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Abstract

Genetic Interplay between Chloroplast Protein Import and Thylakoid
Complex Assembly in Arabidopsis thaliana

by

Raphael Mauritius Trdsch

The aim of the present thesis is to further our knowledge of chloroplast protein import
regulation by identifying potential novel regulatory components using the model species
Arabidopsis thaliana. A forward genetic screen with the pale chloroplast protein import
mutant tic40 uncovered two second-site suppressors (sticl and stic2). The sticl muta-
tions map to the known thylakoid biogenesis factor ALB4, which suggest a novel genet-
ic interaction between chloroplast protein import and thylakoid biogenesis. The genetic
interaction between TIC40 and ALB4 is shown to be specific, and the chloroplast pro-
tein import defect of tic40 mutants can be suppressed by sticl/alb4 mutants. Further-
more, the ALB4 and STIC2 proteins are shown to interact in a common pathway, the
abrogation of which leads to deteriorated thylakoid ultrastructure, suggesting that both
ALB4 and STIC2 are involved in thylakoid biogenesis. Apart from thylakoid
ultrastructural defects, the abrogation of the STIC function leads to the massive induc-
tion of an as yet uncharacterized gene, HINAS1, potentially mediated by a hormone sig-
nal originating from the chloroplast. How such a signal could indirectly suppress the
defects of tic40 mutants is discussed.

It is further shown that the alb3 alb4 double mutants are smaller and accumulate less
pigments than the alb3 single mutants, and that the chloroplast ultrastructure is further
deteriorated in the double mutant compared to alb3. Similarly, the cpftsy mutant and the
cpsrp54 cpsrp43 double mutants show also a more severe phenotype in the alb4 back-
ground. These findings are backed up by the detection of weak but specific interactions
of ALB4 with ALB3 and both cpSRP components, suggesting that the functions of
ALB4 and its paralogue ALB3 overlap partially, and that thus both components likely
contribute differentially but synergistically to the same process of protein insertion into
the thylakoids via the chloroplast signal recognition particle pathway.
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Chapter 1

General Introduction

Chloroplast Protein Import and the Routing of Proteins to
the Chloroplast Compartments



1.1 Abstract

Chloroplasts are cell organelles unique to plants and algae that have essential functions
in these organisms. Photosynthesis provides nature’s energy resources, and the chloro-
plast’s primary metabolism delivers products that form the basis of food chains in most
ecosystems. Even though chloroplasts have a small chromosome, most chloroplast pro-
teins are encoded in the nuclear genome and need to cross the double membrane barrier
that separates the chloroplast stroma from the cytosol. Similar to other cell routing sys-
tems, chloroplast proteins are synthesised with an N-terminal transit peptide that serves
as a signal for chloroplast protein import. Slight differences in this signal between pho-
tosynthetic and housekeeping proteins are detected by different receptor isoforms in
Arabidopsis and allow differential regulation of protein import for photosynthetic and
metabolic processes. After binding to receptors, proteins are routed through the
translocons in the outer and inner envelope membranes of the chloroplast (TOC and
TIC) and then follow downstream routing systems to reach the intermembrane space,
the inner envelope membrane, the stroma, the thylakoid membrane or the thylakoid lu-
men. Under varying environmental conditions and during plant development the plastid
proteomes and sub-proteomes can change considerably, and new ways of regulation that

impinge on plastid protein transport systems are currently being identified.



1.2 Plastids: Form, functions, evolution

1.2.1 Algae acquired chloroplasts through endosymbiosis

The first organisms to invent photosynthesis were bacteria. Heliobacteria and
chloroflexi use primitive photosystems with the reaction centres RC-1 and RC-2, re-
spectively, for a non-oxygenic photosynthesis, while cyanobacteria evolved later and
combined these two photosystems for a more efficient oxygenic photosynthesis (Gupta
et al., 1999; Schopf, 1993). After the evolution of eukaryotes, some protists might have
engulfed and retained an ancestral cyanobacterium with mutual benefits for the host
(high energy products from photosynthesis) and the endosymbiont (protection)
(Margulis, 1970). This so called endosymbiotic theory was supported by the discoveries
of the circular chloroplast chromosome which contains some genes organised in oper-
ons with high sequence similarity to bacterial relatives, and some metabolic pathways
like non-mevalonate isoprenoid biosynthesis or nitrate and sulfate assimilation which
are shared between chloroplasts and bacteria (McFadden, 2001). The first unicellular
algae had to control chloroplast processes such as division and metabolite production in
order to coordinate them with their own development. Therefore, gene transfer from the
endosymbiont to the host’s genome was evolutionarily favored, and present chloroplast
genomes retained only a small fraction of the initial cyanobacterial genome (Martin et

al., 2002; Timmis et al., 2004).

Endosymbiosis of eukaryotes with cyanobacteria (called primary endosymbiosis)
is believed to have happened only once over a billion years ago, leading to the super-
group of archaeplastids which comprises glaucophytes, red algae, green algae and plants

(Adl et al., 2005; Prihoda et al., 2012). Recently, however, such a simple origin of chlo-



roplasts has been disputed and evidence has been presented for an additional, more re-
cent primary endosymbiotic event in the rhizarian Paulinella chromatophora (Dorrell
and Howe, 2012; Howe et al., 2008; Marin et al., 2005). Moreover, most algal species
are not archaeplastids but chromalveolates (e.g. brown algae, diatoms and
dinoflagellates), chlorarachniophytes and euglenids and have gained their chloroplasts
by a secondary endosymbiosis of a eukaryotic host with an equally eukaryotic green or
red algal symbiont (Dorrell and Howe, 2012; Keeling, 2010). Interestingly, the possibil-
ity of serial endosymbiosis within diatoms where an original algal symbiont has been
replaced with another has shown that even transient symbioses can leave a fingerprint in
the host’s genome and probably favour future symbioses (Dorrell and Howe, 2012;
Dorrell and Smith, 2011). This could lead to the question whether endosymbiosis was
not an ‘event’ but rather a process where early transient symbioses led to gene transfers
that subsequently facilitated new symbioses which eventually led to a stable endosym-

biosis (Dorrell and Howe, 2012).

1.2.2 Plastids are not always green

Chloroplasts from archaeplastids have a double membrane envelope where the inner
membrane derived from the cyanobacterial symbiont’s plasma membrane. The outer
membrane was originally thought to be derived from the host’s vacuolar membrane
which has been retained after engulfing the symbiont, however, the lipid composition
rather reflects a homology to the symbionts outer membrane (Block et al., 1983;
Whatley et al., 1979). Like the cyanobacterial outer membrane, the outer envelope con-
tains galactolipids and sulfolipids and lacks phosphatidylethanolamine which is other-
wise typical for extraplastidic host membranes (Block et al., 1983). A third, internal

membrane system, the thylakoid membrane, is homologous to cyanobacterial thylakoids
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and is the site of photosynthesis. The three membrane systems enclose three aqueous
compartmens, namely the intermembrane space between outer and inner envelope
membrane, the stroma between inner envelope membrane and thylakoid membrane, and

the thylakoid lumen inside the enclosed thylakoid membrane.

Glaucophytes, such as the model species Cyanophora paradoxa, have the most
primitive chloroplasts, termed cyanelles, which greatly resemble cyanobacteria. In fact,
they are so similar to cyanobacteria that they originally have been considered
endosymbiontic cyanobacteria rather than cell organelles (Jaynes and Vernon, 1982).
Only after sequencing of the cyanelle genome which is greatly reduced as in other chlo-
roplasts, and after discovering that neither cyanelles nor Cyanophora can grow inde-
pendently, the cyanelles were found to be primitive chloroplasts (Jaynes and Vernon,
1982). Like cyanobacteria, they still have a remnant of a peptidoglycan cell wall, un-
stacked thylakoids, phycobilisomes containing phycocyanin (giving them a blue col-
our), and chlorophyll a but no chlorophyll b (Jaynes and Vernon, 1982). Red algae chlo-
roplasts, also termed rhodoplasts, have properties between cyanelles and chloroplasts
from Chloroplastida: they have unstacked thylakoids like cyanelles but lack the pepti-
doglycan cell wall remnant; they still have phycobilisomes (mainly with phycoerythrin,
giving them a red colour), but also have light harvesting complex proteins (LHCPS)
associated with their photosystem I (Grabowski et al., 2001; Wolfe et al., 1994). Finally,
chloroplasts from the Chloroplastida group, which encompasses green algae and plants,
have stacked thylakoids, LHCPs replace the phycobilisomes in both photosystems, they
use chlorophyll b in addition to chlorophyll a, and they synthesise starch within the

chloroplast (Deschamps et al., 2008; Grabowski et al., 2001).

During evolution of multicellular algae and land plants, many specialised organs

arose, containing cells with altered types of chloroplasts. Non-photosynthetic
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proplastids are propagated in vegetative apical meristems and germlines, ready to dif-
ferentiate into chloroplasts, leucoplasts or chromoplasts depending on the type of tissue
which is formed. Starch-storing leucoplasts, termed amyloplasts, occur in rhizoids and
roots of green algae and plants as well as storage organs of higher plants such as cotyle-
dons, tubers and endosperm, while oil-storing elaioplasts mainly occur in epidermal
cells of some monocots and in the tapetum (Hernandez-Pinzon et al., 1999; Matilsky
and Jacobs, 1983; Neuhaus and Emes, 2000). Flowering plants evolved chromoplasts as
pigment-storing plastid in flower, fruit and sometimes root tissues, and etioplasts in
dark-grown seedlings that contain a membranous prolamellar body which can be con-
verted rapidly into photosynthesizing thylakoids by accumulation of chlorophyll upon
illumination (Neuhaus and Emes, 2000). Collectively, these organelles are referred to as
plastids and serve a variety of specialised biochemical purposes in different, also non-
photosynthesizing organs, while in higher plants photosynthetic chloroplasts are pre-

dominant in specialised organs, namely leaves.

1.2.3 Plastids fulfill a large variety of essential functions

The chloroplast process of primary importance is oxygenic photosynthesis. Light energy
is used to split water to oxygen, protons and electrons. Oxygen is released to the atmos-
phere and allows eukaryotic respiration, while the energy in protons and electrons is
ultimately used to assimilate carbon dioxide to high-energy compounds such as starch
and sugars, which again sustains the eukaryotic heterotrophic nutrition (Nelson and
Ben-Shem, 2004). Four large thylakoid membrane complexes are involved in photosyn-
thesis, namely photosystems I (PS-1) and Il (PS-I1), the cytochrome bef complex and the
F-type ATPase complex. Light quanta are absorbed by the chlorophylls of the light har-
vesting complex of PS-1l1 (LHC-1I) and cumulate in the reaction centre P680. There, the
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luminal oxygen evolving complex which is associated with PS-I1 uses this energy to
split water. The resulting gaseous oxygen diffuses through the thylakoid membrane, the
protons accumulate in the thylakoid lumen and the electrons are shuttled to the P700
reaction centre of PS-1 via the cytochrome bef complex, thereby pumping further pro-
tons from the stroma into the lumen. The electrons finally reduce ferredoxin on the
stromal side of the thylakoid membrane, and reduced ferredoxin is either directly used
for redox reactions in the chloroplast or it is used to reduce NADP* to NADPH via the
ferredoxin-NADP -reductase (FNR). If the stroma contains abundant reduced NADPH,
the electrons can also be returned to the cytochrome bef complex in the Q-cycle, where
they power further pumping of protons from the stroma into the lumen. The proton gra-
dient produced from both linear and cyclic electron flow is then used to generate ATP
from ADP and inorganic phosphate via the F-type ATPase complex by releasing the
protons through a rotating channel against the electrochemical gradient (Nelson and

Ben-Shem, 2004).

The products of photosynthesis, ATP and NADPH, are mainly used for carbon as-
similation inside the chloroplast. In the Calvin cycle, three molecules of carbon dioxide
are joined to three molecules of ribulose-1,5-bisphosphate by the enzyme ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO) to form unstable products that sponta-
neously dissociate into six molecules of 3-phosphoglycerate (Raines, 2011). These are
transformed into six molecules of glyceraldehyde-3-phosphate by two enzymes that use
six molecules of ATP and six molecules of NADPH. Of the six molecules of glycer-
aldehyde-3-phosphate, five are recycled to three molecules of ribulose-1,5-bisphosphate
in a type of reductive pentose phosphate pathway which again consumes three mole-
cules of ATP. The remaining glyceraldehyde-3-phosphate is the net gain per cycle

which costs 9 ATP and 6 NADPH (Raines, 2011). Glyceraldehyde-3-phosphate and its



isomer dihydroxyacetone phosphate are either exported into the cytosol and converted
to sucrose which is distributed through the whole plant as a source of energy in sink
tissues or a source of storage starch in the amyloplasts of specific storage organs, or
alternatively they are directly fed into the buildup of transitory starch inside the leaf

chloroplasts (Zeeman et al., 2007).

The plastid is a central compartment involved in nitrogen and sulfur assimilation
and the biosynthesis of amino acids (Neuhaus and Emes, 2000). Sulfur is taken up by
plastids in the form of sulfate and then assimilated via adenosine phosphosulfate (APS)
to cysteine and methionine (Leustek and Saito, 1999). Imported nitrite is reduced to
ammonium by the plastid nitrite reductase, and glutamine synthetase (GS) acts as a glu-
tamate-ammonia ligase to synthesise glutamine. Together with glutamine-oxoglutarate
aminotransferase (GOGAT) which produces two glutamates from glutamine and 2-
oxoglutarate, glutamine synthetase takes part in the so called GS-GOGAT cycle (Lam et
al., 1995; Masclaux-Daubresse et al., 2010). Glutamate can be exported or used as a
substrate for aspartate aminotransferase which synthesises aspartate from glutamate and
oxaloacetate in plastids and other compartments (Lam et al., 1995; Masclaux-Daubresse
et al., 2010). Together with cytosol-synthesised asparagine, the three amino acids glu-
tamate, glutamine and aspartate form more than half of the total amino acid pool in Ar-
abidopsis leaves and the starting material for the synthesis of most other amino acids
(Lam et al., 1995; Masclaux-Daubresse et al., 2010). Especially the biosynthesis of
histidine, aromatic amino acids (tryptophane, phenylalanine and tyrosine), branched-
chain amino acids (leucine and valine) and aspartate-derived amino acids (lysine, me-
thionine, threonine and isoleucine) is localised in plastids, other amino acids can be syn-

thesised in plastids and other compartments as well (Reyes-Prieto and Moustafa, 2012).



In plants, virtually all fatty acids are synthesised in plastids (Rawsthorne, 2002).
The rate limiting step of fatty acid synthesis is performed by the plastid acetyl-
coenzyme A (acetyl-CoA) carboxylase (ACCase) that forms malonyl-CoA from acetyl-
CoA and bicarbonate (Harwood, 1988). The malonyl moiety is then transferred to an
acyl-carrier protein (ACP). The stromal fatty acid synthase complex (FAS) consists of
several subunits that perform a complex cyclic reaction in which malonyl-ACP is fused
to a growing acyl-ACP chain by releasing a carbon dioxide after each cycle (Harwood,
1988). Resulting acyl-ACP can either be transformed to acyl-CoA and exported from
the plastid, or ligated to a glycerol-3-phosphate by two acetyltransferases to form
phosphatidic acid which is further metabolised to diacylglycerol (DAG) inside the plas-
tid (Ohlrogge and Browse, 1995; Wang and Benning, 2012). The fatty acids of the
DAGs are further desaturated by membrane-bound fatty acid desaturases (FADs), and
finally the DAGs can be further metabolised to monogalactosyl-, digalactosyl- and
sulfoquinovosyl diacylglycerols (MDGD, DGDG, SQDG), and phosphatidylglycerol,

the typical chloroplast membrane lipids (Wang and Benning, 2012).

Apart from the characteristic plastid functions described above, these organelles
take part in a wide variety of other biochemical processes as well. In Arabidopsis, the
largest part of purine nucleotide de-novo biosynthesis up to xanthosine monophosphate
is localised in plastids from where AMP biosynthesis continues in plastids while GMP
biosynthesis takes place in the cytosol (Zrenner et al., 2006). Pyrimidine nucleotide de-
novo biosynthesis also takes place in plastids except one single step, dihydroorotate
dehydrogenation, which occurs in mitochondria (Zrenner et al., 2006). Isoprenoid syn-
thesis is divided between the cytosol (hemi-, sesqui-, triterpenes and steroids via the
mevalonate pathway) and the plastids (mono- and diterpenes via the

methylerythritolphosphate pathway) (Vickers et al., 2009). In plastids, diterpenes can be



further metabolised to plastoquinone, phylloguinone and giberelline hormones while
tetraterpenes ultimately form carotenoids and abscisic acid (Vickers et al., 2009). In
addition, porphyrine biosynthesis for chlorophyll and heme formation takes place in
chloroplasts as does synthesis of the antioxidant lipid-protecting tocopherol and of the
hormones salicylic and jasmonic acid involved in plant immunity and defense (Beale,
1990; DellaPenna, 2005; Nomura et al., 2012). Thus, plastids are an essential compo-
nent of all plants in most tissues and at most stages of their development and influence

plant life at almost every level of functionality.
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1.3 Protein import into chloroplasts

1.3.1 Targeting of proteins to the chloroplast requires a transit peptide

The large variety of different plastid functions suggests that the number of proteins in
these compartments is large. Estimates of the size of the plastid proteome in the model
species Arabidopsis thaliana range from 1900 — 2500 proteins (Abdallah et al., 2000;
Leister, 2003) up to ~4000 proteins (Sun et al., 2004). As the Arabidopsis plastid ge-
nome encodes less than 90 proteins (Sato et al., 1999), the bulk of plastid proteins are
encoded in the nuclear genome and need to be targeted to plastids after translation. In
fact, most proteins encoded in the nuclear genome need to be transported to a destina-
tion compartment after translation in the cytosol. Specificity is commonly achieved by a
signal sequence that is recognised by receptors and leads to the translocation of the pro-
tein across the membranes of the respective compartment. Proteins are encoded together
with the signal sequence as precursors, and usually the signal sequence is removed upon
import leading to the shorter mature proteins. Proteins destined for the endoplasmic
reticulum are encoded with an N-terminal signal peptide of 15 to 20 amino acids length,
containing a hydrophobic core which is flanked by N-terminal positive residues and C-
terminal hydrophilic residues (Blobel and Dobberstein, 1975; Martoglio and
Dobberstein, 1998). Nuclear precursor proteins contain a short nuclear location signal
(NLS) which typically contains positive amino acids such as arginine and lysine
(Kalderon et al., 1984). Peroxysomal precursors can have either C-terminal or N-
terminal signal sequences, called peroxysome targeting signals (PTS), which are bound
by different receptors (Gould et al., 1987; Swinkels et al., 1991). Mitochondrial precur-
sors have either an N-terminal signal sequence called presequence, which is typically 20

to 40 amino acids long, contains an overall positive charge and can form an amphiphilic
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a-helix, whereas many membrane proteins contain non-cleavable internal targeting in-
formation (Abe et al., 2000; Brix et al., 1997; Roise and Schatz, 1988; Wiedemann et

al., 2004).

Similarly, nucleus-encoded chloroplast proteins have a targeting sequence called
transit peptide, which is cleaved off after import (Chua and Schmidt, 1978; Dobberstein
et al., 1977; Highfield and Ellis, 1978) (see also Section 4.2). It is located at the N-
terminus, and is necessary and sufficient for chloroplast targeting since it is also able to
direct chloroplast unrelated proteins to the chloroplast, and its removal leads to a block
in import (Bruce, 2000, 2001; Lee et al., 2006; Lee et al., 2009). Unlike other targeting
sequences, the chloroplast transit peptide is extremely variable both on the sequence and
structure level. Its length varies from 20 to more than 100 amino acids, with no obvious
sequence conservation (Bruce, 2000, 2001). The only trend is an excess of hydroxylated
residues, especially serine, and fewer acidic residues, leading to a positive charge. But
this feature is shared by mitochondrial presequences, and therefore it is not completely
clear how organellar specificity is achieved (Bhushan et al., 2006; Chew and Whelan,
2004). However, while mitochondrial presequences can form an amphiphilic a-helix,
chloroplast transit peptides do not form a common secondary structure, which leads to
the assumption that this lack of structure might be important to discriminate between
chloroplast and mitochondrial targeting sequences (Krimm et al., 1999; von Heijne and
Nishikawa, 1991; Wienk et al., 2000) (see also Section 4.2). Another possibility to
achieve specificity would be an interaction between the transit peptide and chloroplast
specific membrane lipids (Bruce, 2001; Krimm et al., 1999; Wienk et al., 2000). Indeed,
a deficiency in chloroplast specific galactolipids leads to reduced chloroplast protein
import (Chen and Li, 1998), and the transit peptide has the ability to interact strongly

and specifically with membranes containing galactolipids (Bruce, 1998).
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Recent research confirms that the intrinsically disordered transit peptide has the
ability to bind to chloroplasts based on physicochemical properties rather than con-
served sequence motifs, since both pro- and retro-transit peptides can bind to chloro-
plasts (Chotewutmontri et al., 2012). For most transit peptides, however, binding to the
translocon receptor Toc34 seems to be mediated by a degenerate FGLK motif, the pres-
ence of which is necessary but not sufficient for translocation (Chotewutmontri et al.,
2012; Lee et al., 2006). This FGLK motif is separated by a spacer sequence from an N-
terminal uncharged domain which can interact with stromal chaperones and is equally
necessary for translocation (Chotewutmontri et al., 2012). It has been speculated that
transit peptides do in fact contain motifs and domains with specific physicochemical
properties, but their structural organisation along the transit peptide may not be con-
served which leads to a large variety in both transit peptide sequences and translocation

mechanisms (Li and Teng, 2013).

1.3.2 Most chloroplast proteins are targeted via the general import pathway

Isolated pea chloroplasts were found to synthesise the large but not the small RuBisCO
subunit (Blair and Ellis, 1973). Therefore, even before the chloroplast transit peptide
was discovered, it was postulated that some chloroplast proteins must be synthesised in
the cytosol and cross the chloroplast envelope using a proteinaceous carrier, which has
been termed the envelope carrier hypothesis (Blair and Ellis, 1973). Indeed, when chlo-
roplasts were pre-treated with the protease thermolysin which removes proteins at the
chloroplast surface, later added precursor proteins were not anymore able to bind to
chloroplasts, proving that their binding relies on proteins on the chloroplast surface
(Cline et al., 1984; Cline et al., 1985; Friedman and Keegstra, 1989). Early investiga-
tions of solubilised outer envelope membranes resulted in the finding of a protein com-
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plex containing the precursor as well as Hsp70 and an unknown 86 kDa protein
(Waegemann and Soll, 1991). Later it was found that precursors bind to the 86 kDa pro-
tein in the absence of ATP whereas low levels of ATP are required for binding to a
newly found component of 75 kDa (Perry and Keegstra, 1994). The 86 kDa component,
however, turned out to be a proteolytic fragment of a larger, relatively instable protein
of 159 kDa, which seems to be a primary receptor for pre-proteins at the chloroplast
surface (Bolter et al., 1998; Chen et al., 2000; Hirsch et al., 1994) (Fig. 1.1). This pro-
tein has later been named ‘Tocl59, for translocon at the outer chloroplast envelope
membrane, 159 kDa’, according to the current nomenclature of envelope membrane
proteins involved in chloroplast protein import (Schnell et al., 1997). The 75 kDa com-
ponent (Toc75) which was repeatedly found in association with precursors (Perry and
Keegstra, 1994; Schnell et al., 1994; Tranel et al., 1995), was finally shown to be the
protein conducting channel component in the outer envelope membrane (Baldwin et al.,
2005; Hinnah et al., 1997; Hinnah et al., 2002) (Fig. 1.1). Toc159 and another receptor
component of 34 kDa (Toc34) were discovered to be GTPases, and GTPase activity
seems to be necessary for protein import since substitution of GTP with non-
hydrolysable forms of GTP negatively affects protein import (Kessler et al., 1994;

Seedorf et al., 1995).

In the inner envelope membrane, a large protein of 110 kDa was found to be asso-
ciated with translocating precursors (Lubeck et al., 1996). This component has later
been found to be an essential protein, and was suggested to form the protein conducting
channel in the inner envelope membrane (Heins et al., 2002; Inaba et al., 2005;
Kovacheva et al., 2005). It has been named Tic110, for ‘translocon at the inner chloro-
plast envelope membrane, 110 kDa’, in line with the current nomenclature (Schnell et

al., 1997). However, another pair of proteins in the inner envelope, Tic20 and Tic21, are
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both integral membrane proteins and have channel properties, similar to Tic110
(Kouranov et al., 1998; Teng et al., 2006) (Fig. 1.1). They have been found in associa-
tion with precursors in a complex lacking Tic110, which is why it has been suggested
that they form protein conducting channels separate from Tic110 (Kikuchi et al., 2009).
On the stromal side, Tic40 and Hsp93 have been shown to interact with Tic110 and
precursor proteins (Akita et al., 1997; Nielsen et al., 1997; Stahl et al., 1999; Wu et al.,
1994) (Fig. 1.1). Hsp93, a molecular chaperone of the Hsp100 family, has therefore
been reasoned to be part of a motor complex that binds to translocating precursors and
pulls them into the stroma by an ATP consuming ratchet-type mechanism (Akita et al.,
1997; Constan et al., 2004a; Nielsen et al., 1997; Schirmer et al., 1996). Tic40 also has
properties of a co-chaperone and has been suggested to facilitate ATP hydrolysis by

Hsp93 (Bedard et al., 2007; Stahl et al., 1999).

