and translation initiation factor elF4E1gene specific primers used for RT-PCR

Gene Primers
elF4E1-F 5-AAACAATGGCGGTAGAAGACATCT-3
elF4E1-R 5-AAGATTTGAGAGGTTTCAAGCGGTGTAAG-3

Toc90 PL/RT-F  5’-CTCCCGCCGTTTGCTGTTT-3

Toc90 RT-R 5- TTCCGTGACCCTCATCAAGAAC-3’
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