All the above described components form a more or less dynamic translocon
complex in the chloroplast envelope membranes, composed of the two translocon
subcomplexes TOC and TIC in the outer and inner chloroplast envelope membrane,
respectively. At large, three functionally different entities can be distinguished; Toc159
and Toc34 are responsible for transit peptide recognition and binding, Toc75, Tic20 and
Tic21 (and possibly Tic110) are channel components responsible for preprotein translo-
cation through the envelope, and Tic40 and Hsp93 (and potentially other chaperones)
form a motor complex associated with Tic110 that drives protein import by ATP hy-
drolysis (Jarvis, 2008; Li and Chiu, 2010). Protein import through the TOC and TIC
complexes is referred to as the “general import pathway” and is the default pathway for

import of nucleus-encoded chloroplast proteins.
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The binding of precursors to the TIC complex is called “docking” and requires
low levels of ATP (50-100 uM) (Olsen et al., 1989). Low levels of GTP enhance the
docking in the presence of ATP but cannot substitute when ATP is lacking (Olsen and
Keegstra, 1992; Olsen et al., 1989; Young et al., 1999). Docking of precursors leads to
the formation of early import intermediates which can be chased into the stroma by high
levels of ATP (1 mM) at 25°C but not at 4°C (Leheny and Theg, 1994; Olsen et al.,
1989; Rensink et al., 2000). Recently it was shown that at 100 uM ATP and 4°C part of
the precursors associate loosely with the TOC complex, likely due to energy independ-
ent binding to the receptors (stage 1), and part insert into the Toc75 channel (stage 1)
requiring a temperature insensitive ATPase activity (Inoue and Akita, 2008a, b). By
increasing the temperature to 25°C, all precursors are inserted into the Toc75 channel
with their transit peptide, while some are inserted deeper than others (stage 1l1), requir-
ing a separate, temperature sensitive ATPase activity (Inoue and Akita, 2008a, b). How-

ever, the ATPases necessary for the binding step remain unknown (Chiu et al., 2010).

A fifth of all proteins detected in chloroplasts by mass spectrometry do not have a
transit peptide (Kleffmann et al., 2004). These may include many outer envelope mem-
brane proteins which insert spontaneously into the membrane, but likely also many pro-
teins employing pathways different from the general import pathway (Jarvis, 2008; Li
and Chiu, 2010). Some proteins, such as carbonic anhydrase 1 (CAH1) or nucleotide
pyrophosphatase/phosphodiesterase 1 (NPP1), have an ER signal peptide instead of a
transit peptide, are glycosylated in the Golgi apparatus and then targeted to chloroplasts
via the secretion pathway (Nanjo et al., 2006; Radhamony and Theg, 2006; Villarejo et
al., 2005). Some inner envelope proteins, such as chloroplast quinone oxidoreductase
homologue (ceQORH) and Tic32 are targeted without a canonical transit peptide via a

yet unknown mechanism (Miras et al., 2007; Nada and Soll, 2004).
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1.3.3 Tocl159 and Toc34 are the primary receptors for transit peptide binding

Both, Toc34 and Tocl159 have a short C-terminal membrane anchor and a cytosolic
GTP-binding domain (G-domain) (Fig. 1.1), and they can bind directly to precursor
proteins which suggests a receptor role (Perry and Keegstra, 1994; Smith et al., 2004;
Sveshnikova et al., 2000). In Arabidopsis, two isoforms of Toc34 exist, atToc33 and
atToc34, which both share 61% amino acids (Jarvis et al., 1998). For Toc159 there are
four isoforms in Arabidopsis, atTocl159, atTocl132, atToc120 and atToc90. All four
Toc159 isoforms contain relatively conserved, large membrane domains (M-domains)
and G-domains, but unlike Toc34 they also possess an acidic domain (A-domain) with
unknown function, which shows considerable differences between the four isoforms
(Bauer et al., 2000; lvanova et al., 2004; Kubis et al., 2004) (Fig. 1.1). The existence of
different receptor isoforms in Arabidopsis strongly suggests a specialised role for each
isoform (Kubis et al., 2004). Indeed, the knockout of atToc33, called ppil for plastid
protein import 1, is pale and impaired in protein import of mainly photosynthetic pro-
teins, whereas the knockout of atToc34, called ppi3, is green and specifically impaired
in root growth (Constan et al., 2004b; Jarvis et al., 1998). While this indicates that
atToc33 is rather specific for photosynthetic and atToc34 for non-photosynthetic,
housekeeping precursors, their roles nevertheless overlap because the ppil ppi3 double
mutant is embryo lethal and the pale ppil phenotype can slightly be recovered by

atToc34 overexpression (Constan et al., 2004b; Jarvis et al., 1998).

Similarly, the knockout of atTocl59, called ppi2, is albino while attoc132,
attoc120 and attoc90 mutants have no obvious pale phenotypes (Bauer et al., 2000;
Hiltbrunner et al., 2004; Ivanova et al., 2004; Kubis et al., 2004). atToc90 is closer re-
lated to atToc159 than to atTocl32 or atTocl20, its overexpression can partially com-

plement the albino ppi2 phenotype and its knockout slightly enhances the ppi2 pheno-
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type, leading to the conclusion that the functions of atToc90 and atTocl59 partially
overlap (Hiltbrunner et al., 2004; Infanger et al., 2011). However, because attoc90 has
no strong phenotype, its exact role is still unknown. atToc132 and atToc120 are closer
related to each other than to atToc159 or atToc90, and the attoc132 attoc120 double
mutant is albino, suggesting that both components have overlapping roles which are
separate from the atToc159/atToc90 function (lvanova et al., 2004). Unlike ppi2, the
attoc132 attoc120 double mutant shows abnormal root plastids, and atTocl32 and
atTocl120 expression is low and uniform as is typical for non-photosynthetic proteins
(Kubis et al., 2004). Therefore, it was suggested that atToc33 forms a complex with
atToc159/atToc90 which shows specificity for photosynthetic proteins while atToc34
forms complexes with atToc132 and atToc120 with specificity for non-photosynthetic
proteins, which might prevent import exclusion of low-abundant housekeeping proteins
by highly abundant photosynthetic proteins (Kubis et al., 2004). However, specificity is
not complete since the ppi2 tocl32 double mutant is embryo lethal, showing that
atTocl159 and atTocl132 are in separate complexes with partially overlapping functions
(Kubis et al., 2004). Furthermore, it was shown recently that some photosynthetic chlo-
roplast proteins can also accumulate independently of atTocl159 in the ppi2 mutant

(Bischof et al., 2011).

It has been shown that atToc33 can homodimerise through their G-domains (Sun
et al., 2002; Weibel et al., 2003; Yeh et al., 2007). Additionally, atToc33 might also
form heterodimers with atToc159 through their homologous G-domains (Bauer et al.,
2002; Rahim et al., 2009; Smith et al., 2002; Wallas et al., 2003). It has been suggested
that in homodimers each atToc33 might act as a GTP activating protein (GAP) for the
other interactor, and indeed a mutation in atToc33 which abolishes dimer formation

leads to a significant decrease in GTPase activity (Bauer et al., 2002; Sun et al., 2002;
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Yeh et al., 2007). However, another study did not report a decreased GTPase activity in
the same mutant (Weibel et al., 2003). It was also suggested that GAP function is actu-
ally exerted by the transit peptide of the binding precursor (Jelic et al., 2003; Jelic et al.,
2002; Reddick et al., 2007). But the stimulating properties of precursor binding on
GTPase activity might be indirect in that in disrupts homodimer formation which ena-
bles more efficient nucleotide exchange and therefore increases the levels of GTP-

bound, activatable atToc33 (Aronsson and Jarvis, 2011; Oreb et al., 2011).

1.3.4 Toc75 forms the preprotein channel in the outer envelope membrane

Toc75 is a member of the BamA (B-barrel assembly machinery A) family (Ertel et al.,
2005; Gentle et al., 2005; Hsu and Inoue, 2009). It contains a C-terminal B-barrel do-
main which forms a precursor channel, and three N-terminal polypeptide transport asso-
ciated (POTRA) domains which might be involved in initial precursor binding (Ertel et
al., 2005; Gentle et al., 2005; Hinnah et al., 1997; Sanchez-Pulido et al., 2003; Schnell
et al., 1994; Tranel et al., 1995) (Fig. 1.1). Indeed, it was shown that Toc75 can form a
voltage dependent channel in artificial membranes that can directly bind to transit pep-
tides (Hinnah et al., 2002). In Arabidopsis, three Toc75 isoforms exist, atToc75-11l,
atToc75-1V and atToc75-1, named according to their genetic location on chromosomes
I, IV and I, respectively (Jackson-Constan and Keegstra, 2001). The closest homo-
logue to pea Toc75 is atToc75-111, which is an essential gene, the knockout being em-
bryo lethal (Baldwin et al., 2005). This component corresponds to the main precursor
channel in chloroplast outer envelope membranes, where it is the most abundant protein
(Eckart et al., 2002; Vojta et al., 2004). Aside its role as precursor channel, it has likely

an additional role in the insertion of outer envelope membrane proteins (Huang et al.,
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2011; Tu et al., 2004). Expression of the second isoform, atToc75-1V, is low and its
knockout does not show a visible phenotype (Baldwin et al., 2005). However, etioplast
ultrastructure is altered in the attoc75-1V mutant, and the reduced de-etiolation efficien-
cy suggests a role in dark-to-light growth transition (Baldwin et al., 2005). The third
isoform, atToc75-1 was shown to be a pseudogene with no expression (Baldwin et al.,
2005). A fourth isoform, previously named atToc75-V, was found to be in a separate
protein family from the other three isoforms and was therefore renamed to OEP80
(Inoue and Potter, 2004). OEPS8O0 is essential, with knockouts aborting at the globular
stage (Patel et al., 2008). Together with Toc75, OEP80 is a member of the Omp85 su-
perfamily of proteins which are generally involved in the insertion of B-barrel proteins
into membranes (Gentle et al., 2004; Inoue and Potter, 2004; Patel et al., 2008). In fact,
the reduced level of Toc75-111 in 0ep80 knockdown mutants suggest that it might be
involved in the insertion of Toc75-111 itself and thus be crucial for TOC assembly

(Huang et al., 2011).

1.3.5 The existence of an intermembrane space complex is uncertain

Studies on the energy requirement of chloroplast protein import concluded that low lev-
els of ATP are needed for the formation of early import intermediates, and that the
intermembrane space is the most likely site for this ATPase activity (Olsen and
Keegstra, 1992; Olsen et al., 1989). In pea, this activity has been assigned to an Hsp70
which associates with the outer envelope membrane but is not exposed to the cytosol
(Marshall et al., 1990). The discovery of Tocl2, an outer envelope localised J-domain
protein, which is able to stimulate Hsp70 via a soluble intermembrane space exposed

domain, lead to the idea of an intermembrane space complex (Becker et al., 2004) (Fig.
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1.1). This complex consists of Tocl2 and its interaction partners, Toc64 and Tic22
(Becker et al., 2004; Qbadou et al., 2007) (Fig. 1.1). Toc64 is an integral outer envelope
receptor with a cytosolic tetratricopeptide repeat (TPR) domain and an intermembrane
space localised domain that interacts with Toc12 (Becker et al., 2004; Qbadou et al.,
2007; Sohrt and Soll, 2000) (Fig. 1.1). While the cytosolic domain of Toc64 can recog-
nise precursors which are delivered by cytosolic Hsp90 chaperones, its intermembrane
space localised domain can bind translocating precursors and might therefore be in-

volved in protein translocation (Qbadou et al., 2007).

Tic22 is a soluble protein associated with the outer surface of the inner envelope
membrane and interacting with the TIC complex (Kouranov et al., 1998) (Fig. 1.1). It
might be an early point of contact of precursors with the TIC machinery, however, its
exact role is largely unknown (Kouranov et al., 1998). There are two isoforms of Tic22
in Arabidopsis, Tic22-11l and Tic22-1V. The tic22-111 mutants are slightly chlorotic,
tic22-1V mutants are visibly normal and tic22-111 tic22-1V double mutants are clearly
chlorotic, have reduced protein import rates and reduced photosynthetic performance
suggesting a non-essential and redundant role in protein import (Kasmati et al., 2013;
Rudolf et al., 2013). Other studies on Tic22 show that it can act as a chaperone in
apicoplasts by keeping proteins in an unfolded, import-competent state (Glaser et al.,
2012) and that it can interact with Omp85 in Anabaena sp. PCC 7120 and participate in
outer membrane biogenesis (Tripp et al., 2012). Thus, Tic22 may fulfill a general chap-

eroning function for protein insertion and translocation in the intermembrane space.

Recently, doubt has been cast on the existence of the intermembrane space com-
plex. It has been found that pea Toc12 is actually a truncated form of DnaJ-J8, the hom-
ologue of which is a stromal protein in Arabidopsis with no essential function in protein

import (Chiu et al., 2010). Furthermore, none of the Arabidopsis Hsp70 paralogues
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which are predicted to be chloroplast localised could be found in the intermembrane
space (Ratnayake et al., 2008; Su and Li, 2008). Lastly, the triple knockout mutant of all
three Arabidopsis Toc64 paralogues does neither show a particular mutant phenotype
nor decreased import efficiency, leading to the suggestion to rename Toc64 as OEP64
(Aronsson et al., 2007; Rosenbaum Hofmann and Theg, 2005). Recently, a light intensi-
ty-dependent growth defect was observed for toc64-111 mutants, which lack the major
Arabidopsis Toc64 isoform, and an import defect was observed in these mutants, con-
flicting with the previous findings (Aronsson et al., 2007; Sommer et al., 2013). Since
ppil toc64-111 double mutants accumulate less Toc75-111 protein than either single mu-
tant, it was suggested that both Toc33 and Toc64-111 have a synergistic influence on
Toc75-111 accumulation (Sommer et al., 2013). However, more research on these

intermembrane space components is necessary to clarify the conflicting results.

1.3.6 Tic110 and Tic20/21 are candidates for the inner envelope protein channel

Recombinant Tic110 proteins from pea could be reconstituted into liposomes in vitro
where they were shown to form -barrel channels with a pore diameter of 1.7 nm (Heins
et al., 2002). These data, together with the fact that attic110 mutants abort at the globu-
lar stage of embryogenesis, suggest an essential role for Ticl10, likely as a protein
channel in the inner envelope membrane (Heins et al., 2002; Inaba et al., 2005;
Kovacheva et al., 2005). The B-barrel structure, however, was disputed since another
study based on circular dichroism proposed a secondary structure mainly composed of
a-helices (Inaba et al., 2003). The latter study suggests that Tic110 is anchored in the
inner envelope membrane merely by two N-terminal transmembrane domains while the

larger C-terminal domain can bind to the emerging precursor, supporting the previous
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finding that Tic110 forms a scaffold for chaperone recruitment (Inaba et al., 2003;
Kessler and Blobel, 1996) (Fig. 1.1, see also Section 2.2). Recent research does not
seem to resolve the conflicting views as yet: While an electrophysiological study on
Ticl110 suggests that the large hydrophilic domain actually contains four membrane-
embedded amphipathic a-helices that contribute to the protein channel (Balsera et al.,
2009), a very recent X-ray crystallographic analysis of Cyanidioschyzon merolae
Tic110 suggests that the C-terminus is too flattened and elongated to be a channel but
rather resembles motifs that act as scaffolds for protein-protein interactions (Tsai et al.,

2013) (see Section 2.2).

Another component of the TIC complex, Tic20, was identified as a major
interactor of precursor proteins during translocation through the TIC machinery
(Kouranov et al., 1998; Kouranov and Schnell, 1997; Ma et al., 1996). Similar to the
mitochondrial protein translocation channel components Tim22 and Tim23, it contains
four a-helical transmembrane domains, which lead to the idea that Tic20 might be a
precursor channel in the inner envelope membrane (Kalanon and McFadden, 2008;
Kouranov et al., 1998; Rassow et al., 1999) (Fig. 1.1). Indeed, in Arabidopsis, the dou-
ble knockout of the two major Tic20 isoforms, attic20-1 attic20-1V, is embryo lethal,
which is in line with the proposed role of an essential protein translocating channel
(Hirabayashi et al., 2011; Kasmati et al., 2011). The albino attic20-1 single knockout
phenotype together with its preferential expression in photosynthetic tissues suggest a
specificity of atTic20-I for photosynthetic precursors, much like discussed for the TOC
receptor components (Hirabayashi et al., 2011; Kikuchi et al., 2009; Teng et al., 2006).
Nevertheless, atTic20-1 and atTic20-1V have partially overlapping essential functions,
as is proven by the embryo lethal double knockout phenotype (Hirabayashi et al., 2011;

Kasmati et al., 2011). Two other Tic20 isoforms, atTic20-11 and atTic20-V do not seem
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to have an essential function since the attic20-11 attic20-V double knockout does not

show a phenotype different from wild type (Kasmati et al., 2011).

Since both attic20-1 attic20-1V and attic110 are embryo lethal, atTic20 and
atTic110 have most likely non-overlapping functions, however, both have been sug-
gested to be precursor channels (see Section 2.2). Kikuchi et al., (2009) found that
Tic20 interacts with Tic21 in a large 1IMD complex from which Tic110 is absent and
they conclude that Tic20/21 forms the main protein translocating channel while Tic110
might have an essential function later during import, most likely as a scaffold for the
assembly of the motor complex (Kikuchi et al., 2009). Since Tic110 interacts with
Tic40 (Stahl et al., 1999), and Tic40 has been found to be involved in post-import pro-
tein re-insertion into the inner envelope membrane (Chiu and Li, 2008), it can be specu-

lated that the Tic110 channel properties might allow protein export rather than import.

Tic21 was discovered in a screen for mutants which are defective in protein im-
port (Teng et al., 2006). The attic21 knockout is albino and accumulates precursors in
the cytosol, very similar to attic20-1 (Teng et al., 2006). The fact that the attic21 at-
tic20-1 double knockout does not show an additive effect and that both proteins have
been identified in the same complex suggests a common function (Kikuchi et al., 2009;
Teng et al., 2006). However, Tic21 has also been described as permease in chloroplasts
1 (PIC1), a potential iron channel (Duy et al., 2007). The pic1/tic21 knockouts accumu-
lated ferritin in the chloroplast, and ferritin expression as well as expression of other
genes related to iron homeostasis and metal transport was upregulated (Duy et al.,
2007). Moreover, overexpression of PIC1/Tic21 led to the accumulation of free iron in
the chloroplast (Duy et al., 2007). Since it is known that a block of chloroplast iron up-
take can negatively affect protein import, the attic21 import defect phenotype could still

be explained (Boij et al., 2009; Caliebe et al., 1997; Row and Gray, 2001). However, it
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was shown that other pale mutants like attic20-1 and alb3 can also lead to an
upregulation of genes related to iron homeostasis, which might be a general effect

caused by impaired chloroplast development (Kikuchi et al., 2009).

Very recently, three additional components were found to interact with Tic20-1
(and weakly with Tic21) in the previously reported 1 MD complex: Two nuclear encod-
ed proteins called Tic100 and Tic56, and the large inner envelope membrane protein
Tic214 which is encoded by the chloroplast gene ycfl (Kikuchi et al., 2013) (Fig. 1.1,
see also Section 2.2). Since the complex could be reconstituted into planar lipid bilayers
and showed precursor-responsive ion channel activity, it was suggested that the 1 MD
complex consisting of Tic20-1, Tic214, Tic100 and Tic56 forms the actual TIC channel
(Kikuchi et al., 2013). The knockout mutants tic100 and tic56 were seedling lethal like
tic20-1, and the lack of additivity between these three components confirmed their
common function in the complex (Kikuchi et al., 2013). Finally, Tic20-1V was found to
act in parallel to Tic100 and Tic56, potentially in a complex involving different compo-

nents (Kikuchi et al., 2013).

1.3.7 Tic110, Tic40 and Hsp93 form a motor complex at the stromal side of TIC

The large stromal domain of Tic110 has been reported to form a scaffold for chaperones
and co-chaperones which are thought to drive chloroplast protein import (Akita et al.,
1997; Chou et al., 2006; Kessler and Blobel, 1996; Nielsen et al., 1997). The most
abundant Tic110 interactor is cpCpn60, a subunit of the chloroplast chaperonin complex
composed of cpCpn60a, cpCpn60B, cpCpn20 and cpCpnl0 which together form a hy-
drophobic cage in which proteins can fold properly (Kessler and Blobel, 1996; Levy-

Rimler et al., 2002; Weiss et al., 2009). Consequently, this complex interacts with the
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TIC complex and binds to unfolded, translocating precursors on the stromal side in or-
der to ensure proper folding after cleavage of the transit peptide (Kessler and Blobel,

1996).

Another chaperone that interacts with the Tic110 stromal domain is Hsp93, also
called ClpC, which belongs to the Hsp100 family of molecular chaperones (Akita et al.,
1997; Nielsen et al., 1997). Hsp93 subunits form hexameric rings through which pro-
teins can be pulled (Schirmer et al., 1996) (Fig. 1.1). Therefore, Hsp93 has rather un-
folding than folding activity, which is used mainly to unfold misfolded proteins and
thereby targeting them for degradation by the chloroplast Clp protease complex
(Shanklin et al., 1995). However, this pulling action can also be used to thread unfolded
proteins through an import channel, which is why it has been suggested that Hsp93
forms the main component of the import motor complex (Akita et al., 1997; Jackson-
Constan and Keegstra, 2001; Nielsen et al., 1997; Schirmer et al., 1996) (see also Sec-
tion 2.2). Indeed, the knockout of the highly expressed Arabidopsis atHsp93-V isoform
leads to a pale phenotype which is impaired in protein import (Constan et al., 2004a;
Kovacheva et al., 2005). While the knockout of the minor isoform, hsp93-111 is indistin-
guishable from wild type, the double knockout hsp93-111 hsp93-V is embryo lethal,
showing that both isoforms are partially redundant and together essential (Kovacheva et

al., 2005; Kovacheva et al., 2007).

Tic40, another component of the import motor, can be cross-linked to Tic110,
Hsp93 and importing precursors, demonstrating that it acts in concert with these pro-
teins (Chou et al., 2003) (Fig. 1.1, see also Section 2.2). Like Tic110, it is anchored in
the inner envelope membrane with its N-terminus and protrudes a soluble C-terminal
domain into the stroma that is able to covalently bind to Tic110 via a disulfide bridge

(Chou et al., 2003; Stahl et al., 1999). Interestingly, the only cysteine in Tic40 which is
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available for disulfide bridge formation lies in a Stil domain with high similarity to Stil
domains in human co-chaperones Hsp70-interacting protein (Hip) and Hsp70/Hsp90-
organizing proteins (Hop) (Bedard et al., 2007). Other data indicate that it is rather a
tetratricopeptide repeat (TPR) domain that is responsible for Tic110 binding, and that
this binding is stimulated when a precursor protein is bound to Tic110 (Chou et al.,
2006; Inaba et al., 2003). Tic40 binding would then trigger the release of the precursor
from Tic110 and at the same time stimulate ATPase activity of Hsp93 via its Stil co-

chaperone domain (Bedard et al., 2007; Chou et al., 2006) (see Section 2.2).

Intriguingly, Tic40 seems to be involved in a range of other functions, as Tic40
expression in tobacco chloroplasts leads to a massive proliferation of the inner envelope
membrane (Singh et al., 2008), and tic40 mutant plants accumulate intermediate precur-
sors that normally insert into the inner envelope membrane (Chiu and Li, 2008). These
data indicate that Tic40 plays a role in the re-insertion of imported proteins into the in-
ner envelope membrane, and that it may thus have an indirect influence on inner enve-
lope membrane biogenesis (Chiu and Li, 2008). Recently, an essential, envelope local-
ised secretion (Sec) system was identified (Skalitzky et al., 2011), and it may be specu-
lated that Tic40 can act as a stimulating co-chaperone for a variety of Sec-associated
chaperones or even other chaperones that are involved in many different processes.
However, the relatively mild phenotype of the tic40 knockout (Chou et al., 2003) sug-
gests that most envelope-associated chaperones can to some extent spare the stimulatory
function of Tic40, or other chaperones that rely less on co-chaperone activity or interact

with other yet unidentified co-chaperones may step in.

Indeed, it was shown that stroma-localised cpHsc70-1 and cpHsc70-2 have an es-
sential role in protein import (Su and Li, 2008, 2010) (Fig. 1.1, see also Section 2.2).

The cphsc70-1 and cphsc70-2 knockouts are both defective in protein import, cphsc70-1
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to a larger extent than cphsc70-2, and that the cphsc70-1 cphsc70-2 double knockout is
embryo lethal (Su and Li, 2008, 2010). This suggests that cpHsc70-1 is the major iso-
form, cpHsc70-2 can partially substitute in the cphsc70-1 knockout, and both proteins
have a partially overlapping and essential role in protein import (Su and Li, 2008,
2010). This situation is highly reminiscent to the Hsp93-V/Hsp93-11l1 system
(Kovacheva et al., 2005; Kovacheva et al., 2007), to which cpHsc70 might act in paral-
lel. Strong support for that hypothesis comes from the fact that the cphsc70-1 tic40 dou-
ble knockout is lethal while cphsc70-1 alone has only a mild phenotype (Su and Li,
2010). This suggests that Hsp93, from which both isoforms are present in cphsc70-1
tic40, cannot function in the absence of Tic40 and therefore might be strictly dependent
on the co-chaperone activity of Tic40. Hence, it is rather cpHsc70-1 which accounts for
the remaining protein import in the mild tic40 background. Consequently, the cphsc70-1
hsp93-V double knockout is paler than either single mutant, underpinning that the two
chaperone systems cpHsc70-1/2 and Hsp93-V/II1/Tic40 act in parallel (Su and Li,
2010). This poses the question whether cpHsc70 makes use of another yet unidentified
co-chaperone system. In Physcomitrella patens, knockout of a GrpE co-chaperone,
which are usually associated with Hsp70, leads to a defect in protein import (Shi and

Theg, 2010). A similar component in Arabidopsis has however not yet been identified.

Recently, the stroma localised Hsp90C, an Hsp90 chaperone family member, was
also found to be involved in chloroplast protein import (Inoue et al., 2013) (Fig. 1.1).
Knockout mutants of this single gene-encoded chaperone are embryo lethal, but re-
versible inhibition of Hsp90C ATPase activity with radicicol led already to a protein
import defect (Inoue et al., 2013). Moreover, Hsp90C interacts with importing precur-
sors, the TIC components Tic40 and Tic110 as well as with the chaperones Hsp93 and

cpHsc70 (Inoue et al., 2013). Therefore, it seems that Tic40 and Tic110 interact with a
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large variety of stromal chaperones which are coordinated at the stromal surface of the
inner envelope for a range of different functions, from protein import propulsion and

protein folding to inner envelope membrane biogenesis.

1.3.8 Transit peptides are removed and degraded after import

After translocation of precursor proteins into the stroma, the stromal processing pepti-
dase (SPP) binds to the transit peptides and cleaves them off, releasing the mature pro-
teins (Richter and Lamppa, 1998; Teixeira and Glaser, 2013; VanderVere et al., 1995)
(Fig. 1.1, see also Section 4.2). SPP belongs to the MEROPS metalloendopeptidase
M16 family of peptidases which has a zinc-binding HXXEH motif in the catalytic core
(Richter and Lamppa, 2003; Teixeira and Glaser, 2013). After cleavage, SPP remains
bound to the transit peptide which is cleaved again C-terminally before it is released
(Richter and Lamppa, 1999, 2002). The released sub-fragment is then degraded by the
stromal presequence protease (PreP), a zinc-binding enzyme which belongs to the
pitrilysin protease family (Moberg et al., 2003; Nilsson Cederholm et al., 2009) (see

also Section 4.2).

The recognition of the transit peptide cleavage site by SPP relies mainly upon
physicochemical properties, as mutational analyses revealed that SPP cleaves a large
number of very different transit peptide sequences (Rudhe et al., 2004). SPP binds di-
rectly to the 10-15 C-terminal residues of the transit peptide and recognises a weak con-
sensus motif containing valine, alanine or amino acids with similar properties (Huang et
al., 2009; Richter and Lamppa, 2002). Binding to the transit peptide does not depend on
catalytic activity, as mutations in the zinc-binding HXXEH motif abolish transit peptide

cleavage but transit peptides still bind to SPP (Richter and Lamppa, 2003). Instead, an
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N-terminal domain of SPP recognises and binds to the C-terminal part of the transit
peptide (Richter and Lamppa, 2003). The same catalytic activity of the zinc-binding
HXXEH motif is then used for cleavage of the transit peptide as well as for the second
cleavage step which leads to the release of the sub-fragment from SPP (Richter and

Lamppa, 2003).

SPP proteins are very conserved, and homologues exist in cyanobacteria, diatoms,
green algae and even in the apicoplasts of malaria parasites (Richter et al., 2005). It can
be assumed that all these proteases fulfill an ancient, conserved function. Indeed, Ara-
bidopsis antisense knockdown lines of pea SPP show a strong, partially seedling lethal
mutant phenotype (Zhong et al., 2003). Some plants were green, but grew more slowly
with abnormal leaf morphology and white sectors (Zhong et al., 2003). Chloroplasts of
such cells were abnormal in number and appearance, and precursors were not imported
any more efficiently into these chloroplasts (Zhong et al., 2003). A later study reported
leaf chlorosis of young seedlings and a persisting inhibition of root growth in a rice mu-
tant of SPP, which has a deletion of a C-terminal glycine (Yue et al., 2010) (see Section
4.2). Given the relatively mild nature of these mutants, a knockout would be anticipated

to have a more severe phenotype, which would confirm the essential role of SPP.

The presequence protease PreP is dually targeted to mitochondria and chloroplasts
and thus degrades both mitochondrial presequences and the sub-fragments of chloro-
plast transit peptides (Bhushan et al., 2003; Moberg et al., 2003) (Fig. 1.1). In Ara-
bidopsis, there are two isoforms, AtPreP1 and AtPreP2, which are both dually targeted
to mitochondria and chloroplasts (Glaser et al., 2006). The crystal structure of AtPreP1
revealed that proteolysis of presequences, transit peptides but also other unstructured
small peptides occurs in a large proteolytic chamber (Glaser et al.,, 2006). Both

isoforms are expressed in all tissues, but AtPreP1 is generally expressed higher than
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AtPreP2, and consequently the atprepl mutant has a slightly pale-green phenotype
while atprep2 mutants have a wild-type phenotype (Nilsson Cederholm et al., 2009).
The atprepl atprep2 double mutants are chlorotic at an early developmental stage, have
decreased total chlorophyll levels, abnormal morphologies of chloroplasts and mito-
chondria and accumulate less biomass throughout their development (Nilsson
Cederholm et al., 2009). Thus, although the degradation of transit peptides is not as es-
sential as their cleavage by SPP, their accumulation has clearly negative effects on plant

development.
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1.4 Targeting of proteins to the thylakoids

1.4.1 Targeting to the thylakoid lumen occurs via the cpSec or cpTat pathway

After the transit peptide has been cleaved off in the stroma, some proteins are further
targeted to the thylakoid lumen and membranes (Fig. 1.2). Luminal proteins contain an
additional targeting sequence immediately adjacent to the transit peptide, which directs
transport across the thylakoid membrane (Ko and Cashmore, 1989; Smeekens et al.,
1986). This sequence, called thylakoid signal peptide, is very similar to prokaryotic tar-
geting sequences and is composed of an N-terminal basic region, a hydrophobic core
and a C-terminal polar region (von Heijne et al., 1989). After import into the lumen it is
cleaved off be the thylakoid processing peptidase (TPP) (Halpin et al., 1989). Proteins
containing such a bipartite transit peptide, one for transport across each the envelope
and the thylakoid membranes, can follow either one of two different pathways: the chlo-
roplast secretory (cpSec) pathway or the chloroplast twin-arginine transporter (cpTat)

pathway.

The chloroplast Sec pathway is very similar to the prokaryotic Sec pathway, in-
volving the signal peptide binding SecA and the channel components SecY and SecE
(Laidler et al., 1995; Nakai et al., 1994; Schuenemann et al., 1999a; Yuan et al., 1994)
(Fig. 1.2). SecA thereby binds to unfolded precursors in the stroma, directs them to the
SecYE translocons and drives translocation by cycles of membrane insertion and de-
insertion via ATP hydrolysis (Economou and Wickner, 1994). However, other Sec
components typically found in prokaryotes such as SecB, SecG and SecD/F have no
homologues in chloroplasts. SecB is essential in prokaryotes for maintaining transloca-

tion competence of Sec precursors, SecG forms part of the prokaryotic SecYEG channel
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and SecD/F might be a membrane-integrated chaperone driving translocation
(Nishiyama et al., 1994; Tsukazaki et al., 2011; Weiss et al., 1988). Therefore it is fea-
sible that, in chloroplasts, other, unrelated components might have acquired these essen-

tial functions instead.

The second pathway for luminal proteins, the cpTat pathway, depends on two ad-
jacent arginines in the basic region of the signal peptide, hence the name (Chaddock et
al., 1995). This pathway does not require ATP, instead it makes use of the thylakoid
proton gradient (Cline et al., 1992; Klosgen et al., 1992; Mould and Robinson, 1991).
Other studies, however, suggested that neither the proton gradient nor the
transmembrane electric potential might be strictly necessary for cpTat function in vivo
(Di Cola et al., 2005; Finazzi et al., 2003). Proteins that need to adopt a folded confor-
mation in the stroma due to cofactor binding or oligomerisation can be translocated
across the thylakoid using the cpTat but not the cpSec pathway (Creighton et al., 1995;
Hynds et al., 1998; Marques et al., 2004). However, while in prokaryotes a fully folded
protein conformation is a prerequisite for the Tat pathway, in chloroplast this is not re-

quired (Hynds et al., 1998).

In thylakoids, cpTatC and Hcf106 form a receptor complex, both components be-
ing able to interact with the precursor (Cline and Mori, 2001) (Fig. 1.2). While cpTatC
interacts with the basic region of the signal peptide containing the twin arginine, Hcf106
interacts with the hydrophobic core and the mature part of the protein (Gerard and
Cline, 2006). There is evidence, though, that cpTat substrates can first insert spontane-
ously into the thylakoid membrane and interact later with the receptor complex which
induces release on the luminal side of the membrane (Berghofer and Klosgen, 1999;
Hou et al., 2006). Translocation is believed to be mediated by Tha4 oligomers that form
a pore only upon interaction with the receptor complex to which a precursor is bound
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(Dabney-Smith et al., 2006; Mori and Cline, 2002) (Fig. 1.2). Tha4 has a single N-
terminal transmembrane domain followed by an amphipathic helix and an unstructured
C-tail (Mori and Cline, 2001). The amphipathic helix can bind to precursors which are
held at the thylakoid membrane by the cpTat-Hcf106 receptor complex, and the C-tails
then lead to oligomerisation of Tha4 around the precursor (Aldridge et al., 2012;
Dabney-Smith and Cline, 2009; Pal et al., 2013). Recently, a model has been proposed
where the amphipathic helices of the Tha4 ‘wreath’ around the precursor insert deeper
into the membrane when assembled which, without changing the overall topology of
Tha4 itself, creates a pore around the hinge-region between the transmembrane do-
mains and the amphipathic helices of the Tha4 monomers through which the folded

substrate is pushed (Pal et al., 2013).

1.4.2 Targeting to the thylakoid membranes occurs mostly via the cpSRP pathway
Proteins which are destined for the thylakoid membranes can either insert spontaneously
without requiring proteinaceous components or energy, or they use the chloroplast sig-
nal recognition particle (cpSRP) pathway (Li et al., 1995; Michl et al., 1994) (Fig. 1.2).
The central component of the cpSRP pathway is cpSRP54 which shares 44% identity
with E. coli and 29% with mammalian SRP54 (Franklin and Hoffman, 1993). Similar to
other SRP systems, it has been shown that cpSRP54 is able to bind to chloroplast 70S
ribosomes and insert the plastid-encoded D1 protein co-translationally into the
thylakoid membrane (Nilsson et al., 1999). However, the chloroplast cpSRP54 is unique
in its functionality without a SRP-RNA component (Schuenemann et al., 1999b). The
chloroplast SRP has additionally a post-translational mode which is unique to chloro-
plasts and is applied exclusively to insert nucleus-encoded light harvesting chlorophyll

a/b binding proteins (LHCPs) (Schuenemann et al., 1998). For this specific role a se-
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cond cpSRP component, cpSRP43, has evolved specifically in chloroplasts
(Schuenemann et al., 1999b; Schuenemann et al., 1998) (Fig. 1.2). cpSRP43 contains
four ankyrin repeats flanked by an N-terminal chromodomain CD1 and two C-terminal
chromodomains (CD2/3) (Klimyuk et al., 1999). A region within the ankyrin repeats of
cpSRP43 can bind to a characteristic internal targeting sequence of LHCPs, called L18,
and the CD2 interacts with cpSRP54 forming the so called transit complex (Sivaraja et
al., 2005; Tu et al., 2000) (Fig. 1.2). The transit complex interacts with the chloroplast
homologue of the SRP receptor, cpFtsY, which exists in a free, soluble form in the
stroma where it can interact with cpSRP54 via their highly homologous GTPase and
methionine-rich domains (Kogata et al., 1999; Tu et al., 1999). A specific lipid-binding
region of cpFtsY allows GTPase hydrolysis by the cpFtsY-cpSRP54 heterodimer only
upon thylakoid membrane binding, which triggers dissociation of the transit complex

from cpFtsY and membrane insertion of LHCP (Marty et al., 2009) (Fig. 1.2).

The single mutants of both cpSRP components, cpsrp54 and cpsrp43 have a sur-
prisingly mild phenotype in Arabidopsis (Amin et al., 1999; Klimyuk et al., 1999;
Pilgrim et al., 1998). The cpsrp54 mutant, also called ffc, has been reported to have re-
duced levels of several LHCPs and chlorotic first true leaves which recover partially
during later development (Pilgrim et al., 1998). A more recent study, however, shows
that the cpsrp54 knockout is clearly chlorotic and smaller throughout plant develop-
ment, and that chlorophyll and carotenoid amounts are reduced in the mutants (Yu et al.,
2012). The cpsrp43 mutant, also called chaos, was shown to be slightly chlorotic and
deficient in the same LHCPs than cpsrp54 mutants (Amin et al., 1999; Klimyuk et al.,
1999). The cpsrp54 cpsrp43 double mutants were viable, but more chlorotic than either
single mutant, suggesting that there is partial functional overlap between the two com-

ponents, and that each component can be functional in some instances independently
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from the other (Hutin et al., 2002). However, this finding also shows that the chloroplast
SRP is not strictly necessary for plant survival, and that one LHCP, namely Lhcb4, ac-
cumulates normally in the double mutant, suggesting that for this protein an alternative

targeting pathway exists (Hutin et al., 2002).

The Arabidopsis cpftsy mutant has a chlorotic phenotype which is similar in ap-
pearance and pigment-content to the cpsrp54 cpsrp43 double mutant, but has a lower
photosynthetic performance (Tzvetkova-Chevolleau et al., 2007). A similar phenotype
was found for a maize cpftsy mutant, with a strongly chlorotic appearance and reduced
levels of various LHCPs and photosynthetic enzyme complexes (Asakura et al., 2004).
Interestingly, the cpftsy cpsrp54 double mutants were recovered with respect to the
more severely chlorotic cpftsy single mutants, suggesting that cpSRP54 function de-
pends on cpFtsY and has a dominant negative effect in the absence of cpFtsY, presuma-
bly by binding to precursors and inhibiting their targeting via alternative pathways
(Tzvetkova-Chevolleau et al., 2007). Such an alternative pathway might involve
cpSRP43 and the thylakoid membrane integrase ALB3, which can interact in the ab-

sence of cpSRP54 or cpFtsY (Tzvetkova-Chevolleau et al., 2007).

1.4.3 ALB3 and ALB4 have distinct roles in Arabidopsis thylakoid biogenesis

In Arabidopsis there are two Alb3 homologues, ALB3 and ALB4, which both belong to
the YidC/Oxal/Alb3 family of membrane insertases (Kuhn et al., 2003; Yi and Dalbey,
2005) (see also Section 3.2). The bacterial YidC can insert proteins into the membrane
independent from the Sec or SRP pathway (Serek et al., 2004; van der Laan et al.,
2004). In addition, YidC has a Sec-dependent mode, involving the signal recognition

particle and the bacterial SecYEG translocase (Samuelson et al., 2000; Scotti et al.,

36



2000). In mitochondria, the YidC homologue Oxal is mainly responsible for co-
translational membrane insertion since an SRP or Sec system is absent (Glick and Von
Heijne, 1996; Hell et al., 1998; Hell et al., 2001). However, Oxal was also proposed to
work in a post-translational mode which does not involve the matrix-exposed domains

of Oxal (Jia et al., 2007).

In Arabidopsis, ALB3 directly interacts with cpSRP43 via its C-terminus and is
thought to stimulate GTPase activity of the cpFtsY-cpSRP54 heterodimer, thereby pro-
moting the release of LHCP into the membrane (Dunschede et al., 2011; Falk et al.,
2010; Lewis et al., 2010) (Fig. 1.2, see also Section 3.2). Consequently, the alb3 mutant
is albino, seedling lethal and severely impaired in thylakoid biogenesis (Sundberg et al.,
1997). In Chlamydomonas, the knockout of the Alb3 homologues Alb3.1 and Alb3.2
lead both to severe reductions in photosystems | and Il (PSI and PSIl), but LHCP is
only affected in alb3.1 (Bellafiore et al., 2002; Gohre et al., 2006). The finding that the
Arabidopsis cpsrp54 cpsrp43 double knockout is more severely affected than the re-
spective single mutants suggests that both cpSRP components can to some extent inter-
act individually with cpFtsY and ALB3 (Hutin et al., 2002). The fact that alb3 is seed-
ling lethal in Arabidopsis but the cpsrp54 cpsrp43 double mutant only pale with normal
levels of Lhch4 might indicate that ALB3 and cFtsY can insert some LHCPs without
the help of other factors (Asakura et al., 2008; Hutin et al., 2002). Alternatively, chloro-
plast chaperones such as cpHsc70 and Hsp93 could guide LHCP to ALB3/cpFtsY in the
absence of cpSRP, which might explain why the ffc (cpsrp54) clpc (hsp93-V) double

mutant is seedling lethal under autotrophic conditions (Rutschow et al., 2008).

ALB4 was originally discovered as a larger protein called ARTEMIS, consisting
of an N-terminal receptor kinase-like domain, a nucleotide binding intermediate domain

and a C-terminal domain with YidC/Oxal/Alb3 homology (Fulgosi et al., 2002). It was
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detected as a 110 kDa integral inner envelope protein using antibodies against the N-
terminus (Fulgosi et al., 2002). Later it was found that the ARTEMIS gene contains two
separate open reading frames and that the previous ARTEMIS C-terminus is actually a
separate protein, called ALB4 (Gerdes et al., 2006). Intriguingly, Fulgosi et al. (2002)
ascribe the knockout of Synechocystis slr1471, an Alb4 homologue, the same phenotype
that they could observer for the artemis knockout, namely impairment in
cell/chloroplast division without defects in thylakoid biogenesis. A later study on
slr1471, however, came to the opposite conclusion: slr1471 is strongly impaired in
thylakoid biogenesis but not in division (Spence et al., 2004). Similarly, the knockout of
Arabidopsis ALB4, even though visually not distinguishable from wild type, also sug-
gested a function of ALB4 in thylakoid biogenesis rather than division, since alb4 has
larger chloroplast which appear more spherical and seem disturbed in thylakoid organi-

sation (Gerdes et al., 2006).

ALB4 is encoded with a predicted transit peptide, ALB4-GFP and ALB3-GFP
both produce an overlapping chloroplast signal, and ALB4 could exclusively be detect-
ed in the thylakoid membrane with an anti-ALB4 antibody (Gerdes et al., 2006) (see
also Section 3.2). Recently, it was shown that alb4 has a slight growth defect and is im-
paired in photophosphorylation (Benz et al., 2009). ALB4 but not ALB3 interacts with
nucleus and plastid encoded ATP synthase subunits and promotes assembly and stabili-
sation of the ATP synthase complex (Benz et al., 2009). Moreover, ALB4 can function-
ally substitute for an E. coli yidC mutant, suggesting that it has a conserved function. In
contrast, the ALB3 C-terminus evolved a specific chromodomain-binding domain
which is absent in YidC, Oxal and ALB4, and which is necessary to interact specifical-

ly with cpSRP43 for LHCP membrane insertion (Benz et al., 2009; Falk et al., 2010).
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1.5 Aims

In this thesis, a genetic interaction between the protein import motor component Tic40
and the thylakoid targeting factor ALB4 is uncovered. Knockout mutations in the ALB4
gene and another, yet uncharacterised gene were identified to suppress pale tic40 mu-
tants, and have been called sticl and stic2, respectively, for suppressors of tic40 locus 1
and 2. Recently, a similar second-site suppressor screen of pale ppil mutants has very
successfully uncovered SP1, a novel regulator of chloroplast protein import (Ling et al.,
2012). SP1 is a ubiquitin E3 ligase that regulates the degradation and thus the turnover
of major TOC components during developmental transitions between plastid types and
potentially during stress responses (Ling et al., 2012). Lack of SP1 protein leads to an
over-accumulation of atToc75-111, which in the ppil background leads to an increased
protein import rate and thus suppression (Ling et al., 2012). The newly identified STIC
proteins might similarly regulate protein import, albeit rather indirectly. A co-regulation
of protein import, inner envelope membrane biogenesis and thylakoid biogenesis seems
possible, and a novel signaling network that communicates thylakoid assembly status to
protein import and inner envelope membrane biogenesis factors might potentially be
emerging from this study. Furthermore, the relationship between ALB4 and ALB3 is
assessed for the first time by analyzing double mutants, and conclusions from this study

help to further clarify the role of ALB4 in thylakoid biogenesis.
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1.6 Figures
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Figure 1.1. Components of the chloroplast protein import translocon.

In the outer chloroplast envelope membrane (OM) there are the pre-protein receptor compo-
nents Toc34 and Toc159 (in Arabidopsis thaliana each represented by a small gene family), and
the channel component Toc75. Both Toc34 and Toc159 have a membrane and a GTPase do-
main (G) which are necessary for membrane anchoring and dimerisation. Toc159 has in addi-
tion an acidic (A) domain with unknown function. After translocation of the pre-protein through
the Toc75 channel, it reaches the channel in the inner chloroplast envelope membrane (IM)
which presumably consists of the components Tic214, Tic20, Tic21, Tic100 and Tic56. Tic214
and Tic20 have 6 and 4 transmembrane helices, respectively, while Tic21 is only loosely asso-
ciated with the channel complex. Tic56 is deeply buried inside the complex. Tic100 is on the
surface of the complex in the intermembrane space (IMS) and together with Tic22 is thus prob-
ably a first point of contact of the pre-protein with the TIC complex. On the stromal side, Tic40,
Tic110 and the chaperones Hsp93, cpHsc70 and Hsp90C (and potentially others) form a motor
complex that drives pre-protein translocation by ATP hydrolysis. Stromal processing peptidase
(SPP) and presequence protease (PreP) are required for the cleavage and degradation of the
transit peptide (red) that guides the pre-protein (blue line) through the import complex. The
existence of Tocl2 and intermembrane space Hsp70 are disputed, but these components were
suggested to form an intermembrane space complex together with Toc64 that guides pre-
proteins through the IMS. Toc64 has a cytosolic tetratricopeptide repeat (TPR) domain, which
has been suggested to bind pre-proteins that are delivered by cytosolic Hsp90 proteins. Data
used from references discussed in the text and from Kikuchi et al., (2013).

40




Figure 1.2. Pathways for thylakoid targeting.

The targeting of proteins to the thylakoid membranes and lumen can occur via four different
pathways. For targeting of lumenal proteins, unfolded precursors (blue) can bind to cpSecA in
the stroma via an N-terminal targeting sequence (red). cpSecA then guides the precursor to the
cpSecY/E channel (composed of the cpSecY and cpSecE components) and drives translocation
by ATP-dependent membrane insertion. Folded precursor reach the lumen via the twin arginine
translocase (Tat) pathway: precursors interact with a receptor complex composed of cpTatC and
Hcf106, then Tha4 monomers assemble spontaneously around the captured precursor, forming a
pore in the thylakoid membrane (TM) to allow translocation. For the targeting of membrane
proteins, especially light harvesting complex proteins (LHCPs), the precursors bind to the chlo-
roplast signal recognition particle (cpSRP) composed of the two components cpSRP43 and
cpSRP54. LHCPs can interact with cpSRP43 via an internal targeting sequence. After precursor
binding to the cpSRP, the cpSRP54 component interacts with stromal cpFtsY, which then at-
taches the complex to the thylakoid membrane. This complex can interact with the insertase
Alb3 via a cpSRP43-Alb3 interaction, which leads to membrane insertion of the precursor. A
fourth pathway for the targeting of thylakoid membrane proteins occurs spontaneously and thus
does not require any proteinaceous components. Data used from references discussed in the text.
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Chapter 2

Results |

Characterisation of sticl and stic2, Two Suppressors of the
Protein Import Mutant tic40
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2.1 Abstract

In a screen for extragenic suppressors of a mutant of the chloroplast protein import
component Tic40, two loci have been previously identified to suppress tic40 to a similar
extent. These loci have been called sticl and stic2, for suppressor of tic40 locus 1 and 2,
respectively. In this chapter, the identification of the sticl locus affecting the ALB4 gene,
the specificity of the suppression for tic40, and the effect sticl has on suppressing the
protein import defect of tic40 are described. Furthermore, the ALB4 protein was con-
firmed to be localised exclusively in the thylakoid membranes and to directly interact
with the stromal STIC2. Both sticl and stic2 have common defects in the chloroplast
ultrastructure, and sticl stic2 double mutants as well as sticl stic2 tic40 triple mutants
show non-additive phenotypes, suggesting that ALB4 and STIC2 act in the same path-
way. In an attempt to find this common function, a microarray experiment uncovered
the as yet functionally unknown gene HINAS1 (highly induced in Arabidopsis stic)
which is more than 20-fold up-regulated in both sticl and stic2. A hypothesis is sug-
gested which explains suppression in an indirect way, where the sticl and stic2 muta-
tions induce hormone signalling to induce expression of HINAS1 which, directly or in-
directly, leads to a specific replacement of Tic40 function in the tic40 mutant and there-

fore to suppression.
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2.2 Introduction

Chloroplasts may contain an estimated number of over 4000 proteins (Sun et al., 2004)
(see also Section 1.3.1), most of which are encoded in the nuclear genome and imported
into the chloroplast post-translationally through the translocons at the outer (TOC) and
inner (TIC) chloroplast envelope membranes (Jarvis, 2008). These proteins are synthe-
sised with an N-terminal transit peptide which can interact with TOC receptors of the
Toc34 and Toc159 families at the chloroplast outer envelope membrane, and thus con-
fers targeting specificity (Kubis et al., 2003; Kubis et al., 2004) (see Section 1.3.1). Af-
ter the pre-protein (containing the transit peptide) is threaded through the TOC channel
formed by Toc75 and the adjacent TIC channel, the transit peptide is cleaved off by the
stromal processing peptidase (see Section 1.3.8) and the protein either folds into its na-
tive structure or continues in downstream targeting pathways to its proper sub-
organellar location (Jarvis, 2008). The identity of the TIC channel is subject to contro-

versial discussions and current research.

Several TIC components have been suggested to fulfil TIC channel functions,
namely Tic110 (Heins et al., 2002), Tic20 (Chen et al., 2002), and Tic21 (Teng et al.,
2006). Tic110 has two N-terminal transmembrane domains and an C-terminal domain
whose structure is disputed. Tic110 channel activity is based on the assumption that the
Ticl10 C-terminus forms four more transmembrane domains (Balsera et al., 2009;
Heins et al., 2002), but other reports suggest that this domain is more likely to be entire-
ly stromal (Jackson et al., 1998) and to form a scaffold for the binding of stromal chap-
erones (Inaba et al., 2005; Inaba et al., 2003) (see also Section 1.3.6). Recent in-depth

structural analyses of the Tic110 C-terminus seem to support the latter model, arguing
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against TIC channel function for Tic110 (Tsai et al., 2013). Nevertheless, homozygous
tic110 knockout mutants are embryo lethal at the globular stage, heterozygous tic110
mutants with reduced Tic110 protein level show chlorosis and impaired protein import
capacity, and Tic110 associates with various TOC proteins, confirming its important

role in chloroplast protein import (Akita et al., 1997; Kovacheva et al., 2005).

Tic20 was proposed to be part of the TIC channel based on its four predicted
transmembrane domains, the severe chlorosis and protein import defects of antisense
lines, and the fact that pre-proteins can be efficiently crosslinked to Tic20 during the
later stages of protein import (Chen et al., 2002; Kouranov et al., 1998; Kouranov and
Schnell, 1997) (see also Section 1.3.6). Knockout mutants of the major Tic20 isoform in
Arabidopsis, tic20-1, are albino and seedling lethal while tic20-1 tic20-1V double mu-
tants are embryo lethal, suggesting an essential function for Tic20 (Hirabayashi et al.,
2011; Kasmati et al., 2011). Similarly, Tic21 has four predicted transmembrane do-
mains and localises to the inner envelope membrane; the tic21 mutants are albino and
defective in protein import, and Tic21 has therefore been suggested to form part of the
TIC channel (Teng et al., 2006). Further evidence for Tic20 and Tic21 as TIC channels
components came from the discoveries that both are part of a 1-megadalton complex in
the inner envelope membrane, and that Tic20 can form functional channels in vitro
(Kikuchi et al., 2009; Kovacs-Bogdan et al., 2011) (see also Section 1.3.6). Recent re-
search proposes that this 1-megadalton complex consists of Tic20 and three novel TIC
components, Tic214, Ticl100 and Tic56, with Tic21 loosely associated, and forms the
actual TIC channel (Kikuchi et al., 2013). Tic214, encoded on the chloroplast genome
by the ycfl gene, is a large protein with six predicted transmembrane domains and is
exposed on both sides of the inner envelope membrane, while Ticl00 is an

intermembrane space protein and Tic56 buried inside the complex (Kikuchi et al., 2013).
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All components of the 1-megadalton complex, and TOC proteins, could be efficiently
pulled down with tagged pre-proteins during import, and purified 1-megadalton com-
plexes reconstituted into lipid bilayers had pre-protein dependent channel activity

(Kikuchi et al., 2013).

Most importantly, Tic110 and the co-chaperone Tic40, which has been shown
previously to interact with Tic110 (Stahl et al., 1999), are not part of the novel 1-
megadalton complex and could not be pulled down with importing precursors, and thus
their involvement in protein import is challenged (Kikuchi et al., 2013). However, earli-
er studies showed that Tic110 can directly bind pre-proteins via their transit peptides
(Inaba et al., 2003), and that binding of Tic40 to Tic110 is necessary to release the
transit peptide from Tic110 and thus free it for processing (Chou et al., 2006) (see also
Section 1.3.7). Kikuchi et al. (2013) used an ATP concentration of 0.5 mM for the pro-
tein import reactions which was presumably high enough for the pre-proteins to contact
TOC components and the 1-megadalton complex, but not high enough for the later steps
of protein import which might require binding to Tic110. In summary, it seems that
Tic110 is unlikely the pre-protein conducting channel but most likely plays a role dur-

ing the late stages of protein import.

Even though Tic40, like Tic110, is encoded by a single gene in Arabidopsis, the
tic40 knockouts have a surprisingly mild phenotype (Chou et al., 2003). They are pale
but viable and have swollen chloroplasts with a reduced protein import rate, although
precursor binding is not impaired (Chou et al., 2003). This is in stark contrast to the
embryo lethal tic110 knockout mutants (Kovacheva et al., 2005), which suggests that
Tic40 plays an auxiliary role while Tic110 is essential for plant development. Tic40
inserts into the inner envelope membrane with a single transmembrane span and has a
large C-terminal stromal domain that can interact with Tic110 and the Hsp100-family
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chaperone Hsp93 (Chou et al., 2003; Stahl et al., 1999) (see also Section 1.3.7). This
stromal domain contains a tetratricopeptide repeat (TPR) domain and a domain with
similarity to the human co-chaperones Hsp70-interacting protein (Hip) and
Hsp70/Hsp90 organizing protein (Hop) (Chou et al., 2003). The Stil domain from the
human Hip co-chaperone can functionally replace the Tic40 Hip-like Stil domain, sug-
gesting a high functional conservation of this domain and thus a co-chaperone function
for Tic40 (Bedard et al., 2007). The TPR domain is necessary for binding to Tic110
(Chou et al., 2006) and, interestingly, plants overexpressing Tic40 which lacks the TPR
domain show a strong dominant negative effect with a phenotype more severe than the
tic40 mutants, suggesting that impaired binding of Tic40 to Tic110 may titrate away
Tic40-interacting factors from Tic110 which are necessary for Tic110 function (Bedard

et al., 2007).

Hsp93 which, like Tic110 and Tic40, associates with pre-proteins late during im-
port (Chou et al., 2003), and whose ATPase activity could be stimulated by the Tic40
C-terminus (Chou et al., 2006), might represent such a factor (see Section 1.3.7). How-
ever, tic40 hsp93-V double mutants, where Hsp93-V represents the major isoform of
two in Arabidopsis, are even slightly suppressed (Kovacheva et al., 2005), arguing
against an important function of Hsp93-V together with Tic110 in the absence of Tic40
(although compensation by the second isoform Hsp93-111 has not been examined). Even
though the hsp93-V hsp93-11l1 double mutants are embryo lethal (Kovacheva et al.,
2007), the situation is further complicated by the fact that Hsp93 (also known as ClpC)
has a second function as part of the stromal Clp protease (Shanklin et al., 1995), and
lethality of the double mutant can therefore not be attributed exclusively to its role in
protein import. Recent reports show that in addition to Hsp93 also stromal cpHsc70 and

Hsp90C can interact with the TIC apparatus (Inoue et al., 2013; Su and Li, 2010) and
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that Tic40 plays an additional role in the post-import re-insertion of intermediate pre-
cursors into the inner envelope membrane (Chiu and Li, 2008) (see also Section 1.3.7).
But despite these recent advances, the function of the Tic110-Tic40-chaperone complex

and its role in protein import remain unclear.

Since tic40 mutants are viable, a screen for extragenic suppressors of tic40 (in
Col-0) has been performed using ethyl methanesulfonate (EMS) as a chemical mutagen.
Eight suppressors of tic40 were crossed by pairs and found to group into two comple-
mentation groups: five alleles of a locus called sticl (for suppressor of tic40 locus 1)
and three alleles of a locus called stic2 (for suppressor of tic40 locus 2). Both sticl and
stic2 were found to be semi-dominant mutations, meaning that the level of STIC pro-
teins influences the phenotype in the tic40 background. While stic2 was mapped and
preliminarily characterised by Dr Feijie Wu, this work focused on the identification and
characterisation of sticl, and also continued with further in-depth studies on both sticl

and stic2.
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2.3 Results

2.3.1 Identification of the ALB4 locus

The EMS screen of tic40 mutants revealed five alleles of the suppressor locus sticl.
These alleles are named sticl-1, sticl-2, sticl-3, sticl-4 and sticl-5. Before the start of
the project, the position of the sticl mutation has already been localised on chromosome
1 between the annotation units F316 and F2J7. Using a new marker on F3I6, the interval
could be further reduced and then contained 120 genes of which only five were known
to encode chloroplast-localised products based on the TAIR 8 database. Therefore, an
ad hoc sequencing approach was taken and, using the stic1-4 line as a template, a G-to-
A mutation in the gene AT1G24490 (ALB4) at position 920 relative to the start codon
was identified. Because this mutation was exactly in the junction of intron 3 and exon 4,
a splice defect was suspected, and then confirmed by RT-PCR with primers that flanked
the mutation site (Fig. 2.1 A). The RT-PCR product was a mixture of five fragments of
the sizes 704 bp, 619 bp, 375 bp, 364 bp and 315 bp. The identity of the individual
fragments was uncovered by cloning the complete RT-PCR products into the pGEM®-T
Easy vector and isolating clones by colony PCR that included individual fragments
which could be sequenced. Thus, it was found that the 704 bp fragment contained the
third and fourth introns, the 619 bp fragment contained the third intron, the 375 bp
fragment had a deletion of the first base of exon 4, the 364 bp fragment had a deletion
of the first 12 bases of exon 4, and the 315 bp fragment completely lacked exon 4 (Fig.

2.1A).

The four other alleles were subsequently sequenced, and this confirmed the locus

to be ALB4: sticl-1 has a nonsense mutation at position 639 creating a premature stop
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codon in the third exon; sticl-2 has a missense mutation at position 2213 creating an
amino acid change of glycine to serine in the ninth exon; stic1-3 has a nonsense muta-
tion at position 930 creating a premature stop codon in the fourth exon; sticl-5 has a
nonsense mutation at position 2102 creating a premature stop codon in the ninth exon
(Fig. 2.1 B). Using semi-quantitative RT-PCR, it could be shown that the ALB4 mRNA
level is reduced in sticl-1, sticl-3 and stic1-5; this is presumably because in each case
there is at least one downstream exon-junction complex left after termination of transla-
tion, which leads to a decapping of the 5’ cap and hence nonsense-mediated decay of
the mRNA (Fig. 2.1 B). Interestingly, in sticl-2 the ALB4 mRNA level is increased,

suggesting feedback up-regulation of ALB4 expression in the mutant (Fig. 2.1 B).

2.3.2 Confirmation of the ALB4 locus with a T-DNA insertion line

In order to confirm that the ALB4 locus is responsible for the suppression in the sticl
mutants, the T-DNA insertion line Salk 136199/N636199, which was described earlier
(Benz et al., 2009; Gerdes et al., 2006), was ordered from the Nottingham Arabidopsis
Stock Centre (NASC) and named alb4-1. This line contains a T-DNA insertion in the
sixth intron (Fig. 2.2 A) which leads to two transcript variants, one of which corre-
sponds to the wild-type transcript and so accounts for the residual (less than 10% of the
normal level) ALB4 protein in the homozygous mutant (Gerdes et al., 2006). This mu-
tant has been crossed to the Tic40 knockout line tic40-4 (Kovacheva et al., 2005), and
suppression of the pale tic40-4 phenotype in the alb4-1 tic40-4 double mutant was veri-
fied (Fig. 2.2 B). In parallel, for each of the five sticl point mutation lines, a set of
dCAPS primers was designed that allowed the distinction between lines which were
homozygous, heterozygous or wild type for the corresponding mutation by a simple
restriction digestion. All sticl tic40-4 suppressor lines were then backcrossed six times
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to tic40-4 in order to remove potential background mutations introduced by EMS during
the suppressor screen before they were analysed (Fig. 2.2 B). All the backcrossed sticl
tic40-4 suppressor lines, and alb4-1 tic40-4, show a similar increase in the total chloro-

phyll level compared to tic40-4 (Fig. 2.2 C).

An antibody against the soluble C-terminus (last 155 amino acids) of ALB4 was
created and it was verified that sticl-1, stic1-3, sticl-4 and sticl-5 are ALB4 null mu-
tants and that alb4-1, as described previously, is an ALB4 knockdown mutant (Fig. 2.2
D). As expected for sticl-2, which has a missense mutation and accumulates high levels
of ALB4 message, the protein level was not affected (Fig. 2.2 D). Interestingly, the simi-
lar extent of suppression in sticl-2 tic40-4 compared the other suppressors suggest that
stic2-1 is nevertheless a loss of function mutant and that the particular glycine (G397)

which is affected in stic1-2 is essential for ALB4’s function.

2.3.3 Suppression of tic40-4 by sticl is specific and functional

In order to identify whether the suppression of tic40-4 by the sticl mutations is specific,
two sticl alleles, sticl-1 and stic1-4, were crossed to a variety of other pale protein im-
port mutants. The ppil mutant is an atToc33 knockout and severely impaired in the im-
port of photosynthetic proteins (Jarvis et al., 1998; Kubis et al., 2003). The hsp93-V
knockout mutant (also known as clpC1) and the heterozygous tic110 mutant are, like
tic40, defective in the import of both photosynthetic and non-photosynthetic proteins
(Kovacheva et al., 2005). Finally, the hypomorphic toc75-111-3 allele (previously called
marl) accumulates less chlorophyll than wild type due to a missense mutation, and
analogous toc75-111 RNAI lines are severely impaired in the import of both photosyn-

thetic and non-photosynthetic proteins (Huang et al., 2011; Stanga et al., 2009). None of
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these pale import mutants, not even the TIC-related mutants, could be suppressed by
either stic1-1 or sticl-4 (Fig. 2.3 A). Quantification of the total amount of chlorophyll in
the double mutants showed no significant difference compared to the single mutants
(Fig. 2.3 B). Interestingly, work on the second suppressor locus stic2 by Dr Feijie Wu

yielded virtually identical results (not shown).

In order to extend the analysis of the specificity of suppression, sticl-1 has also
been crossed to chlorotic mutants with defects not directly related to chloroplast protein
import. The rifl mutant (also called noal) was suggested to play a role in chloroplast
ribosome assembly and, indirectly, in the production of nitric oxide (Flores-Perez et al.,
2008; Van Ree et al., 2011). The rif10 mutant is affected in the chloroplast polynucleo-
tide phosphorylase (PNPase), a component necessary for 3° maturation of chloroplast
RNAs (Sauret-Gueto et al., 2006). The prpl11 mutant affects the plastid ribosomal pro-
tein L11, a component of the large subunit of the plastid 70S ribosome and causes a
reduced ribosome activity (Pesaresi et al., 2001). Again, sticl-1 was not able to suppress
any of these chlorotic phenotypes neither at the seedling stage (Fig. 2.4 A and B) nor

during later development (not shown).

As tic40 seems to be suppressed very specifically by sticl (and also stic2), and
since tic40 mutants have a pronounced protein import defect (Kovacheva et al., 2005), it
was investigated whether stic1-1 can also suppress this import defect. The import exper-
iments were performed as described by Kovacheva et al. (2005) using the precursor of
RuBisCO small subunit (pSSU), and the reported import defect of tic40-4 could be re-
peated (Fig. 2.4 C). More importantly, import efficiency of pSSU in chloroplasts isolat-
ed from the sticl-1 tic40-4 suppressors was increased compared with tic40-4, suggest-
ing that sticl suppresses tic40 at least partly by an increased efficiency of chloroplast

protein import (Fig. 2.4 C). Almost identical results were obtained for stic2 by Dr Feijie
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Wu (not shown). The import experiments were performed in collaboration with Karoli-

na Ploessl, a graduate student from the University of Regensburg.

2.3.4 ALBA4 is exclusively localised in the thylakoid membrane

ALB4 has to been described as a protein that, similar to its paralogue ALB3, localises
the stromal lamellae of thylakoids (Benz et al., 2009). The fact that sticl/alb4 mutants
suppress tic40 posed the question of whether a fraction of ALB4 is localised to the inner
envelope; this was also suggested because ALB3 is known to interact with the thylakoid
Sec component cpSecY/SCY1 and a novel Sec system composed of SCY2 and SECA2
localised to the inner envelope (Klostermann et al., 2002; Skalitzky et al., 2011). A
ALB4-YFP fusion construct which was transiently expressed in isolated wild-type pro-
toplasts showed a clear fluorescence signal which coincided with the chlorophyll
autofluorescence signal, proving chloroplast localisation (Fig. 2.5 A). Compared to the
envelope control Tic110-YFP, ALB4-YFP showed a clear signal inside chloroplasts
which likely corresponds to thylakoid localisation (Fig. 2.5 A). However, a potential
envelope signal corresponding to a fraction of ALB4-YFP could not be unequivocally
disproved with this method, since a minority of ring-like fluorescence patterns were
observed (not shown); these could equally have been caused by reduced import effi-
ciency of the large ALB4-YFP fusion protein, or transient localisation of ALB4-YFP in
the envelopes while in transit to the thylakoids after import. Therefore, a chloroplast
sub-fractionation approach followed by immunodetection of ALB4 in the sub-fractions
was taken in order to determine its localisation. Chloroplasts from 5-day-old seedlings
or 5-week-old rosette leaves of a line stably expressing FLAG-tagged ALB4 were iso-
lated and sub-fractionated into envelope, stroma and thylakoid fractions. Using anti-
FLAG antibody, ALB4-FLAG could exclusively be detected in the thylakoid fractions
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both in 5-day-old and 5-week-old plants (Fig. 2.5 B), confirming the previous localisa-
tion study on ALB4 (Benz et al., 2009). In parallel, the 14 kDa STIC2 protein has been

localised in the stroma by Dr Feijie Wu (not shown).

2.3.5 ALB4 and STIC2 interact directly and suppress tic40 by a common pathway

The similar phenotypes of sticl tic40 and stic2 tic40, the shared specificity for suppres-
sion of tic40, and the recovery of the tic40 import defect in each case already suggested
that ALB4 and STIC2 might act in a common pathway. Further evidence for this hy-
pothesis came from the analysis of sticl stic2 double mutants and sticl stic2 tic40 triple
mutants. The stic2-1 allele has a point mutation in the junction of the third exon with the
third intron (Fig. 2.6 A) which leads to a splice defect and the absence of measurable
STIC2 protein (not shown, data from Dr Feijie Wu). Neither sticl-1, stic2-1 nor sticl-1
stic2-1 had a phenotype visibly different from wild type (Fig. 2.6 B). More importantly,
the sticl-1 stic2-1 tic40-4 triple mutant did not lead to an increased suppression, indicat-
ing non-additivity of sticl and stic2 with respect to suppression (Fig. 2.6 B). These ob-
servations were supported by chlorophyll measurements (Fig. 2.6 C). It should be men-
tioned that the previously reported growth phenotype of alb4 knockout mutants (Benz et
al., 2009) could never be observed for any of our sticl knockout mutants, or even for
the alb4-1 T-DNA insertion allele which was identical with the one used in the previ-

ous study.

In order to assess the possibility of an interaction between ALB4 and STIC2, an
immunoprecipitation (IP) assay using the ALB4-FLAG-expressing transgenic line was
performed. Chloroplasts from 2-week-old seedlings of the ALB4-FLAG line and a

wild-type control were cross-linked with 0.5 mM dithiobis(succinimidyl propionate)
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(DSP) before IP with anti-FLAG beads, and the eluate was probed with anti-STIC2 and
anti-LHCP as a control. A clear and specific interaction of STIC2 with ALB4-FLAG
could be observed (Fig. 2.7 A), while such an interaction could not be observed with
non-crosslinked chloroplasts (not shown), suggesting a relatively transient (or weak) but
specific interaction. Because ALB4-FLAG is overexpressed and leads to unnaturally
high ALB4 protein levels, the interaction was confirmed with a co-IP approach using
anti-ALB4 antibody. Chloroplasts from 2-week-old seedlings of wild-type plants were
cross-linked with 0.5 mM DSP before co-IP with anti-ALB4 antibody and ALB4 pre-
immune serum, and the eluate was again probed with anti-STIC2 and anti-LHCP as a
control. ALB4 could not be detected itself because it migrates at the size of the 19gG

heavy chain, but STIC2 could be clearly and specifically detected (Fig. 2.7 B).

To assess if the observed interaction is likely to be direct, a bimolecular fluores-
cence complementation (BiFC) approach was taken. Either ALB4-nYFP together with
STIC2-cYFP, or ALB4-cYFP together with STIC2-nYFP, were transiently expressed in
double-transfected wild-type protoplasts and analysed for a complemented fluorescence
signal. Both combinations resulted in a signal, sometimes appearing slightly granular,
which clearly resided inside the chloroplasts, suggesting a direct interaction of ALB4
and STIC2 at the thylakoid surface (Fig. 2.7 C). BiFC was conducted in collaboration

with Dr Feijie Wu who also cloned STIC2-cYFP and STIC2-nYFP.

2.3.6 The sticl and stic2 mutants have similar defects in chloroplast ultrastructure
For the alb4-1 knockdown mutant, a swollen chloroplast ultrastructure and a disorgan-
ised thylakoid ultrastructure were reported previously (Gerdes et al., 2006). Here, the

chloroplast and thylakoid ultrastructures of the sticl-1 and stic2-1 knockouts were ana-
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lysed and compared. Both the swollen chloroplast and the disorganised thylakoid ultra-
structure could not only be verified for sticl-1 but was also shown for stic2-1, further
underlining the similar behaviour of the two mutations (Fig. 2.8 A). The disorganised
thylakoid ultrastructure is not caused by defects in thylakoid grana, as quantification of
the ratio between granal lamellae and attached stromal lamellae (Fig. 2.8 B) as well as
the number of stromal lamellae attached per granum (Fig. 2.8 C), did not vary signifi-
cantly between wild type and the mutants. However, the distance between the thylakoid
lamellae is greater in the mutants; they were generally less parallel and frequently
seemed disrupted (Fig. 2.8 A, bottom row). The swollen appearance of the mutant chlo-
roplasts (Fig. 2.8 A, top row) was quantified by determining the length-width ratio of
the chloroplasts in the cross-sectional plane of the image for a large number of chloro-
plasts. This ratio was closer to 1 (a sphere would have a ratio of exactly 1) for the mu-
tant chloroplasts (Fig. 2.8 D), confirming the overall swollen appearance of the chloro-
plasts. A significantly increased number of plastoglobules was seen in the mutant chlo-
roplasts (Fig. 2.8 E), and might indicate a higher lipid turnover, possibly caused by oxi-

dative stress in the mutants (Austin et al., 2006).

2.3.7 ALB4 might associate with stromal chaperones

In order to identify interaction partners of ALB4, IP experiments were performed using
the ALB4-FLAG expressing line. Chloroplasts were crosslinked with 0.5 mM DSP be-
fore IP with anti-FLAG beads, and the efficiency of the IP was confirmed by detecting
ALB4-FLAG with the anti-ALB4 antibody in the eluate (Fig. 2.9). As expected, no in-
teraction between ALB4 and the TIC components Tic110 or Tic40 was observed, con-
firming the physical separation of the thylakoid-localised ALB4 from the envelope-

localised TIC complex. Also, thylakoid-localised LHCPs were not detected as interac-

56



tion partners of ALB4 which serves as a control to prove that the proteins were not
over-crosslinked. On the other hand, stromal chaperones like Hsp93, cpHsc70 and
Cpn60 could be crosslinked to ALB4, although Hsp93 and Cpn60 appear also in the
wild-type control and might therefore bind non-specifically to the anti-FLAG beads.
The interaction between ALB4 and cpHsc70, however, was considered to be specific
(Fig. 2.9), also because Dr Feijie Wu could verify a strong interaction between STIC2
and cpHsc70 such that cpHsc70 could be even detected in the eluate on a Coomassie-
stained gel (not shown). As STIC2 interacts with ALB4 (Fig. 2.9), the relatively weak
interaction of ALB4 with cpHsc70 might be indirect and bridged by STIC2. Another
weak but more or less specific interaction might occur with ferredoxin-NADP reductase
(FNR), while no interaction could be observed with the ribosomal proteins PRPL2 and
PRPL35 (Fig. 2.9). Therefore, this experiment does not provide evidence for a direct
participation of ALB4 in co-translational protein insertion, as has been shown for Oxal
of mitochondria (Szyrach et al., 2003), but rather suggests that it might play a role in

chaperoning and redox-regulating protein insertion.

2.3.8 Chloroplast cpHsc70 is not the reason for suppression in sticl tic40 mutants

The weak but specific interaction of cpHsc70 with ALB4 and its very strong interaction
with STIC2 led to the speculation that cpHsc70 could play a role in the suppression of
the tic40 phenotype. A recent publication showed that cpHsc70 could bind to importing
precursors, that cphsc70 mutants were impaired in protein import, that the cphsc70-1
tic40 double-mutant genotype is lethal, and that cphsc70 hsp93-V double mutants have a
much more severe phenotype than either single mutant (Su and Li, 2010). This all sug-
gests that cpHsc70 plays a crucial role in chloroplast protein import in parallel to the

Tic40-Hsp93 system. If this is the case, and if indeed cpHsc70 should be limiting for
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protein import in the absence of Tic40, then either an increase in the amount of cpHsc70
or an increase in cpHsc70 interacting with the TIC translocon could be the reason for
the suppression of the tic40 defect in the stic mutants. Therefore, the total amounts of
cpHsc70 were determined and quantified in total protein extracts from isolated chloro-
plasts of 2-week-old seedlings from wild type, sticl-1 tic40-4 and tic40-4, using the
same anti-cpHsc70 antibody as published previously (Su and Li, 2010). The higher
abundance of cpHsp70 in tic40 mutants compared to wild type (Fig. 2.10 A,B) was in
line with the findings of Su and Li, (2010). However, the total amount of cpHsc70 was
consistently lower in the sticl-1 tic40-4 suppressor than in tic40-4 when normalised to
either Tic110 or Hsp93 (Fig. 2.10 A,B). Therefore, increased total amounts of cpHsc70
could not be the reason for suppression; suppression might rather lead to a lower re-
quirement for cpHsc70 and therefore, as a secondary effect, to a reduced amount in the

SUPPressors.

To find out if the sticl mutation leads to an increased association of cpHsc70
with the envelopes and therefore, irrespective of the total amount of cpHsc70, to an in-
creased efficiency in protein import, wild-type and sticl mutant chloroplasts were sub-
fractionated into stroma and envelope fractions and the amount of cpHsc70 in each sub-
fraction was visualised by immunoblotting. The low amount of cpHsc70 in the envelope
fraction was not due to stroma contamination since GAPDH was absent from the enve-
lope fraction (Fig. 2.11 A). However, significantly more cpHsc70 was not associated
with the envelopes in the sticl mutants compared to wild type (Fig. 2.11 A), suggesting
that sticl leads neither to an increase in the cpHsc70 level nor to an increased associa-

tion of cpHsc70 with the envelopes, and hence the TIC translocon.

If cpHsc70 participates in chloroplast protein import and cphsc70-1 tic40 double

mutants are non-viable (Su and Li, 2010), the question remains if cpHsc70 is limiting
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for protein import in the tic40 mutant. Therefore, cpHsc70 was overexpressed in the
tic40-4 background (35S:cpHsc70>tic40-4) in order to study the resulting phenotype.
Two T plants, #1 and #2, with a single insertion of the construct were identified by
analysing the segregation of the T, progeny on selective medium. Homozygous Tj
progeny from #1 and #2 were shown to have greatly increased cpHsc70 amounts, prov-
ing that the construct was functioning as expected (Fig. 2.11 B). When the phenotypes
were compared to tic40-4, sticl-1 tic40-4 and wild type, it was found that
35S:cpHsc70>tic40-4 is not capable of suppressing tic40-4 but rather leads to a pheno-
type paler than tic40-4 (Fig. 2.11 C). Therefore, it seems that cpHsc70 is not limiting for
protein import in the tic40 mutant, and that protein import cannot be enhanced by simp-
ly increasing the amount cpHsc70 in the tic40 background. Interestingly, another con-
sequence of these results is that the amount of cpHsc70 needs to be well-balanced in
chloroplasts as reduced (Su and Li, 2010) and increased (Fig. 2.11 C) amounts of

cpHsc70 in the tic40 background lead to a phenotype more severe than tic40 itself.

Interestingly, cpHsc70 could also not be detected in the eluates of co-1Ps with ei-
ther anti-Tic110 or anti-Tic40 antibodies while the interactions between Tic110, Tic40
and Hsp93 could be confirmed in the same experiments (Fig. 2.10 C). This partly con-
flicts with previous results from Su and Li (2010), which show an interaction between

cpHsc70 and Ticl10.

2.3.9 ALB4 and STIC2 are not generally involved in stress responses
Because neither sticl nor stic2 single mutants had a visible phenotype different from
wild type (Fig. 2.6 B), the question remained as to which general purpose the two pro-

teins share in vivo. Previous experiments showed that ALB4 and STIC2 are likely func-
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tionally related, and that the mutants share at least a common defect in the chloroplast
ultrastructure (Fig. 2.8). The significantly higher number of plastoglobules in both mu-
tants might suggest a role in protection from oxidative stress, as high numbers of
plastoglobules have been associated with oxidative stress previously (Austin et al., 2006;
Eugeni Piller et al., 2012). Therefore, both sticl and stic2 mutants have been subjected
to a variety of different stresses, with a main focus on oxidative stress (Fig. 2.12). High
light stress (2000 uE/m?/s for 4 hours per day for one week) was performed on the ro-
settes of 3-week-old mutants, drought stress has been achieved by dehydration of 3-
week-old mutants for a further 2 weeks. Direct oxidative stress was performed in vari-
ous different ways by transferring 2-week-old mutant seedlings to either 250 uM
lincomycin, 1 uM Paraquat (methyl viologen), or 60 uM chloramphenicol, followed by
growth for a further one or two weeks. Finally senescence-inducing dark stress was per-
formed by wrapping individual 3-week-old rosette leaves in aluminium foil for 3 or 5
days. However, none of the stress treatments resulted in significant differences between
either mutant and the wild type (Fig. 2.12 A, B, C), suggesting that the mutants can
cope perfectly well with oxidative stress, and that the accumulation of plastoglobules in

the mutants has different reasons.

2.3.10 Loss of both ALB4 and STIC2 leads to highly induced expression of
HINAS1

Since a common function for ALB4 and STIC2 related to the suppression of tic40 could

not be deduced from any of the previous results, a microarray experiment was per-

formed on the stic mutants and their transcriptomes were compared to that of wild type.

In order to maximise the reliability of the results, RNA was extracted from two sticl
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alleles (sticl-1 and sticl-4) and two stic2 alleles (stic2-1 and stic2-3) as well as wild
type, and in triplicate for each genotype. The twelve mutant samples and the three wild-
type samples were sent to NASC’s International Affymetrix Service, and the samples
were hybridised onto an AraGene-1-1-ST Arabidopsis Gene 16 ArrayPlate and fluores-
cence intensities representing gene expression levels were measured and provided by

NASC.

Using Partek® software, a principal component analysis (PCA) of the complete
dataset was performed, and it was found that while the six stic2 samples cluster together
relatively well, the six sticl samples have a broader distribution and a higher overlap
with the wild-type samples (Fig. 2.13 A). This result already predicted correctly that the
list of significantly differentially regulated genes compared to wild type would be long-
er for stic2 than for sticl. Raw expression data were imported and normalised using the
standard Partek® method Robust Multi-Chip Analysis (RMA), and then the sticl and
stic2 samples were compared to wild type using the analysis of variance (ANOVA)
method. The output was ranked according to the p-value and the threshold was set at
0.05 according to the conventions. A Venn diagram comparing the numbers of differen-
tially regulated genes for sticl versus wild type and stic2 versus wild type shows that
there is a considerable overlap of 88 genes that are differentially regulated in both mu-
tants (Fig. 2.13 B). The volcano plot showing the fold-changes compared to the corre-
sponding p-values of genes from the whole ‘sticl plus stic2 versus wild type’ dataset
shows that slightly more genes are up-regulated (right side) than down-regulated (left
side) in the stic mutants, and that one gene (top right corner) is highly upregulated with

a very low p-value (Fig. 2.13 C).
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The false discovery rate (FDR)-corrected p-values allow a more stringent analysis
by reducing the false discovery rate drastically at the expense of numbers of significant-
ly differentially regulated genes. Using this method, three significant hits were found
for sticl compared to wild type, and 11 for stic2 compared to wild type (Table 2.1). The
most striking observation is that the top hit for both sticl and stic2 is the same gene,
AT1G35780. This as yet functionally unknown gene is up-regulated more than 20-fold
in both sticl and stic2, and has therefore been termed HINAS1 for highly induced in
Arabidopsis stic, locus 1 (Fig. 2.13 D). This gene is identical with the outlier in the top
right corner of the volcano plot (Fig. 2.13 C). It has a similarly unknown paralogue in
Arabidopsis, AT1G78150, which consequently has been termed HINAS2 but is not dif-
ferentially regulated in sticl or stic2. As expected, the second hits for sticl and stic2
compared to wild type are ALB4 and STIC2, respectively, with a drastically reduced
expression level of each gene in the corresponding mutant (Table 2.1). The remaining
annotated hits are only significant for stic2 versus wild type, but the trend of expression
is still the same in sticl versus wild type for each of these genes, again suggesting that
ALB4 and STIC2 participate in the same pathway. These genes are mostly related to
plant hormone signalling, pointing to the possibility that a hormonal signal could rescue
the tic40 phenotype in the stic mutants (Table 2.1). A heat map of all the significantly
differentially regulated genes shows two genes (AT4G29200 and the un-annotated
Affymetrix 1D 13390441) to be down-regulated (blue) and all others to be up-regulated
(red) compared to wild type, while ALB4 is down-regulated only in the sticl alleles and

STIC2 (AT2G24020) only in the stic2 alleles (Fig. 2.13 E).
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2.4 Discussion

Tic40, Tic110, Hsp93 and possibly a range of other chaperones and co-chaperones in-
teract with each other at the inner envelope membrane and exert a function most likely
during the late stages of protein import (Chou et al., 2006; Kikuchi et al., 2013). The
nature of this function is not yet fully understood, and therefore a forward genetic
screen was applied in order to identify genetic interactors of Tic40 which might shed
light on Tic40 function and ultimately on the function of this TIC subsystem. Intri-
guingly, one of two suppressors of tic40 mutants was mapped to the ALB4 gene which
encodes the thylakoid-localised ALB4 paralogue of the LHCP membrane insertase
ALB3. ALB3 interacts with the stromal signal recognition particle (cpSRP) and the
CpSRP receptor cpFtsY, which use GTP to target LHCP proteins to the thylakoid mem-
brane (Moore et al., 2000; Tu et al., 1999). ALB3 is essential for LHCP insertion and
alb3 mutants are albino and seedling lethal (Moore et al., 2000; Sundberg et al., 1997).
In contrast, alb4 knockdown mutants are indistinguishable from wild type but have a
subtle defect in the thylakoid ultrastructure and swollen chloroplasts, suggesting a non-
essential function or a function which is partially redundant with other factors (Gerdes
et al., 2006). A growth defect phenotype of the alb4-1 knockdown line reported later
(Benz et al., 2009) could be confirmed neither for the same line nor for the protein null
sticl mutants in this study. However, the reported defect in the alb4 thylakoid ultra-
structure could be verified for sticl, and it appears to affect the stromal lamellae but not
the grana; note that Benz et al. (2006) reported a defect for both stromal lamellae and
grana. A structural defect of alb4 in the stromal lamellae would be in line with the pre-
vious findings that ALB4 is localised in stromal lamellae but not grana, and is not in-

volved in LHCP insertion (Benz et al., 2009; Falk et al., 2010). In addition, the present
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study revealed that chloroplasts of sticl mutants contain a significantly higher number

of plastoglobules, which suggests a higher thylakoid lipid turnover.

Interestingly, the stic2 mutant possesses almost identical properties to sticl (see
also Chapter 5). Dr Feijie Wu showed that stic2 suppresses tic40 to a similar extent as
sticl, that this suppression is also specific, and that it alleviates the tic40 protein import
defect. Furthermore, the present study revealed that the chloroplast ultrastructural de-
fects are very similar for sticl and stic2, that the two suppressors behave in non-additive
ways in double mutants and in triple mutants with tic40, and that the ALB4 and STIC2
proteins can interact, possibly even directly. This shows that ALB4 and STIC2 most
likely share a common function or pathway, abrogation of which causes the relatively
subtle thylakoid ultrastructural phenotype and the swollen chloroplasts in the wild-type
TIC40 background, and the clear suppression of the tic40 phenotype in the tic40 back-
ground (see also Chapter 5). This leads to the question of what the function or common

pathway of ALB4 and STIC2 might be.

While STIC2 is a small 14 kDa stromal protein of unknown function which is re-
lated to a ubiquitous family of bacterial proteins of unknown function, more is known
about ALB4. Like ALB3, it has a conserved N-terminal domain containing five
transmembrane domains, and a C-terminal domain which is less conserved and contains
four distinct motifs (Falk et al., 2010). Of these, motifs | and 11l are conserved between
ALB4 and ALB3 while motifs Il and IV, which are necessary for the interaction of
ALB3 with the cpSRP subunit cpSRP43, are not present in ALB4 (Falk et al., 2010). As
it was shown that ALB3 can also interact with the thylakoid-localised SCY1, it was
speculated that the C-terminal motifs | and I11 could be required for this interaction and,
thus, that both ALB3 and ALB4 may interact with SCY1 (Falk et al., 2010;
Klostermann et al., 2002). Interaction of ALB3 with SCY1 was not necessary for LHCP
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insertion, and so ALB3 might play an additional role, e.g. in co-translational protein
targeting together with SCY1 and cpSRP54 (Moore et al., 2003; Zhang and Aro, 2002).
Recently, an envelope-localised Sec system composed of SCY2 and SECA2 was dis-
covered (Skalitzky et al., 2011), and since sticl/alb4 mutants suppress tic40 we hypoth-
esised that a portion of ALB4 might be localised in envelopes, possibly interacting with
the envelope Sec system in analogous fashion to the ALB3-SCY1 interaction in the
thylakoids. However, ALB4 appears to be exclusively localised in the thylakoid mem-
branes, and thus the suppression of tic40 in sticl/alb4 mutants is likely indirect. Moreo-
ver, it was shown that, in gel filtration experiments, ALB4 does not co-elute with ALB3
or SCY1 but rather with the ATP synthase, and that ALB4 is necessary for correct as-

sembly of the ATP synthase (Benz et al., 2009).

The minor defects that the sticl/alb4 and stic2 single mutants (and even the dou-
ble mutants) have suggest that both ALB4 and STIC2 might play auxiliary roles, and
potentially have chaperoning function during membrane protein insertion and thylakoid
complex assembly (see also Chapter 5). Indeed, Dr Feijie Wu could observe a strong
interaction between STIC2 and cpHsc70 in IP studies, such that cpHsc70 was even
clearly visible on Coomassie stained polyacrylamide gels and could be verified by mass
spectrometry. In this study, interaction of cpHsc70 with ALB4 was revealed, albeit
weaker than with STIC2, and additional chaperones and FNR were shown to associate
with ALB4 with a lower specificity than cpHsc70. Thus, ALB4 and STIC2 might guide
chaperones and redox-active components to the forming thylakoid complexes, and gen-
erally perform regulatory functions. Interestingly, a recent report suggested that
cpHsc70 also plays an important role in protein import in parallel to Tic40 and Hsp93
(Shi and Theg, 2010; Su and Li, 2010). We hypothesised that, if tic40 cphsc70-1 double

mutants are lethal as reported, a general increase of cpHsc70 levels in the chloroplasts
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of the stic mutants, or an increased interaction of cpHsc70 with Tic110, might suppress
the tic40 phenotype. However, it was clearly shown that cpHsc70 levels are not general-
ly increased in sticl, that more cpHsc70 does not bind to the envelopes in sticl than in
wild type, and that artificial overexpression of cpHsc70 in tic40 does not lead to sup-
pression but instead to a more severe phenotype than tic40 (see also Chapter 5). This
rather suggests that cpHsc70 levels need to be precisely balanced in chloroplasts, and
that both lack and excess of cpHsc70 might have adverse effects on development, a
finding that has been previously described for Hsp70 in Drosophila (Krebs and Feder,
1997). Strangely, cpHsc70 could be immunoprecipitated neither with anti-Tic110 nor
with anti-Tic40 antibodies, whereas Su and Li (2010) showed that both Tic110 and
Tic40 could be immunoprecipitated with anti-cpHsc70 antibodies. Thus, the role of
cpHsc70 in protein import remains unclear, and it is likely not directly responsible for

the suppression of tic40 by the stic mutants.

The weak phenotypes of stic single mutants prompted the question: Is the function
of the STIC proteins generally dispensable for development and survival, or does it be-
come necessary under certain conditions which could explain the retention of these
genes during evolution? The decreased integrity of the thylakoid network of the stic
mutants might lead to a higher sensitivity of the mutants to certain stress conditions that
may occur naturally, and therefore plants containing the functional STIC proteins might
have an evolutionary advantage. However, various stresses applied to the stic single
mutants, including high-light stress, drought stress, oxidative stress, and dark-induced
senescence, did not affect the stic mutants more than the wild-type control. This shows
that the mutants, despite their slightly disorganised thylakoid network, can perfectly
cope with a variety of stresses and, therefore, that the STIC proteins are unlikely to be

required to confer a general stress tolerance (see also Chapter 5). This does not exclude
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the possibility, though, that the STIC proteins are required in a very specific stress situa-

tion which has not been tested yet.

As ALBA4 resides exclusively in the thylakoid membranes, the suppression of
tic40 by sticl and possibly also stic2 might be indirect. The stic mutants might induce a
signal, e.g., a hormonal response, which leads to a change in nuclear gene expression.
How such a response could specifically suppress tic40 but not any other pale chloroplast
mutants is difficult to understand, unless one assumes that a component is induced in
the stic mutants which can specifically replace Tic40 function in the tic40 background.
Therefore, it is fascinating that one single component is induced more than 20-fold in
both sticl and stic2 in a microarray experiment, whereas the global gene expression
levels in the stic mutants are generally not very different from wild type. This gene,
termed HINAS1 for highly induced in Arabidopsis stic, is completely unknown and en-
codes a protein of 286 amino acids with a predicted molecular weight of 31 kDa and a
domain of unknown function, DUF 4057. Although it is not predicted to have a transit
peptide by TargetP (Emanuelsson et al., 2000), it is predicted to be chloroplast localised
by PCLR (Schein et al., 2001) and SLPFA (Tamura and Akutsu, 2007); nuclear locali-
sation is predicted by a few other prediction programs summarised in SUBA3 (Tanz et
al., 2013). However, its paralogue HINAS2 is predicted to be localised in chloroplasts
by a variety of prediction tools including TargetP and ChloroP (Emanuelsson et al.,
1999), other tools listed in SUBA3 predict nuclear localisation. It would be fascinating
to find out if HINAS proteins belong to a group of proteins which are dually localised in
both plastids and the nucleus, as was previously shown for MFP1 (Samaniego et al.,

2006) and Whirlyl (Grabowski et al., 2008).

The 20-fold up-regulation of HINASL in both sticl and stic2 mutants indicates

that this is a very specific response to the loss of STIC proteins (see also Chapter 5).

67



Assuming that the same response occurs in the tic40 background of the suppressor mu-
tants, it is tempting to speculate that HINASL itself, directly or indirectly, leads to the
suppression of Tic40. But under which natural conditions is HINAS1 activated? Apart
from HINAS1, most of the other genes which are significantly up-regulated in stic2, and
to a lesser extent also in sticl, are related to hormone signalling, mainly involving
jasmonate, abscisic acid and ethylene. At least for jasmonate and abscisic acid, it is
known that the first steps of biosynthesis occur at the thylakoid membranes in chloro-
plasts (Bannenberg et al., 2009; Nambara and Marion-Poll, 2005). Therefore, the stic
mutants may lead to a thylakoid defect which is accompanied by a specific hormone
signal that in turn leads to an induction of HINASL (see also Chapter 5). Interestingly,
based on ATTED-II data (Obayashi et al., 2007) HINAS1 is co-expressed with two hy-
pothetical glycosyl hydrolases, a group of enzymes that can be induced by sugar starva-
tion (Lee et al., 2007). Moreover, one of the significantly induced genes in stic2 en-
codes DIC2, a mitochondrial dicarboxylate carrier which may be involved in gluconeo-
genesis in the mitochondria (Palmieri et al., 2008). Hence, it may be speculated that the
stic mutants suffer sugar starvation which leads to a specific response which firstly frees
bound sugars by glycosyl hydrolases, secondly increases mitochondrial activity, and
thirdly increases the protein import capacity of the chloroplasts by complementing

Tic40 function.
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2.5 Materials and Methods

2.5.1 Identification of the sticl locus

The candidate gene ALB4 (AT1G24490) was amplified with the four primer pairs
segALB4-1-F (5’-CATTCGGAGCCATAGTTTATG-3’), seqALB4-1-R (5’-TATTTC-
CAGGTACCTCATCTG-3’), seqALB4-2-F (5’-CCTTGCAGGTACAGTATGTTA-3’),
segALB4-2-R (5’-CTGTTGCATAGAAGGATTTCG-3’, seqALB4-3-F (5’-AAATGT-
GTACCACATTGGTGC-3’), seqALB4-3-R (5’-ATTAGATAGAGVTGCTTCAGC-3”),
segALB4-4-F (5°-AAATACCAAGAGAGAAGGGTG-3’), seqALB4-4-R (5’-ACGA-
TATGAGGGAGCAAAATG-3") using high fidelity Taq polymerase and genomic
DNA isolated from the sticl-4 suppressor line. The fragments were gel-purified and
sent for sequencing (see Section 6.2.2). After identification of the stic1-4 point mutation,
the process was repeated with genomic DNA from the other four alleles. The sticl-4
splice defect was confirmed by RT-PCR wusing the primers RTF (5°-
CCTTATTCCTATGGTTTCGCT-3’) and RTR2 (5’-ATGAGATTCCACTGCCAT-
TCT-3"), and the PCR products were cloned into pPGEM®-T Easy (Promega) and indi-
vidual clones from each size class were identified by colony PCR with the RTF/RTR2
primer pair. The corresponding plasmids were sent for sequencing. RT-PCR on sticl-1,
stic1-2, stic1-3 and sticl-5 was performed using the RTF/RTR2 primer pair and using
the control primers elF4e-F (5-AAACAATGGCGGTAGAAGACACTC-3’), elF4e-R

(5’-AAGATTTGAGAGGTTT-CAAGCGGTGTAAG-3’) (see Section 6.3.1).
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2.5.2 Genotyping of alb4 and sticl

The alb4-1 T-DNA line Salk_136199/N636199 was ordered from NASC and genotyped
using the genomic primer pair segALB4-2-F / seqALB4-2-R and the T-DNA-specific
primer pair seqALB4-2-F / SALK LBbl (5’-GCGTGGACCGCTTGCTGCAACT-3")
(see Section 6.2.2). The sticl alleles were genotyped using the following dCAPS pri-
mers: sticl-1 with STIC1-1-F (5’-GGTTTATTCTCTACAGGTTGA-3’) and STIC1-1-
R (5’-CCATGTGTACAGTATAGAAGA-3’); sticl-2 with STIC1-2-F (5’-GGTGACC-
CCAGAATGCCACAAACCT-3’) and STIC1-2-R (5’-GTACTAACACGTCCATGT-
GAT-3"); sticl-3 with STIC1-3-F (5’-TTGTTTATCTTTGCAGGAGAGAATT-3") and

STIC1-3-R (5’-TAACATACTFTACCTGCAAGG-3’); sticl-4 with STIC1-4-F (5°-

TTCTTTATTTTTGTTTATCTCTGCA-3’) and STIC1-4-R (5’-TAACATACTGTAC-
CTGCAAGG-3’); sticl-5 with STIC1-5-F (5’-TTGGTCACTAAGGAAGATAAGT-
CA-3’) and STIC1-5-R (5’-CACCCTTCTCTCTTGGTATTT-3"). The resulting PCR
products were incubated with Mnll (sticl-1), BstXl (stic1-2), EcoRI (sticl-3), Pstl
(stic1-4) and Maelll (stic1-5), respectively. In each case, the restriction enzyme cut the
wild-type allele but not the mutant allele (see Section 6.2.4). The tic40-4 mutant was

genotyped as described previously (Kovacheva et al., 2005).

2.5.3 ALB4 antibody production

For anti-ALB4 antibody production (see also Section 6.2.7), wild-type cDNA was am-
plified with ALB4-His-F (5’-GGGGGATCCCCAGTGGAGAAATTCACTAA-3’) and
ALB4-His-R (5’-GGCCTGCAGGTTACCTCTTCTCTGTTTCAT-3") using high-
fidelity Taqg polymerase. The PCR product was cloned into pPGEM®-T Easy (Promega)

and sequenced. Plasmid containing the ALB4 insert and pQE-30 vector (Qiagen) were
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both digested with BamHI and Pstl, gel-extracted and ligated. XL1-blue cells were
transformed with the ligation and grown in the presence of 1% glucose and ampicillin
(pQE-30 resistance). Positive clones containing the ALB4 insert were amplified and
induced with 1 mM IPTG and then the recombinant protein was extracted and purified.
Pure His-tagged ALB4 C-terminus was sent to Harlan Laboratories for antibody pro-

duction.

2.5.4 Specificity of suppression

The mutants used to test specificity of suppression have been described before: ppil
(Jarvis et al.,, 1998; Kubis et al., 2003), hsp93-V-1 and heterozygous tic110-1
(Kovacheva et al., 2005), toc75-111-3 (Huang et al., 2011), rifl-1 (Flores-Perez et al.,

2008), rif10-1 (Sauret-Gueto et al., 2006), prpl11-1 (Pesaresi et al., 2001).

2.5.5 Production of various constructs

First-strand cDNA prepared from total wild-type RNA was amplified with the primers
ALB4-pENTR-F (5-AAAAAGCAGGCTCCCAAAGCAAGAACACAACAACA-3")
and ALB4-pENTR-R (5’-AGAAAGCTGGGTTCCTCTTCTCTGTTTCATGAGA-3’)
using high-fidelity Taq polymerase. The PCR product was further amplified with the
AttB1/B2 primer pair, and the product was cloned into pDONR 207 vectors using the
Gateway® technology (Invitrogen). Positive clones were further sub-cloned into the C-
terminal YFP vector p2GWY7 and the C-terminal FLAG vector pH2GW7-FLAG
(Karimi et al., 2005; Karimi et al., 2002) (see also Section 6.2.5). The ALB4-YFP con-
struct was used for transient expression in protoplasts, and the ALB4-FLAG construct

was used for stable, Agrobacterium mediated transformation of wild-type plants.
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For the BiFC constructs (see Section 6.2.6), first-strand cDNA prepared from total
wild-type RNA was amplified with the primers ALB4-BiFC-F (5’-
AAGAGATCTCAAAGCAAGAA-CACAACAACA-3’), ALB4-BiFC-R (5°-
AAGGTCGACTCCTCCTCTCTGTTTCAT-GAGA-3") using high-fidelity Taq poly-
merase; the PCR product was gel purified and digested with Bglll and Sall. The vectors
pSAT4(A)-nEYFP-N1 and pSAT4(A)-cEYFP-N1 (Tzfira et al., 2005) were digested
similarly, and the PCR product was ligated into the vectors using T4 DNA ligase and

ligation buffer (NEB). The STIC2-BiFC constructs were prepared by Dr Feijie Wu.

For overexpression of cpHsc70, wild-type cDNA was amplified with the primers
cpHsc70-F  (5-AAAAAGCAGGCTCCTTCAAACCCTCCTTGCACTCT-3’) and
cpHsc70-R  (5’-AGAAAGCTGGGTTTCATTGGCTGTCTGTGAAGTC-3")  using
high-fidelity Taq polymerase. The PCR product was further amplified with the
AttB1/B2 primer pair, and the product was cloned into pDONR 207 vector (see Section
6.2.5). Positive clones were further sub-cloned into the pB2GW?7 vector, which places
cpHsc70 under the CaMV 35S promoter (Karimi et al., 2002). The 35S:cpHsc70 con-
struct was used for stable, Agrobacterium-mediated transformation of tic40 mutant

plants.

2.5.6 TEM images

Seedlings of 10 days age grown in vitro were brought to the departmental Electron Mi-
croscopy Laboratory, University of Leicester. Cotyledons were used for the analysis.
All samples were processed and photographed by Natalie Allcock. Images were ana-

lysed using Photoshop® software.
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2.5.7 Microarray experiment

Total RNA was isolated from 10-day-old seedlings grown in vitro using the Spectrum”
Plant Total RNA Kit (Sigma) and then purified using the RNeasy® MinElute” Cleanup
Kit (Qiagen). The samples were sent to the NASC’s International Affymetrix Service.

Raw data returned from the service was analysed using Partek® software.
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2.6 Figures and Tables
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Figure 2.1. Analysis of ALB4 expression in sticl tic40 suppressor mutants.

Gene expression was determined for all five sticl suppressor alleles by semi-quantitative RT-
PCR using the RTF/RTR2 primer pair. The position and nature of the point mutation of each
allele is marked in the gene model of ALB4. (A) The sticl-4 mutation leads to a splice defect
with five different fragments of the sizes marked on the right, which were cloned and sequenced.
The sequences are shown in red; no fragment corresponds to wild type as even the third frag-
ment has a deletion of one nucleotide leading to a frame-shift. M: 1 kb marker. (B) The ALB4
transcript abundance of sticl mutants (mut) compared to wild type (WT) is reduced in sticl-1,
stic1-3 and sticl-4 but increased in sticl-2. Quantification shown as percentage of wild-type

expression, measurements in triplicates normalised to expression of an elF4e control. Error bars
denote the standard errors.
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Figure 2.2. Analysis of the visible, chlorophyll and protein level phenotypes of sticl tic40.

(A) The position of the T-DNA insertion in alb4-1 (Salk_136199) is shown in the gene model
of ALB4. (B) The five sticl tic40 suppressor alleles from the EMS screen are compared to alb4-
1 tic40-4, wild type and tic40-4. Plants are 4 weeks old and directly grown on soil. (C) Quanti-
fication of the total chlorophyll amount per mg fresh weight in each line (age: 4 weeks) using
the SPAD-502 chlorophyll meter (n=6). Error bars denote the standard errors. (D) Immunoblot
with total protein from 2-weeks-old seedlings using anti-ALB4 antibody. The blot shows that
sticl-1, sticl-3, sticl-4 and sticl-5 are knockout mutants (protein null), that alb4-1 is a knock-
down allele, and that stic1-2 accumulates normal levels of ALB4 (which is likely non-functional,
see text). Tic110 and cpHsc70 are shown as loading controls.
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Figure 2.3. No suppression of other protein import mutants by sticl.

(A) Two alleles of sticl, sticl-1 and sticl-4, were crossed to pale/pale-green protein import
mutants: ppil (=attoc33), hsp93-V (=clpCl), heterozygous tic110, and the hypomorphic allele
toc75-111-3. Double mutants were grown directly on soil and compared to the single mutants
(wild type at the ALB4 locus) at the age of 4 weeks. (B) Quantification of the total chlorophyll
amount per mg fresh weight in each line from (A) (age: 4 weeks) using the SPAD-502 chloro-
phyll meter (n=6). Error bars denote the standard errors.
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Figure 2.4. Specificity and functionality of the suppression.

(A) The allele stic1-1 was crossed to the pale mutants rifl, rif10 and prpl11 which are defectlve
in functions different from protein import. Double mutants were compared to single mutants
and wild type at 1 week post-germination on half-strength MS plates containing 0.6% sucrose.
(B) Spectrophotometric quantification of the total chlorophyll amount per mg fresh weight in
each line from (A) using DMF extraction (n=6). Error bars denote the standard errors. (C) Im-
port experiments using radiolabeled precursor of RuBisCO small subunit (pSSU) and chloro-
plasts from wild type, the sticl-1 tic40-4 suppressor and tic40-4. Mature RuBisCO small subu-
nit (mSSU) was quantified in samples from 3, 6 and 9 minutes incubation time, respectively, for
each genotype. Values are averages from three independent experiments, given as percentages
of wild type after 9 minutes incubation. Error bars denote the standard errors. Import experi-
ments were performed in collaboration with Karolina Ploessl.
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Figure 2.5. Subcellular localisation of ALBA4.

(A) Fluorescence microscopy with isolated wild-type protoplasts transfected with YFP con-
structs. An ALB4-YFP construct shows a clear YFP signal (green) that co-localises with chlo-
roplasts (red due to auto-fluorescence of chlorophyll), while free YFP accumulates in the cyto-
sol in the gaps between the chloroplasts. Tic110-YFP is used as a control for chloroplast enve-
lope localisation. The top left scale bar is ~12.68 um long. (B) Sub-fractionation of chloroplasts
from ALB4-FLAG expressing plants of different ages (5 days and 5 weeks) into envelope (E),
stroma (S) and thylakoid (T) fractions. Controls are Tic110 (envelope protein), LHCP
(thylakoid protein), and RuBisCO small subunit (SSU, stromal protein). ALB4-FLAG can be
detected exclusively in the thylakoid fractions in immunoblots using the anti-FLAG antibody.
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Figure 2.6. Genetic interaction between ALB4 and STIC2.

(A) Gene model of STIC2 showing the mutant alleles (stic2-1, stic2-2: nonsense alleles; stic2-3,
stic2-4: T-DNA insertion alleles). (B) Phenotypes of 4-week-old mutants directly grown on soil.
Top row: stic mutants compared to wild type (WT). Bottom row: stic tic40 mutants compared to
tic40. (C) Quantification of the total chlorophyll amount per mg fresh weight in each line from

(B) (age: 4 weeks) using the SPAD-502 chlorophyll meter (n=6). Error bars denote the standard
errors.
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Figure 2.7. Physical interaction between ALB4 and STIC2.

(A) Immunoprecipitation with anti-FLAG beads using 100 million chloroplasts isolated from 2-
weeks-old seedlings of a ALB4-FLAG overexpressing line cross-linked with 0.5 mM DSP. TL:
total lysate, FT: flow-through, W: wash, E: elute. Loading: 0.45% of TL, 0.45% of FT, ~4.5%
of W, 36% of E. Detection of HRP-linked secondary antibodies with ECL method. (B) Co-
immunoprecipitation using 100 million wild-type chloroplasts cross-linked with 0.5 mM DSP;
Pull-down with anti-ALB4 antibody and protein A sepharose beads. TL: total lysate, FT: flow-
through, W: wash, E: elute. The proteins were eluted in 50 ul of 2x protein loading buffer, the
loading and detection is the same as in (A). Note that ALB4 cannot be detected because it runs
at the size of the 1gG heavy chain which masks the ALB4 band in the elute. (C) BiFC by double
transfection of wild-type protoplasts with either ALB4-cYFP and STIC2-nYFP or ALB4-nYFP
and STIC2-cYFP. The complemented YFP fluorescence signal was visible in the chloroplasts
(their location is indicated by the red chlorophyll autofluorescence), as shown in the overlay.
The top left scale bar is ~12.68 um long.
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Figure 2.8. Chloroplast ultrastructure in the sticl-1 and stic2-1 single mutants.

(A) Chloroplast ultrastructure in the top row showing the slightly swollen phenotype of sticl-1
and stic2-1 mutant chloroplasts compared to wild type. Scale bar at the bottom right is 10 pum.
Thylakoid ultrastructure in the bottom row showing the disorganised stromal lamellae in sticl-1
and stic2-1 mutant chloroplasts compared to wild type. Scale bar at the bottom right is 1.5 um.
(B) Quantification of the ratio between the numbers of granal lamellae and stromal lamellae
attached per granum for n grana (numbers shown in brackets) in two biological replicates (TEM
images from two separate seedlings of the same plate). (C) Quantification of the numbers of
stromal lamellae per granum for n grana (numbers shown in brackets) in two biological repli-
cates. (D) Quantification of the ratio between the length and the width of a chloroplast (in the
cross-sectional plane) for n chloroplasts (numbers shown in brackets) in two biological repli-
cates. (E) Quantification of the numbers of plastoglobules per chloroplast for n chloroplasts
(numbers shown in brackets) in two biological replicates. The error bars in (B), (C), (D) and (E)
denote the standard errors.
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Figure 2.9. Analysis of ALB4-FLAG protein interactions.

Chloroplasts (100 million) from ALB4-FLAG overexpressing plants or wild type were cross-
linked with 0.5 mM DSP (15 minutes) and quenched with 50 mM glycine (15 minutes). The
chloroplast pellet was lysed in a volume of 2 ml lysis buffer and immunoprecipitation was per-
formed using anti-FLAG beads. The total lysate (TL) was collected directly after lysis and 9 pl
was loaded (0.45%). The flow-through (FT) was collected from the supernatant after incubation
with the beads and 9 ul was loaded (0.45%). The wash (W) was collected after the sixth wash of
the beads with wash buffer (~4.5% was loaded). For elution, the beads were directly incubated
in 50 ul of 2x protein sample buffer and 18 pl of the elute (E) was loaded (36%). ALB4 was
detected with the anti-ALB4 antibody (note the shift in the ALB4-FLAG band caused by the
FLAG tag) using the enhanced chemiluminescence (ECL) technique. Envelope controls are
Tic110 and Tic40; the thylakoid control is LHCP. Interactions (but not necessarily specific ones)
can be seen for the stromal proteins Hsp93, cpHsc70, Cpn60 and FNR but not for the ribosomal
proteins PRPL2 and PRPL35. Blots have been repeated twice.
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Figure 2.10. Chloroplast cpHsc70 is not more abundant in suppressor mutants than in tic40.

(A) Immunoblots with total protein samples from 2-week-old wild-type (WT), sticl-1 tic40-4
and tic40-4 seedlings grown in vitro. Total protein was quantified by a Bradford assay and load-
ing was normalised to equal amounts of total protein. Detection of HRP-linked secondary anti-
bodies with ECL method. (B) Quantification of the intensities of the cpHsc70 bands in (A) rela-
tive to the band intensities of Tic110 or Hsp93 given in percentage of Tic110 and Hsp93, re-
spectively, and normalised to wild type. (C) Co-immunoprecipitation with anti-Tic110 (left) and
anti-Tic40 antibody (right) using 100 million wild-type chloroplasts cross-linked with 0.5 mM
DSP. TL.: total lysate, FT: flow-through, W: wash, E: elute. Loading: 0.45% of TL, 0.45% of FT,
~4.5% of W, 36% of E. Detection of HRP-linked secondary antibodies with ECL method.
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Figure 2.11. Chloroplast cpHsc70 is not responsible for suppression. :
(A) Sub-fractionation of chloroplasts from 2-week-old seedlings into stroma and envelope frac-
tions. Equal proportions of sample were loaded for wild type (WT) and sticl-1. Tic110 and
GAPDH antibodies were used to show purity of envelope and stroma fractions, respectively.
Detection of HRP-linked secondary antibodies with ECL method. (B) Overexpression of
cpHsc70 under the control of the 35S promoter in the tic40-4 background (35S:cpHsc70>tic40-
4). Total protein was extracted from 2 weeks old seedlings of wild type (WT), tic40-4 and ho-
mozygous T3 progeny of two T, plants, #1 and #2, that contain the construct. Total protein was
quantified by a Bradford assay and loading was normalised to equal amounts of total protein (10
Mg). Detection of immunoblot using HRP-linked secondary antibodies with ECL method. (C)
Phenotypes of 2-week-old seedlings of the homozygous T3 progeny of #1 and #2 overexpress-
ing cpHsc70 in the tic40-4 background, compared to wild type (WT), tic40-4 and sticl-1 tic40-4.
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Figure 2.12. Stress experiments with the stic1-1 and stic2-1 single mutants.

(A) Three-week-old plants were treated with 4 hours of 2000 uE/m%s high light per day for one
week (first column); 3-week-old plants were withdrawn from watering for two weeks (second
column); 2-week-old seedlings grown in vitro were transferred on half-strength MS containing
250 uM lincomycin (LCM) and photographed after one week (third column) and two weeks
(fourth column); two weeks old seedlings grown in vitro were transferred to half-strength MS
containing 1 uM Paraquat (PQ) and photographed after 2 weeks (fifth column). (B) Individual
rosette leaves of 4-week-old plants were wrapped in aluminium foil to induce senescence for 3
and 5 days. (C) Two-week-old seedlings grown in vitro were transferred to half-strength MS
containing 60 uM chloramphenicol (CAM) and photographed after one and two weeks, as indi-
cated.
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Figure 2.13: Microarray analysis of the stic mutants compared to wild type.

(A) PCA plot of three biological replicates of sticl-1 and sticl-4 (blue), stic2-1 and stic2-3
(green) and wild type (red). (B) Venn diagram showing the numbers of significantly differen-
tially regulated genes (uncorrected p-value < 0.05) for sticl vs. wild type and stic2 vs. wild type
(WT). (C) Volcano plot showing the fold-change of sticl and stic2 vs. wild type (WT) against
the corresponding p-value for the complete dataset. HINAS1 is indicated by the black arrow. (D)
Log, expression level of HINAS1 (AT1G35780) in the three wild-type replicates and the six
sticl and stic2 replicates. (E) Heat map of genes which are significantly differentially regulated

in either sticl or stic2 compared to wild type (FDR-corrected p-value < 0.05).
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Chapter 3

Results 11

Genetic and Physical Interaction between Arabidopsis
ALB3 and ALB4
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3.1 Abstract

ALB3 is a well-known component of a thylakoid protein targeting complex that inter-
acts with the chloroplast signal recognition particle (cpSRP) and the cpSRP receptor,
CpFtsY. Its protein-inserting function has been mainly established for light harvesting
complex proteins (LHCPs) which first interact with the unique chloroplast cpSRP43
component and then are delivered to the ALB3 integrase by a GTP-dependent cpSRP-
CpFtsY interaction. In Arabidopsis, a recently discovered ALB3 homologue, ALB4, has
been proposed not to be involved in LHCP targeting but instead in the stabilisation of
the ATP synthase complex. Here it is shown that there is some functional overlap be-
tween ALB3 and ALB4 which is probably due to the targeting of pigment-bearing pro-
teins. Genetic and physical interactions between ALB4 and ALB3, and between ALB4
and cpSRP suggest that both proteins might use a similar subset of interactors for their

specific functions.
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3.2 Introduction

The albino alb3 mutant was originally isolated in Arabidopsis thaliana using a Ds inser-
tion screen which was adapted from maize (Long et al., 1993). It was reported to have
white to light yellow cotyledons and leaves, abnormal chloroplasts and reduced levels
of chlorophyll (Sundberg et al., 1997). ALB3, being homologous to the bacterial mem-
brane protein YidC and the mitochondrial cytochrome c oxidase complex assembly fac-
tor OXAL, was shown to be chloroplast thylakoid localised and therefore it was sug-
gested to play a similar role to OXAL in the assembly of thylakoid membrane complex-
es (Sundberg et al., 1997). Since ALB3 antibodies could inhibit the insertion of LHCP
proteins, the affected thylakoid membrane complexes were identified to be the light

harvesting complexes (Moore et al., 2000) (see also Section 1.4.3).

For the in vitro reconstitution of LHCP proteins into thylakoid membranes it was
previously found that the stroma could be replaced by the chloroplast signal recognition
particle (cpSRP), the cpSRP receptor cpFtsY and GTP (Tu et al., 1999). The necessity
of ALB3 for LHCP insertion suggested that these stromal factors can deliver LHCPs to
the thylakoids via an interaction with ALB3 at the thylakoid membrane (Moore et al.,
2000) (see also Section 1.4.3). The chloroplast SRP is composed of cpSRP54 and a
homodimer of cpSRP43 in Arabidopsis (Jonas-Straube et al., 2001; Schuenemann et al.,
1998). These components interact with each other and with their LHCP cargo in the
stroma (Jonas-Straube et al., 2001; Tu et al., 2000), while cpFtsY enables thylakoid
docking of the cpSRP-LHCP complex via ALB3 and GTP-dependent interaction with

cpSPR54 (Moore et al., 2003). A conserved membrane insertase function was con-
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firmed for ALB3 by showing that it could complement a bacterial deletion mutant of

YidC and restore the ability to insert membrane proteins (Jiang et al., 2002).

Mutants of ALB3 homologues have been isolated from several distantly related
species and a very similar defect in the accumulation of pigments and in thylakoid or-
ganisation has been reported in every case. In Chlamydomonas reinhardtii, the knock-
out of Alb3.1, one of two paralogues, causes a drastic reduction in both chlorophyll and
LHCPs, similar to Arabidopsis (Bellafiore et al., 2002). In the cyanobacterium
Synechocystis sp. PCC6803, the knockout of the ALB3 homologue slr1471 leads also to
impaired thylakoid organisation, reduced levels of photosynthetic pigments, and conse-
quently reduced photosynthetic performance (Spence et al., 2004) (see also Section

1.4.3).

While the importance of ALB3 for the insertion and assembly of pigment-bearing
LHCPs in an evolutionary conserved way seems well established, the contribution of
ALBS3 to the insertion or assembly of other photosystem proteins or components of oth-
er thylakoid complexes is less well understood. In Arabidopsis, the insertion of PsbS,
PsbX, PsbW and PsbY was unaffected by the blocking of ALB3 with anti-ALB3 anti-
bodies, while in Chlamydomonas the knockout of Alb3.1 led to a general reduction of
photosystem 1l (PSII) but left PSI, the cytochrome bgf-complex and the ATP synthase
complex unaffected (Bellafiore et al., 2002; Woolhead et al., 2001). Interaction studies
showed that ALB3 is able to bind to PSII core components and that it is likely involved
in the assembly of the PSII core (Ossenbuhl et al., 2004; Pasch et al., 2005), which
would explain the reduced level of PSII in the Chlamydomonas Alb3.1 knockout
(Bellafiore et al., 2002). ALB3 was also shown to interact with the chloroplast cpSecY
translocase, and it was suggested that these components act together as a cpSRP-

specific translocase (Klostermann et al., 2002); however, as removal of cpSecY (SCY1)
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did not inhibit ALB3 function, the relevance of this interaction for protein insertion via

ALB3 was disputed (Moore et al., 2003; Mori et al., 1999).

In Arabidopsis, a homologue of ALB3 exists which is called ALB4 (Gerdes et al.,
2006) (see also Section 1.4.3). A knockdown mutant of ALB4 was reported to be visi-
bly normal under standard growth conditions, but to have altered chloroplast ultrastruc-
ture; the organelles were more spherical in shape and had deteriorated thylakoid struc-
ture (Gerdes et al., 2006). A later study reported a slightly reduced growth rate of the
alb4 knockdown line (Benz et al., 2009). Knockout mutants of alb4 were shown to have
reduced amounts of ATP synthase subunits while transcription of those components is
not reduced (Benz et al., 2009). Moreover, larger ATP synthase complexes were de-
creased in favour of smaller intermediate complexes, and the photophosphorylation ca-
pacity of the mutant is consequently reduced, pointing to a role of ALB4 in the stabili-
sation of ATP synthase intermediates during complex assembly (Benz et al., 2009). Alt-
hough both ALB4 and ALB3 were localised to the same subfraction of stromal lamellae,
gel filtration and co-immunoprecipitation showed no interaction between ALB3 and
ALB4, while ALB4 clearly interacted with ATP synthase subunits and ALB3 with
cpSecY (Benz et al., 2009). Given the strong difference between the phenotypes of the
Arabidopsis alb3 and alb4 mutants, only a minor overlap in function seems likely, and a
preference of ALB3 for LHC and PSII assembly and ALB4 for ATP synthase assembly

as was proposed is therefore a reasonable assumption (see also Section 1.4.3).

However, the consequences of the loss of both ALB3 and ALB4 have not been
investigated yet. The different phenotypes of the alb3 and alb4 single mutants suggest
minimal overlap of functions. However, it is possible that both ALB3 and ALB4 have
additional targets to the already reported ones, and that the mode of insertion of those

targets may involve ALB3 and ALB4. Therefore, to address the possibility that ALB3
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and ALB4 share some functions, the double mutant alb3 alb4 was analysed, and the
genetic and physical interactions of ALB4 with ALB3 and with other components of the

cpSRP-targeting pathway were further investigated.
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3.3 Results

3.3.1 The alb3 alb4 double mutants are visibly paler than the alb3 single mutants

For the analysis of alb4 mutants, the line Salk_136199 was chosen, which has a T-DNA
insertion in the sixth intron (Fig. 3.1 A) and was described previously (Benz et al., 2009;
Gerdes et al., 2006). This line has been reported to accumulate less than 10% of wild-
type ALB4 (Gerdes et al., 2006), which results in a growth retardation defect of the mu-
tants (Benz et al., 2009). In order to investigate such a potential growth retardation de-
fect, homozygous alb4 mutants were grown alongside wild type directly on soil. How-
ever, under neither long nor short day conditions could a growth retardation defect of
alb4 mutant plants be detected, which is in contrast with the results of Benz et al. (2009)
(Fig. 3.1 B). This confirms the previous finding that this alb4 mutant line does not have

a visual phenotype under normal growth conditions (Gerdes et al., 2006).

To assess the functional relationship between ALB3 and ALB4, alb3 alb4 double
mutants were identified and analysed. To this end, alb4 was crossed to heterozygous
alb3 mutants (as the homozygous alb3 genotype is seedling lethal). An alb3 line con-
taining a T-DNA insertion in the eighth intron was chosen (Fig. 3.1 A), which contains
a greatly reduced amount of ALB3 protein (Fig. 3.1 D) and is, like alb4, in the Col-0
background. In the resulting F, generation, plants that were homozygous for alb4 and
heterozygous for alb3 were selected (Fig. 3.1 C). The F3 progeny of these plants segre-
gated a quarter of albino alb3 alb4 double mutants (Fig. 3.3 A). These double mutants
have a reduced amount of ALB4 protein as was described earlier for this alb4 line
(Gerdes et al., 2006) and at the same time a greatly reduced amount of ALB3 protein

(Fig. 3.1 D).
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Interestingly, when the double mutants were grown carefully alongside control
alb3 single-mutant plants, it became clear that the alb3 alb4 double mutants are visibly
paler than the alb3 single mutants (Fig. 3.2). After two weeks growth on medium sup-
plemented with 0.6% sucrose, the first true leaves that emerged from the alb3 mutant
seedlings were considerably more yellowish than those emerging from the alb3 alb4
double mutant seedlings, while the cotyledons did not appear to be significantly differ-
ent between the two genotypes. The 2-weeks-old seedlings were then transferred onto
medium supplemented with 3% sucrose to support further growth for another week, and
the resulting 3-weeks-old alb3 seedlings were considerably larger and more yellowish
than the alb3 alb4 double-mutant seedlings (Fig. 3.2). This implies that alb3 mutants
are able to accumulate photosynthetic pigments more effectively than the alb3 alb4

double mutants.

3.3.2 Chlorophyll and carotenoid levels are further reduced in the double mutants

In order to test the hypothesis that alb3 mutants accumulate more photosynthetic pig-
ments than the alb3 alb4 double mutants, chlorophyll and carotenoids from both geno-
types were extracted and quantified. Significantly, especially chlorophyll a was reduced
in the double mutant compared to alb3 while the reduction in chlorophyll b was minor
(Fig. 3.3 B). The ratio of chlorophyll a to chlorophyll b (Chl a / Chl b) is larger than 2
for alb3 mutants but smaller than 1 for alb3 alb4 double mutants, showing that alb3
mutants contain more chlorophyll a than b while the alb3 alb4 double mutants contain
more chlorophyll b than a. This is intriguing since chlorophyll a binds mainly to photo-
synthetic core proteins, suggesting that the predominant loss of chlorophyll a in the alb3
alb4 double mutants could be caused by a loss of photosynthetic core proteins. In addi-

tion to chlorophyll, the amount of total carotenoids (including carotenes and
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xanthophylls) was measured and found to be reduced to approximately a third in the
alb3 alb4 double mutants compared to alb3 single mutants (Fig. 3.3 C). The reduction
in both, chlorophylls and carotenoids, implies that ALB4 is responsible for the accumu-
lation of some pigment-bearing proteins in the alb3 background. The apparent lack of
such proteins in the alb3 alb4 double mutants could also have a profound effect on the

accumulation of thylakoid membranes, which is examined in detail in the next section.

3.3.3 The chloroplasts of alb3 alb4 double mutants have less thylakoid membranes
than alb3
Plastids lacking ALB3 have been shown previously to accumulate significantly fewer
thylakoid membranes than wild type (Sundberg et al., 1997). Here, the mesophyll cell
plastids of the first true leaves of 17-day-old seedlings of both alb3 and alb3 alb4 dou-
ble mutants were analysed by transmission electron microscopy. Consistent with the
previous report (Sundberg et al., 1997), it was found that alb3 plastids contain consider-
ably fewer thylakoid membranes and no grana stacks could be observed (Fig. 3.4 A).
Interestingly, the alb3 alb4 double mutant plastids are almost completely devoid of
thylakoids with many instead accumulating large vesicles (Fig. 3.4 A). In the alb3 alb4
double mutant, large, round plastids containing large vesicles occur roughly at the same
frequency as rather flat plastids without vesicles, although intermediate forms occur.
Generally, the plastids of the alb3 alb4 double mutant are larger than those of the alb3
single mutants. Quantification of thylakoid membranes and vesicles of a large number
of plastids from both alb3 single and alb3 alb4 double mutants show that alb3 mutant
plastids contain on average 6-7 thylakoids while thylakoids are virtually absent from
alb3 alb4 double mutants (Fig. 3.4 B). Similarly, alb3 alb4 double mutants accumulate

on average 3-4 large vesicles, while vesicles do not accumulate in alb3 single mutants.
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Although it was shown previously that starch grains are absent from alb3 mutant chlo-
roplasts (Sundberg et al., 1997), some starch grains could be found in a low number of
alb3 mutant chloroplasts (Fig. 3.4 B and Fig. 3.4 A top left). However, no starch grains
could be observed in the alb3 alb4 double mutants. This further indicates that the alb3
alb4 double mutants have a more severe phenotype than the alb3 single mutants, with
reduced photosynthetic capacity, and that therefore there is some functional overlap

between ALB3 and ALBA4.

3.3.4 ALB3 and ALB4 can interact weakly, but specifically

Given that the genetic analysis revealed significant functional overlap between ALB3
and ALBA4, it is conceivable that the two proteins interact physically with each other or
with the same partners in vivo. An interaction between ALB3 and ALB4 could not be
found in uncrosslinked chloroplasts neither in a previous study (Benz et al., 2009) nor in
the present study (data not shown). However, by using chloroplasts expressing a FLAG-
tagged ALB4, a weak interaction of ALB3 with ALB4-FLAG could be detected after
crosslinking with 0.5 mM DSP (Fig 3.5 A). Several control proteins, all of which are
thylakoid membrane-associated proteins, did not interact with ALB4-FLAG, indicating
that the detected ALB3-ALB4 interaction is specific. Such a weak interaction suggests
that the ALB3-ALB4 interaction is not stable but rather transient and possibly mediated

by other factors that bridge the interaction in vivo.

Because the ALB4-FLAG lines contain an overexpressed and tagged form of
ALB4, one could argue that the observed interaction is an artefact caused by the artifi-
cial nature of the experimental system. To exclude this possibility, co-IP was performed

with anti-ALB4 antibody and wild-type chloroplasts (Fig 3.5 B). Again, a weak but

97



specific interaction between ALB3 and ALB4 could be observed, confirming the find-
ing described above. It is particularly interesting that the ATP synthase subunit CFyy
could neither be crosslinked to ALB4 nor to overexpressed ALB4-FLAG, even though
it was shown previously that ALB4 co-migrates with CFyy in 2D BN/SDS-PAGE ex-
periments (Benz et al., 2009). This finding argues against a non-specific interaction
caused by over-crosslinking the proteins and therefore increases the relevance of the

ALB3-ALB4 interaction detected in this study.

3.3.5 ALB4 can interact with cpHsc70 and the chloroplast SRP

In an attempt to identify further interactors of ALB4 using the ALB4-FLAG lines, it
was found that, in addition to ALB3, cpHsc70 could be crosslinked to ALB4-FLAG
(Fig. 3.6 A). LHCP which could not be crosslinked to ALB4-FLAG was used as a con-
trol. Again, the interaction was rather weak and therefore probably of a transient nature.
Because it has been reported before that OXAL, a mitochondrial homologue of ALB3
and ALB4, can interact with components of the large ribosomal subunit in mitochondria
(Jia et al., 2003; Szyrach et al., 2003), the interaction of ALB4-FLAG with two plastid
ribosomal large-subunit proteins (PRPLs) was also investigated. However, neither
PRPL2 nor PRPL35 could be cross-linked to ALB4-FLAG, arguing against a similar

role of ALB4 similar to OXA1 (Fig. 3.6 A).

Since ALB4 could be crosslinked specifically to ALB3, the question arises
whether it could also be crosslinked to the cpSRP components and cpFtsY (which are
well known to act in the same pathway as ALB3). Because anti-FLAG and anti-ALB4
immunoprecipitations (IP) gave comparable results for the interactions of ALB3 and

ALB4 (Fig. 3.5), further interaction studies were performed by anti-FLAG IP using
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ALB4-FLAG expressing lines. Using these ALB4-FLAG expressing lines, an interac-
tion between ALB4 and both cpSRP components but not cpFtsY could be observed (Fig.
3.6 B). Since a previous study reported an interaction between Chlamydomonas Alb3.2
and VIPP1 (Gohre et al., 2006), the interaction between ALB4 and VIPP1 in Arabidop-
sis was also examined. Indeed, a clear interaction between ALB4-FLAG and VIPP1
could be observed. The interactions seem to be specific, since ALB4-FLAG could not
be crosslinked to other thylakoid components, which were used as negative controls in

this experiment.

3.3.6 Genetic interactions suggest functional overlap between ALB4 and cpSRP

Since ALB4 interacts physically and genetically with ALB3, and physically with the
cpSRP components, the question arises: Does ALB4 interact genetically with cpSRP
components? To investigate this possibility, the ALB4 protein-null line sticl-1 (de-
scribed in results I of this thesis) was crossed to the cpsrp54 cpsrp43 double mutants, to
cpftsy and as a control to the mutants of the TAT component Hcf106 and the Sec com-
ponent SecAl. The cpsrp54 cpsrp43 double-mutant line and the cpftsy line were identi-
cal to the lines described previously (Hutin et al., 2002; Tzvetkova-Chevolleau et al.,
2007). The cpsrp54 cpsrp43 double-mutant line had a late flowering phenotype when
grown under standard long-day conditions, probably due to background mutations. The
secal line (SALK 063371) and the hcfl06 line (SALK _020680) have also been de-
scribed previously (Kugelmann, 2010; Liu et al., 2010). The hcfl06 sticl-1 and the
secal sticl-1 double mutants were albino like the hcf106 and secal single mutants, re-
spectively, but a more severe phenotype as for the alb3 alb4 double mutant was not ob-
served (Fig. 3.7). However, both the cpsrp54 cpsrp43 sticl-1 triple mutant and the

cpftsy sticl-1 double mutant were much smaller and more affected in development than
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the cpsrp54 cpsrp43 double mutants and cpftsy single mutants, respectively (Fig. 3.8 A,
B,C). Interestingly, cpftsy sticl-1/+ (heterozygous for sticl-1) showed a clear interme-
diate phenotype (Fig. 3.8 C) between cpftsy and cpftsy sticl-1 which is reminiscent of
the semi-dominant behavior of sticl in tic40 suppression. Since sticl/alb4 mutants have
a very weak phenotype by themselves, the more severe phenotypes of alb3, cpftsy and
cpsrp54 cpsrp43 in the sticl-1 background are considered to be more than additive and

suggest functional overlap between ALB4 and the cpSRP pathway.
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3.4 Discussion

This study shows that the Arabidopsis alb3 alb4 double mutants have a lower chloro-
phyll and carotenoid content than alb3 single mutants, and that the chloroplast ultra-
structure of the double mutant is further deteriorated. Therefore, one role of ALB4 in
the alb3 mutant background is likely to be the insertion of some pigment-bearing pro-
teins into the thylakoid membrane. It is known that both PSI and PSII core proteins
mainly bind chlorophyll a and p-carotene molecules, while the LHCI and LHCII anten-
na proteins bind chlorophylls a and b as well as xanthophylls (Croce et al., 2002;
Ferreira et al., 2004; Jordan et al., 2001; Liu et al., 2004). Therefore, the greater reduc-
tion of chlorophyll a than chlorophyll b in the alb3 alb4 double mutant compared to

alb3 suggests a role for ALB4 in the insertion of photosystem core components.

In the absence of crosslinker, ALB3 and ALB4 could not be co-
immunoprecipitated from isolated thylakoid membranes (Benz et al., 2009). Likewise,
an interaction between ALB3 and ALB4 could not be detected in the present study us-
ing uncrosslinked isolated chloroplasts. This suggests that any interaction between these
components may be rather weak. Indeed, by using crosslinked chloroplasts a weak but
specific interaction between ALB3 and ALB4 could be detected. Therefore, the interac-
tion between ALB3 and ALBA4 is likely not stable but rather transient and potentially
bridged by a pool of common interactors. In Chlamydomonas reinhardtii, both
paralogous ALB3 proteins, Alb3.1 and Alb3.2, could also interact with each other and
with reaction centre polypeptides, suggesting that both play a role in the assembly of

reaction centres (Gohre et al., 2006).
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The weak phenotype of alb4 single mutants suggest that thylakoid protein target-
ing can be largely managed by ALB3 alone. However, as ALB4 is able to interact with
ALB3 it may normally perform regulatory or chaperoning functions in conjunction with
ALB3 and other components involved in thylakoid protein insertion. Since alb4 mutants
were shown to reduce the stability of ATP synthase complexes and to have a deteriorat-
ed thylakoid ultrastructure (Benz et al., 2009; Gerdes et al., 2006), one may speculate
that ALB4 generally fine tunes the protein insertion process of the cpSRP-ALB3 system
and that other thylakoid protein complexes might be similarly destabilised in the alb4
mutants. The interactions of ALB4 with cpHsc70 might support this idea, since such a

chaperoning function of ALB4 may involve the transient binding of other chaperones.

As it is well known that proteins from the YidC/OXAL1/ALB3 family can func-
tion in both post- and co-translational membrane protein insertion, a role for ALB3 in
co-translational membrane protein insertion that might involve SCY1 and cpSRP54 has
been suggested previously (Moore et al., 2003; Zhang and Aro, 2002). In fact, the
ALB3 and ALB4 C-termini contain two motifs, motif | and motif I1I, which are con-
served between the two paralogues and have been suggested to be involved in SCY1
binding (Falk et al., 2010). Therefore, the question arises as to whether ALB3 and
ALB4 are involved in co-translational protein targeting. The C-terminus of OXA1, the
mitochondrial homologue of ALB3 and ALB4, is known to interact with the ribosomal
large subunit during co-translational protein insertion, albeit independently from SRP or
Sec translocon, both of which are absent in mitochondria (Glick and VVon Heijne, 1996;
Szyrach et al., 2003). Here it is shown that ALB4-FLAG could not be crosslinked to
two plastid ribosomal proteins of the large subunit, PRPL2 and PRPL35. This does not

exclude that ALB4 could transiently interact with other ribosomal proteins or translating
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proteins, but it suggests that an active participation of ALB4 in co-translational mem-

brane protein insertion is rather unlikely.

It was shown in vitro that the C-terminus of ALB3 can interact with cpSRP43
based on motifs which are absent in the C-terminus of ALB4, which consequently can-
not interact with cpSRP43 (Falk et al., 2010). Surprisingly, in the present study it could
be found that both cpSRP43 and cpSRP54 can be crosslinked to ALB4 in vivo, suggest-
ing either an indirect, bridged interaction of ALB4 with cpSRP43, or an interaction not
involving the ALB4 C-terminus. The fact that ALB4 can interact with ALB3, cpSRP43
and cpSRP54 would fit to a function of ALB4 in fine-tuning the protein insertion pro-
cess of the ALB3-cpSRP system as stated above. cpFtsY was not observed to be
crosslinked to ALB4 which is in line with the earlier finding that cpFtsY does not form
significant interactions with cpSRP components and ALB3 (Tu et al., 2000). Possibly
the GTP-dependent interaction of cpSRP54 with cpFtsY is too transient to be caught
with the conditions used here, even by crosslinking. The finding that cpsrp54 cpsrp43
stic1-1 triple mutants and cpftsy sticl-1 double mutants have a more severe phenotype
than the respective cpsrp54 cpsrp43 double and cpftsy single mutants further supports
the results of the protein interaction studies. Like in the case of the alb3 alb4 double
mutant, these genetic interactions are considered to be more than additive because of the
weak sticl-1/alb4 phenotype. Thus, genetic and interaction studies both suggest that
ALB4 participates in the ALB3-cpSRP pathway (see also Chapter 5). As expected, the
hcf106 sticl-1 and secal sticl-1 double mutants do not show genetic interaction, which
is in line with the previous finding that the Sec and Tat components are not affected in
alb3 and cpftsy mutants and that there is likely little functional overlap between the
ALB3-cpSRP pathway for thylakoid targeting and the Sec and Tat pathways for luminal

targeting (Asakura et al., 2008).
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In short, it is suggested that ALB4 can insert pigment-bearing components (likely
reaction centre core components) in the alb3 background while in the wild-type back-
ground ALB4 might rather have an auxiliary, possibly chaperoning function in the in-
sertion of those proteins. While ALB3 is certainly crucial for the insertion of LHC com-
ponents, and ALB4 might influence the stability of non-photosynthetic thylakoid com-
plexes, it seems that a sharp separation of the functions of the two paralogues is not
supported by the data. Both genetic and interaction studies suggest some functional
overlap between ALB3 and ALB4, but they may have evolved such that ALB3 plays
key roles during protein membrane insertion while ALB4 assists and fine-tunes this
process. Thus, ALB3 and ALB4 likely contribute differentially but synergistically to the

same process of protein insertion into the thylakoids via the ALB3-cpSRP pathway.
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3.5 Materials and Methods

3.5.1 Plant growth and genotyping

Mutant seeds were ordered from NASC (alb3: GABI_293B08/N324478 and alb4:
Salk_136199/N636199). They were grown directly on soil (alb4, kanamycin resistance
marker silenced), or in vitro on half-strength Murashige and Skoog plates containing 0.5%
(w/v) sucrose and 11.25 pg/ml sulfadiazine (for alb3 selection) after surface sterilisation
of the seeds and two days stratification at 4°C as described previously (Aronsson and
Jarvis, 2002) (see also Sections 6.1.2 and 6.1.3). Albino seedlings (homozygous alb3
mutants and alb3 alb4 double mutants) were grown in vitro on half-strength Murashige
and Skoog plates containing 3% (w/v) sucrose. Plants were grown under long-day cy-

cles (16 h light, 8 h dark) except where indicated as short day (8 h light, 16 h dark).

For genotyping, the following primers were used: alb4 forward, 5’-CCTTGCA-
GGTACAGTATGTTA-3’; alb4 reverse, 5’-CTGTTGCATAGAAGGATTTCG-3’;
alb3 forward, 5’-CGCTTCGTATTGAGAGATATA-3’; alb3 reverse, 5’-GAGAGGA-
TACAACTAGAGACA-3’. For T-DNA specific PCRs the alb4 forward primer was
combined with SALK LBbl, 5’-GCGTGGACCGCTTGCTGCAACT-3’ and the alb3
reverse primer was combined with GK-LB, 5’-CCCATTTGGACGTGAATGTA-
GACAC-3". For the other mutants, the following primers were used: hcf106 forward,
5>-TGTCTTTTGTTTTAGGATGTTTCA-3’; hcfl06 reverse, 5’-GAGGAGATGCAG-
CTGTTGTTTC-3’; secal forward, 5’-TTTTAATCTATGTTGTTCTTGTGG-3’; secal
reverse, 5’-CATCTTCTTTGCTCGTTGTG-3’; cpsrp43 forward, 5’-CTGGGGTCGG-
ACAAGTGCGTAAG-3’; cpsrp43 reverse, 5’-CTCCAGCCCATCCTCGTAGTCCT-3’;

cpsrp54 forward, 5’-ATGGCTCCTGTAATTCCTATCTCT-3’; cpsrp54 reverse, 5°-
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AGCAGGGACTGATGTAAAACCT-3’; insertion specific combinations were hcf106-
R with LBal, secal-F with LBal, cpsrp43-F with Ds5-4 (5’-TACGATAACGG-
TCGGTACGG-3’). No insertion specific primer was available for cpsrp54 due to the
nature of the mutation. The cpftsy mutants were selected without genotyping based on

their very clearly visible phenotype.

3.5.2 Total chlorophyll and carotenoid measurements and transmission electron
microscopy

Pigment extraction and measurement was based on a method described previously
(Czarnecki et al., 2011). Approximately 50 mg of 3-week-old seedlings were frozen in
liquid nitrogen, ground and then covered with 300 pl of 80% acetone containing 10 uM
KOH. The samples were vortexed for at least one minute and then centrifuged at
10,000 g for 10 minutes in a microcentrifuge. Absorbances of the supernatant were
measured at 663 nm, 647 nm and 470 nm, and the amounts of total chlorophyll per mg

fresh weight were calculated as follows (Czarnecki et al., 2011):

Chla = ((12.25 x A663) - (2.79 x 647)) / (0.3 x fresh weight).
Chlb = ((21.5 x A647) - (5.1 x 663)) / (0.3 x fresh weight).

Car = [1000 x A470 — 1.82 (Chl a) -85.02 (Chl b)] / (198 x 0.3 x fresh weight).

For transmission electron microscopy (TEM) the first true leaves from 17 day old plants
were used and the service of the University of Leicester Electron Microscope Laborato-

ry (Faculty of Medicine and Biological Sciences) was employed.
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3.5.3 Antibody production and immunoblotting

The anti-ALB4 antibody was generated by cloning the coding sequence of the C-
terminal 155 amino acids of ALB4 (soluble part) into pQE-30 (Qiagen) using BamHI
and Pstl. Transformed XL1-Blue cells were grown in the presence of 1% glucose in
order to repress the lac operon and avoid leaky expression (see Section 6.2.7). Expres-
sion of His-tagged ALB4 C-terminus was induced with 1 mmol/L isopropyl B-D-1-
thiogalactopyranoside (IPTG) and the cells were lysed by sonication in lysis buffer (50
mM NaH,PO,4, 300 mM NaCl, 10 mM imidazole, pH 8.0). The lysate was put onto pol-
ypropylene columns (Qiagen), washed with wash buffer (50 mM NaH,PO,4, 300 mM
NaCl, 20 mM imidazole, pH 8.0) and the proteins were eluted in elution buffer (50 mM
NaH,PO,4, 300 mM NacCl, 250 mM imidazole, pH 8.0). Purified protein was sent to Har-
lan for antibody production and the antiserum was affinity purified using the original
antigen. The anti-ALB3 antibody was a gift from Prof. D. Schiinemann. The cpSRP and
cpFtsY antibodies were a gift from Prof. M. Nakai. Immunoblots were performed using

standard methods with 12% polyacrylamide gels and nitrocellulose membranes.

3.5.4 Creation of ALB4-FLAG lines

The ALB4 coding sequence without the stop codon was cloned into a C-terminal FLAG
vector derived from pEarlyGate 302 (Earley et al., 2006) containing a 35S promoter and
spectinomycin and hygromycin resistance using the Gateway® technology (Invitrogen)
(see Section 6.2.5). Agrobacterium GV3101 was transformed by the freeze-thaw meth-
od (Holsters et al., 1978) (see Section 6.1.5) with the plasmids containing the ALB4-
FLAG construct and 6-week-old flowering wild-type plants were transformed with Ag-

robacterium by the floral dip method (Clough and Bent, 1998). ALB4-FLAG overex-
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pressing T, lines were confirmed by immunoblotting with anti-ALB4 and anti-FLAG

(Sigma) antibodies.

3.5.5 Chloroplast isolation and crosslinking

Chloroplasts of 2-week-old wild-type plants or plants overexpressing the ALB4-FLAG
construct were isolated as described previously (Aronsson and Jarvis, 2002) (see Sec-
tion 6.4.7). Freshly isolated chloroplasts were counted using a counting chamber (We-
ber Scientific) and normalised to 100 million chloroplasts in 300 ml HEPES-MES-
sorbitol (HMS) buffer (Aronsson and Jarvis, 2002). For crosslinking, 0.5 mM DSP (in
DMSO) was added to the chloroplasts and incubated on ice for 15 minutes. The reaction
was then gquenched with 50 mM glycine for 15 minutes before the chloroplasts were
pelleted by centrifugation at maximum speed and 4°C for 30 seconds using an
Eppendorf Centrifuge 5417 R with an EL 082 rotor. The supernatant was removed and

the pellet was used for immunoprecipitations.

3.5.6 FLAG- and co-immunoprecipitation

Anti-FLAG-immunoprecipitation was performed with 100 million crosslinked chloro-
plasts from the ALB4-FLAG expressing plant line and an equal number of wild type
chloroplasts as control (see Section 6.4.10). The chloroplasts were solubilised in solu-
bilisation buffer (20 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% n-
dodecyl-p-D-maltopyranoside (DDM), pH 7.5) containing 1x protease inhibitor cocktail
(cOmplete, Mini, EDTA-free, Roche). Following the manufacturers guidelines, 60 ul of
Anti-FLAG M2 Affinity Gel (Sigma) per sample was pre-equilibrated and the ALB4-

FLAG (and control) was immunoprecipitated for 2 hours by rotating at 4°C. The Anti-
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FLAG M2 Affinity Gel was then washed six times with wash buffer (20 mM Tris-HCI,
150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.3% DDM, pH 7.5) before 50 ul of 2 x
protein sample buffer was added. Per experiment, 18 ul of the denatured eluate was
loaded. Co-immunoprecipitation was performed with 100 million crosslinked chloro-
plasts from wild-type plants. The chloroplasts were solubilised as described above and 5
ul of anti-ALB4 antibody was added to the lysate (5 ul of pre-immune serum to the con-
trol) and incubated for 3 hours by rotating at 4°C. 50 mg of Protein A sepharose CL-4B
(GE Healthcare) was pre-equilibrated in 200 pl sterile water on ice for 30 minutes, then
washed 3 x with water and once with solubilisation buffer. To the samples 100 ul of this
slurry was added, rotated for 2 hours at 4°C and then washed as described above. Again,
50 wl of 2 x protein sample buffer was added to the slurry and 18 ul of the denatured

eluate was loaded per experiment.
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3.6 Figures and Tables
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Figure 3.1: Analysis of alb4 and alb3 single mutants and alb3 alb4 double mutants.

(A) Gene diagrams of ALB4 and ALB3 with the T-DNA insertions of the alb4 and alb3 mutant
lines. (B) Wild type and alb4 mutant plants (Salk_136199) were directly grown on soil under
short day (8h light/16h dark) or long day (16h light/8h dark) conditions. Pictures were taken
after 7 weeks (short day) and 4 weeks (long day). (C) Agarose gel showing PCR products, with
a 1 kb marker on the left. Heterozygous alb3 mutants (GK_293B08) and alb3/+ alb4/alb4 plants
were indistinguishable from wild type but both contained the alb3 T-DNA insertion (1), alb3/+
alb4/alb4 contained additionally the homozygous alb4 T-DNA insertion (3) but not the wild
type ALB4 allele (2). (D) Immunoblot using equal quantities of total protein from 3 weeks old
albino alb3 alb4 double mutant and alb3 single mutant seedlings compared to wild type. Tic110
is shown as a loading control. The alb3 alb4 double contained considerably less ALB4 protein
than the alb3 single mutant. Detection of HRP-linked secondary antibodies with ECL method.
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alb3 alb3 alb4

Figure 3.2: Phenotype analysis of alb3 alb4 double mutants. .
Albino seedlings from segregating alb3/+ and alb3/+ alb4/alb4 plants grown in vitro on MS
medium supplemented with 0.6% sucrose were transferred to MS medium containing 3% su-
crose 2 weeks after germination. Pictures were taken immediately after transfer (2 weeks) or
after another week of growth under standard conditions (3 weeks).While alb3 has yellowish true
leaves, the double mutant accumulates fewer pigments and is generally smaller than alb3.
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Figure 3.3: Segregation analysis and measurement of thylakoid pigments.

(A) Segregation analysis with progeny from three individual alb3/+ alb4/alb4 (het/hom) plants.
Values are averages of the numbers of total seedlings and albino seedlings from each of the
three parent plants. R: ratio. (B) Chlorophyll a (Chl a) and chlorophyll b (Chl b) were measured
in ug/mg fresh weight using 3 weeks old seedlings grown in vitro on MS medium supplemented
with sucrose. The ratio of chlorophyll a to chlorophyll b (Chl a/Chl b) is larger than 1 for alb3
but smaller than 1 for alb3 alb4. (C) Total carotenoid (Car) was measured in pg/mg fresh
weight using 3 weeks old seedlings grown in vitro on MS medium supplemented with sucrose.
All error bars denote standard errors.
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Figure 3.4: Transmission electron micrographs of alb3 single and alb3 alb4 double mutants.
(A) Transmission electron micrograph (TEM) images of mesophyll cell plastids from the first
true leaves of 17 days old seedlings grown in vitro. All images show plastids at the same scale.
The black bar in the lower right corner corresponds to 2 um. The top image of alb3 shows a
starch grain in the middle of the plastid. The alb3 plastids generally contain a few thylakoid
membranes while these lack almost completely in the alb3 alb4 double mutants. In the alb3
alb4 double mutants, large round plastids with many vesicles occur roughly at the same fre-
quency as relatively flat plastids without vesicles. (B) Average number of thylakoids, vesicles
and starch grains found in plastids from alb3 single and alb3 alb4 double mutants. Numbers in
brackets denote numbers of plastids used for counting. The plastids came from the TEM images
of three biological replicates. Error bars denote standard errors.
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Figure 3.5: Interaction between ALB3 and ALB4 in vivo.

(A) Immunoprecipitation with anti-FLAG M2 affinity gel using 100 million chloroplasts isolat-
ed from 2-weeks-old plants stably overexpressing an N-terminal ALB4-FLAG fusion under the
CaMV 35S promoter. Chloroplasts were crosslinked with 0.5mM DSP. TL.: total lysate (0.45%),
FT: flow-through (0.45%), W: wash (~4.5%), E: elute (36%). ALB4 was detected with anti-
ALB4 antibody and HRP-linked secondary antibodies using the ECL method; the size shift of
ALB4 in the ALB4-FLAG sample compared to wild type corresponds to the size of the FLAG
tag. (B) Co-immunoprecipitation with anti-ALB4 antibody using 100 million chloroplasts iso-
lated from wild type plants. Chloroplasts were crosslinked with 0.5mM DSP. Loading and de-
tection are identical to (A).
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Figure 3.6: Interaction of ALB4 with cpHsc70 and chloroplast SRP components.

(A) Immunoprecipitation with anti-FLAG M2 affinity gel using 100 million chloroplasts isolat-
ed from 2-weeks-old plants stably overexpressing and N-terminal ALB4-FLAG fusion under
the CaMV 35S promoter. Chloroplasts were crosslinked with 0.5mM DSP. TL: total lysate
(0.45%), FT: flow-through (0.45%), W: wash (~4.5%), E: elute (36%). Detection of HRP-linked
secondary antibodies with ECL method. No interaction between ALB4-FLAG and the plastid
ribosomal proteins PRPL2 and PRPL35 (large subunit) could be observed, however ALB4-
FLAG interacts with cpHsc70 and ferredoxin-NADP" reductase (FNR). (B) Identical to (A)
except for the detection with a range of antibodies for chloroplast signal recognition particle
(SRP) and other thylakoid components.
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Figure 3.7: No genetic interaction between sticl/alb4 and Sec or Tat components.

Progeny of heterozygous hcf106/+ and secal/+ in the wild-type and stic1-1 backgrounds segre-
gated to a quarter of albino mutants on half strength MS plates supplemented with 0.6% sucrose.
These were transferred two weeks after germination to plates supplemented with 3% sucrose to
allow further growth for one week. Photographs from two separate plates are shown in each

case.
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Figure 3.8: Genetic interaction between sticl/alb4 and chloroplast SRP components.

(A,B) Mutants were grown directly on soil and photographed after 10 weeks (A) and 12 weeks
(B). The upper and lower panels in (A) are at the same scale. (C) The left panel shows three
replicates (individuals) of cpftsy sticl-1/+ and cpftsy sticl-1 at the same scale and age (12
weeks) as the cpftsy mutant shown on the top right. The bottom right image shows the genotyp-
ing (agarose gel) of each of the mutants shown in (C) by dCAPS markers for the sticl-1 muta-
tion. Mnll cleaves the wild-type allele (resulting in the lower band) but not stic1-1 (upper band).
1 kb marker shown on the left.
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Chapter 4

Results 111

The Stromal Processing Peptidase of Chloroplasts Is Es-
sential in Arabidopsis, with Knockout Mutations Causing
Embryo Arrest after the 16-Cell Stage

This work has been published in PLoS One:

Trosch, R. and Jarvis, P. (2011). The Stromal Processing Peptidase of Chloroplasts Is
Essential in Arabidopsis, with Knockout Mutations Causing Embryo Arrest after
the 16-Cell Stage. PLoS One, 6(8): €23039. doi:10.1371/journal.pone.0023039

Author Contributions: Conceived and designed the experiments: PJ. Performed the ex-
periments: RT. Analyzed the data: RT PJ. Wrote the paper: RT PJ.
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4.1 Abstract

The stromal processing peptidase (SPP), a metalloendopeptidase located in the stroma
of chloroplasts, is responsible for the cleavage of transit peptides from pre-proteins up-
on their import into the organelle. In the present study, two independent mutant Ara-
bidopsis lines with T-DNA insertions in the SPP gene (spp-1 and spp-2) were analysed.
For both lines, the segregating progeny of spp heterozygotes contained heterozygous
and wild-type plants in a ratio of 2:1, and no homozygous mutant plants could be de-
tected. The siliques of heterozygous spp-1 and spp-2 plants contained aborted seeds at a
frequency of ~25%, which suggests embryo lethality of homozygous mutations. By
contrast, gametophytic effects could be ruled out since transmission of the spp muta-
tions through the male and female gametes was found to be normal. Mutant and wild-
type seeds were cleared and analysed by Nomarski microscopy in order to further eluci-
date the timing of the developmental arrest. Approximately ~25% of the seeds in mutant
siliques exhibited delayed embryogenesis compared to those in wild type, with the mu-
tant embryos never progressing normally beyond the 16-cell stage and cell divisions not
completing properly thereafter. Furthermore, heterozygous spp mutant plants were phe-
notypically indistinguishable from the wild type, indicating that the spp knockout muta-
tions are completely recessive and suggesting that one copy of the SPP gene is able to
produce sufficient SPP protein for normal development under standard growth condi-

tions.
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4.2 Introduction

The chloroplast is a unique plant cell compartment which harbours many essential pro-
cesses such as photosynthesis, starch metabolism, and the biosynthesis of lipids and
secondary metabolites (Lopez-Juez and Pyke, 2005; Nelson and Ben-Shem, 2004). Like
all plastids, chloroplasts are derived from an ancient free-living cyanobacterial ancestor
that was incorporated into early eukaryotic cells through endosymbiosis (Reyes-Prieto
et al., 2007). As a result of this evolutionary origin, modern chloroplasts contain DNA
and are able to synthesise roughly one hundred of their own proteins (Timmis et al.,
2004). Nonetheless, the bulk of the over 3000 different proteins in chloroplasts are en-
coded in the nuclear genome and must be imported post-translationally from the cytosol

(Keegstra and Cline, 1999; Leister, 2003).

Soon after the emergence of the signal hypothesis to account for the translocation
of ER proteins, it was suggested that nucleus-encoded chloroplast proteins are similarly
synthesised with a targeting tag that directs them to the organelle (Blair and Ellis, 1973;
Blobel and Sabatini, 1971). This tag is an N-terminal extension of the protein called a
transit peptide, and it is cleaved off after organellar import, producing a smaller, mature
form of the chloroplast protein (Bruce, 2000) (see also Section 1.3.8). Chloroplast trans-
it peptides vary greatly in length and amino acid sequence, and while secondary struc-
tural features have been reported in some cases the general significance of such obser-
vations remains uncertain (Bruce, 2001; Krimm et al., 1999). Thus, it is not fully under-
stood how different pre-proteins are all targeted quite specifically to the same organelle.
Transit peptides do contain slightly more hydroxylated residues and fewer acidic resi-

dues than average, giving them a net positive charge, and it has been suggested that a
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lack of a secondary structure might be necessary for their targeting properties (von

Heijne and Nishikawa, 1991).

The transit peptide is recognised by receptor components at the chloroplast sur-
face, and subsequently the pre-protein is guided through pores in the outer and inner
envelope membranes. The multiprotein assemblies responsible for these recognition and
translocation events are the TOC and TIC complexes (translocon at the outer/inner en-
velope membrane of chloroplasts) (Inaba and Schnell, 2008; Jarvis, 2008; Kessler and
Schnell, 2006; Li and Chiu, 2010; Soll and Schleiff, 2004). Upon reaching the stromal
side of the envelope, the transit peptide is removed by the stromal processing peptidase
(SPP), a metalloendopeptidase of the M16 family (members of which include subunit 3
of the mitochondrial processing peptidase, MPP, and Escherichia coli pitrilysin) which
has a high specificity for chloroplast transit peptides (Richter and Lamppa, 1998;
Richter et al., 2005; VanderVere et al., 1995). The SPP enzyme recognises a stretch of
basic residues with weak sequence or physicochemical conservation at the C-terminus
of the transit peptide (Emanuelsson et al., 1999; Richter and Lamppa, 2002; Rudhe et al.,
2004). Following recognition, it cleaves the transit peptide from the mature sequence
using the catalytic activity of its zinc-binding domain, and subsequently proteolyses the
C-terminal binding site of the transit peptide which facilitates release of the peptide
fragments so that they may be degraded by the pre-sequence protease, PreP (Moberg et
al., 2003; Richter and Lamppa, 2002, 2003) (see also Section 1.3.8). Homologues of
SPP exist in red and green algae as well as in the malaria parasite, Plasmodium falcipa-
rum, suggesting that the protein's function is well conserved amongst plastid-containing
organisms (Richter et al., 2005). An ancestral activity was probably inherited with the

original endosymbiont, as SPP-related sequences even exist in cyanobacteria.
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Antisense mediated down-regulation of SPP gene expression in Arabidopsis or
tobacco plants resulted in chlorotic, albino or even a seedling-lethal phenotypes, indicat-
ing that the SPP enzyme plays an important role in chloroplast biogenesis (Wan et al.,
1998; Zhong et al., 2003). Indeed, the antisense lines displayed reduced numbers of
chloroplasts per cell, and those organelles that were present were structurally abnormal.
Both in vitro import experiments (using isolated chloroplasts and radiolabelled
preproteins) and an in vivo targeting assay (involving expression of a transit peptide
fusion to green fluorescent protein) revealed defects in chloroplast protein import in the
antisense lines (Wan et al., 1998; Zhong et al., 2003). Such defects may reflect the fact
that most components of the TOC-TIC import machinery are themselves synthesised as
pre-proteins (with transit peptides that presumably must be removed before those com-
ponents can begin to operate), or indicate that transit peptide cleavage is a fully-
integrated step of the translocation mechanism. More recently, a hypomorphic spp allele
was identified in a forward-genetic screen of ethyl methanesulfonate-mutagenised rice
plants (Yue et al., 2010). The relevant mutant lacks a conserved glutamate residue in a
C-terminal M16 domain of SPP, and it exhibits chlorosis associated with small, under-

developed chloroplasts as well as defective root development (see also Section 1.3.8).

The aforementioned in vivo studies all analysed the consequences of reduced lev-
els of SPP activity for plant development. To determine the consequences of complete
loss of SPP protein, T-DNA knockout mutants were identified and characterised in the

Arabidopsis background.
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4.3 Results

4.3.1 No homozygous spp mutants could be obtained

To further assess the importance of SPP during plant development, two different Ara-
bidopsis lines with T-DNA insertions in the SPP gene (AT5G42390) were obtained
from the Nottingham Arabidopsis Stock Centre (NASC). These mutants were called
spp-1 (SALK _087683) and spp-2 (SAIL_242 H11). Firstly, both T-DNA insertion sites
were confirmed by genomic PCR, and by sequencing the T-DNA/gene junctions at one
or both sides, as indicated (Fig. 4.1 A). In spp-1, the T-DNA disrupts the first exon of

the SPP gene, whereas in spp-2 the insertion lies in the nineteenth exon (Fig. 4.1 A).

Next, 30 antibiotic-resistant plants were genotyped for each line in PCR reactions
using gene- and T-DNA-specific primers in an attempt to identify homozygous mutant
lines in each case. However, it was found that all of the 60 tested plants (30 for each
allele) were heterozygous for the relevant T-DNA insertion (Fig. 4.1 B), suggesting that
the homozygous genotypes are not viable. Consistent with this notion, when segregation
of the antibiotic-resistance marker associated with each T-DNA insertion was analysed
(by plating seeds from heterozygous plants on medium containing either kanamycin
[spp-1] or phosphinothricin [spp-2]), significant deviations from standard Mendelian
inheritance were observed: only two antibiotic-resistant plants were observed for every
one antibiotic-sensitive plant, instead of the more normal 3:1 segregation ratio (Table
4.1). The heterozygous spp mutants were visually indistinguishable from wild type and

accumulated normal levels of chlorophyll (Fig. 4.2).
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4.3.2 The spp mutation is embryo lethal but not gametophytic lethal

To investigate the possibility of embryo lethality, the seeds within ripe siliques of heter-
ozygous spp-1 and spp-2 plants were carefully examined. Significant numbers of small,
aborted seeds were observed in both mutant genotypes (Fig. 4.3 A), but not within wild-
type siliques (data not shown). Amongst the fertilised seeds, abortions occurred with a
frequency of almost exactly 25% (Fig. 4.3 B), strongly supporting the notion that the
homozygous mutant genotypes were responsible for developmental arrest. Small num-
bers (~3-5%) of what appeared to be failed ovules were also apparent in the spp siliques
(data not shown), suggesting that there might be an additional effect of the mutations on
gametophytic transmission (Kasmati et al., 2011; Kovacheva et al., 2007). To assess this
possibility, reciprocal crossing experiments were conducted, between both spp alleles
and wild-type plants, analysing transmission of the mutations to the resulting F; proge-
nies by plating on selective media. However, the results revealed essentially normal
transmission of both mutations through both male and female gametes (Fig. 4.3 C)
(Howden et al., 1998). This indicated that the spp-mediated block in development is
exclusively post-fertilisation, occurring during embryogenesis, and that the presumed
failed ovules observed in ripe siliques (mentioned earlier) were perhaps very early seed

abortions and/or the consequences of environmental stresses.

4.3.3 The spp mutation leads to embryo arrest at the 16-cell stage

To precisely determine the stage of embryogenesis during which the spp mutations ar-
rest growth, a detailed examination of developing embryos was conducted in both mu-
tants as well as in the wild type, using Nomarski optics microscopy (Table 4.2). Figure
4.4 shows equivalent developmental series for normal (i—iv) and mutant (v—viii) embry-

os within immature siliques of self-pollinated spp-1 (Fig. 4.4 A) and spp-2 (Fig. 4.4 B)
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heterozygotes. Typically, when normal embryos were at the 16-cell stage (Fig. 4.4, i
panels), mutant embryos were delayed at the 2- to 8-cell stages (Fig. 4.4, v panels). As
the normal embryos progressed to the globular and heart stages (Fig. 4.4, ii and iii pan-
els), the mutants were retarded at the 8- to 16-cell stages (Fig. 4.4, vi and vii panels). In
fact, the mutant embryos were never seen to develop normally beyond the 16-cell stage,
even when the other embryos had reached the torpedo stage (Fig. 4.4, iv and viii panels).
Cell boundaries in the most mature mutant embryos were frequently indistinct, and such
embryos often had an irregular or swollen appearance. As the normal seeds reached the
cotyledon stage, significant numbers of aborted seeds (with degenerated structures con-
taining no discernable embryo) became apparent within the mutant siliques (Table 4.2).
In contrast with the situation in spp siliques, where two distinct classes of embryos
could be observed (normal and mutant; the latter corresponding to ~25% of the total),
embryos within individual wild-type siliques rarely spanned more than three consecu-

tive developmental stages (Table 4.2).

4.3.4 Gene expression of SPP is more similar to atTIC110 than to atTOC75-111

Interestingly, the aborted seeds of homozygous spp mutants (Fig. 4.3 A) were interme-
diate in size and stage of embryo arrest between those of homozygous toc75-111 mutants,
which arrest embryogenesis at the two-cell stage (Baldwin et al., 2005; Hust and
Gutensohn, 2006), and those of homozygous tic110 mutants, which arrest embryogene-
sis at the globular stage (Inaba et al., 2005; Kovacheva et al., 2005). Therefore, one may
speculate that during embryogenesis maximal SPP gene expression might peak at a
stage between maximal expression of atTOC75-111 and atTIC110. However, when ana-
lysing publicly-available Affymetrix microarray data from the eFP browser (Winter et

al., 2007), it seems that SPP expression is very similar to atTIC110 expression, both
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genes being expressed at much lower levels than atTOC75-I11 during early embryogen-

esis and reaching slightly higher expression levels during later embryogenesis (Fig. 4.5).

4.3.5 Analyses of mMRNA and protein expression in the toc75-111, tic110 and spp
heterozygotes

Even though the gene expression pattern of SPP during embryogenesis is more similar
to atTIC110 than to atTOC75-111, the spp mutation is completely recessive (Fig. 4.2)
like the toc75-111 mutation, while the tic110 mutation is semi-dominant (Baldwin et al.,
2005; Kovacheva et al., 2005). To test if this is caused by higher mRNA expression
levels of SPP and atTOC75-111 compared to atTIC110 at a later stage of development,
gPCR was performed on 14 day old seedlings from the green heterozygotes of spp and
toc75-111 and the slightly pale heterozygote of tic110. It was found that the expression
levels of SPP and atTOC75-111 mRNA in the spp and toc75-111 heterozygotes, respec-
tively, were not significantly higher than the expression level of atTIC110 in the tic110
heterozygotes (Fig. 4.6 A), arguing against the idea that a lower atTIC110 mRNA level
causes the pale phenotype of the tic110 heterozygote. Also, the extent of reduction of
atToc75-111 and atTic110 protein levels in the toc75-111 and tic110 heterozygotes com-
pared to wild type did not differ significantly, showing that the semidominant effect of

the tic110 mutation is also not caused by a reduced protein level (Fig. 4.6 B).
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4.4 Discussion

While it was evident from earlier studies that SPP is an important chloroplast protein,
the phenotype of homozygous knockout plants had not previously been reported. In this
study, we employed Arabidopsis T-DNA insertion lines to demonstrate that SPP is in-
dispensable in vivo. Homozygotes were absent from the progeny of plants carrying spp
mutations, while a quarter of the seeds in the siliques of such plants were aborted, con-
sistent with an embryo lethal phenotype. The mutant embryos exhibited delayed devel-
opment, with cell divisions not terminating properly after the 16-cell stage. This work
further emphasises the importance of plastid functions during seed development, and

extends the list of protein transport components known to be essential for plant viability.

It is well documented that the disruption of chloroplast functions can lead to a
block in embryogenesis (Bryant et al., 2011). In fact, it has been estimated that a dis-
proportionately large number (~25-30%) of non-redundant, embryo-lethal mutations in
Arabidopsis affect chloroplast proteins (Hsu et al., 2010; McElver et al., 2001). Promi-
nent amongst the chloroplast functions that lead to embryo arrest, when disrupted, are:
plastid gene expression (including RNA and protein synthesis); non-photosynthetic me-
tabolism (including amino acid, vitamin and nucleotide biosynthesis); and, protein mod-
ification, transport and degradation (Bryant et al., 2011; Hsu et al., 2010). Of the previ-
ous reports linking chloroplast function to embryogenesis, those pertaining to two core
components of the chloroplast protein import machinery, atToc75-111 and atTic110, are
most relevant (Baldwin et al., 2005; Hust and Gutensohn, 2006; Inaba et al., 2005;
Kovacheva et al., 2005). The aborted seeds observed in the spp mutant siliques (Fig. 4.3

A) appeared to be somewhat larger than those in toc75-111 (Baldwin et al., 2005), and
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smaller in size than those in tic110 siliques (Kovacheva et al., 2005), suggesting that the
spp mutations may affect embryo development at a stage intermediate between toc75-111

and tic110.

The spp mutations indeed arrest embryogenesis at a stage (the 16-cell stage) in-
termediate between those during which toc75-111 (two-cell stage) and tic110 (globular
stage) block growth (Baldwin et al., 2005; Hust and Gutensohn, 2006; Inaba et al., 2005;
Kovacheva et al., 2005). These differences in phenotype severity may partly reflect the
differing expression patterns of the genes during embryogenesis: publicly-available mi-
croarray data show that atTOC75-I11 expression peaks at a much earlier stage in embry-
ogenesis than that of either atTIC110 or SPP (Fig. 4.5) (Casson et al., 2005; Spencer et
al., 2007; Winter et al., 2007). The phenotypic differences may also be linked to the
roles of the proteins, as has been discussed (Hsu et al., 2010). Toc75 is the channel
component of the outer membrane through which the vast majority of chloroplast pro-
teins gain entry, including many envelope proteins, while Tic110 is thought to play
roles in channel formation and/or the coordination of chaperones at the inner membrane,
and is likely to be utilised by a smaller subset of chloroplast-destined proteins (Jarvis,
2008; Li and Chiu, 2010). The proteins that are dependent upon SPP for proper target-
ing may be intermediate in number and/or importance. An alternative explanation is that
the differing phenotypes are a reflection of differing stabilities of the proteins, and the
extent to which they can persist at functional levels during embryogenesis following the
segregative loss of a functional gene. Irrespective of the basis for these differences in
severity, the data leave no doubt that all three proteins play crucial roles in protein
transport, and that efficient protein transport into plastids is essential during embryo-

genesis.
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While toc75-111 mutations are completely recessive (Baldwin et al., 2005), hetero-
zygous tic110 plants are clearly chlorotic with quantifiable defects in chloroplast bio-
genesis (Kovacheva et al., 2005). In this respect, the spp mutations are more similar to
toc75-111, as spp heterozygotes were visibly indistinguishable from wild type throughout
development (Fig. 4.2, A and B), and accumulated normal levels of chlorophyll pigment
(Fig. 4.2 C). This indicates that a single copy of the SPP gene is able to produce suffi-
cient quantities of the peptidase for normal growth under standard conditions. The phe-
notypic difference between tic110 heterozygotes and toc75-111 or spp heterozygotes
cannot easily be explained in terms of mMRNA or protein levels, as quantitative RT-PCR
and immunoblot experiments did not reveal more severe deficiencies in tic110 plants/+
(Fig. 4.6). As was discussed previously (Patel et al., 2008), the greater dosage depend-
ency of the tic110 mutation may reflect the absence of excess expression capacity for

atTic110 in the wild type.
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4.5 Materials and Methods

4.5.1 Plant growth and chlorophyll analysis

All Arabidopsis thaliana plants were of the Columbia-0 ecotype. For in vitro growth,
seeds were surface sterilised, sown on Murashige and Skoog agar medium containing
0.5% (w/v) sucrose in petri plates, cold treated at 4°C, and thereafter kept in a growth
chamber, as described previously (Aronsson and Jarvis, 2002) (see Section 6.1.2). To
select for the presence of T-DNA insertions, the following antibiotics were added to the
medium: kanamycin monosulfate, 50 pug/ml (spp-1); phosphinothricin, 10 pg/ml (spp-2).
All plants were grown under a long-day cycle (16 h light, 8 h dark). Chlorophyll content
was measured using a SPAD-502 meter following the manufacturer's instructions (Kon-
ica-Minolta) (see Section 6.1.6.2). Conversion from SPAD units to chlorophyll concen-
tration values (nmol chlorophyll a+b per mg fresh weight) was done using a validated

calibration curve (Ling et al., 2011).

4.5.2 ldentification of the spp mutants

The spp-1 mutant was from the Salk Institute Genomic Analysis Laboratory (line num-
ber SALK_087683) (Alonso et al., 2003), while the spp-2 mutant was from Syngenta
(line number SAIL_242 H11) (Sessions et al., 2002). Mutant genotypes were assessed
by PCR (Fig. 4.1 B). Genomic DNA was extracted from Arabidopsis plants using a
published protocol (Edwards et al., 1991) (see Section 6.2.9) and PCR was conducted
using standard procedures. The primers used were as follows: spp-1 forward, 5'-
CTTCAAACCCTTTGCTACAAA-3'; spp-1 reverse, 5S'-GACGATGGATTAAACCTA-

ACT-3'; spp-1 T-DNA LB, 5-GCGTGGACCGCTTGCTGCAACT-3'; spp-2 forward,
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5'-AAACTGTGTATAGGTCTGGTT- 3'; spp-2 reverse, 5'-GGAGACGAGAGATG-
AGTATAGATAATGGGG-3"; spp-2 T-DNA LB, 5-TAGCATCTGAATTTCATAA-
CCAATCTCGATACAC-3'". Amplification products were resolved by agarose gel elec-
trophoresis and stained with SYBR Safe (Invitrogen). The location of each T-DNA in-
sertion was determined precisely (Fig. 4.1 A) by sequencing PCR products spanning

both junctions (except in the case of spp-2, where only one junction was identified).

4.5.3 Seed and embryo analyses

The phenotypes of seeds in ripe siliques were determined by dissecting siliques held on
double-sided sticky tape using a stereo microscope (Zeiss Stemi 2000). The analysis of
cleared wild-type and spp mutant embryos using Nomarski optics was performed as
described previously (Baldwin et al., 2005; Goubet et al., 2003), using a microscope

equipped for differential interference contrast (Nikon Eclipse 80i).

4.5.4 Quantitative RT-PCR analysis of mMRNA levels

Total RNA samples were extracted from ~10-30 whole seedlings that had been grown
in vitro for 14 days under standard conditions. RNA was isolated using an RNeasy Plant
Mini Kit (Qiagen, Hilden, Germany), and was then treated with DNAse | (DNA-free;
Ambion, Texas, USA). Quantitative RT-PCR was performed using an MJ Research
Chromo4 Gradient Cycler (Bio-Rad, Hercules, CA, USA) and SYBR Green Jump Start
Tag Ready Mix (Sigma, St. Louis, MO, USA) for high-throughput quantitative PCR.
Relative quantification was determined according to published methods (Allen et al.,

2006; Pfaffl, 2001) (see also Section 6.3.2). Reactions were characterised by comparing
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threshold cycle (CT) values; CT is a unit-less value defined as the fractional cycle num-
ber at which the sample fluorescence signal passes a fixed threshold. The relative
amount of transcript was calculated by subtracting the control gene (ACTIN 2;
At3g18780) CT-value from the gene-of-interest (atTOC75-11l, atTIC110, SPP) CT-
value (ACT). Then, ACT values for the wild type were subtracted from those for the
mutants to yield AACT values, and these were used to estimate expression levels as 2°
AACT Data shown are means (+ standard error) derived from four independent amplifica-
tions performed on three biological replicates. The ACTIN2 primers have been de-
scribed previously (Kasmati et al., 2011); the other primers used were: atTOC75-111
sense 5'-TCGCATCTCCACTCAATC-3"; atTOC75-IIl antisense, 5'-GTCTCTGTATC-
TCGGTTA GG-3’; atTIC110 sense, 5-CTCCTCAGGTGCCTTATCAGAAG-3;
atTIC110 antisense, 5'-CGAGCAAGAGCAGCCGAGAAC-3"; SPP sense, 5'-AAGC-
TAGCCATGATTCTGCAA-3"; SPP  antisense, 5-CATCATGAGCAACAGG-

AAGTT-3".

4.5.5 Immunoblot analysis of protein levels

Total protein was extracted from plant material samples equivalent to those in Section
4.5.4, using previously-described procedures (Kasmati et al., 2011) (see also Section
6.4.1). Three different protein amounts (80, 60 and 40 pg) of each genotype were ana-
lysed by immunoblotting, as described previously (Kasmati et al., 2011) (see also Sec-
tion 6.4.6) , using primary antibodies against atToc75-11l, atTic110 and the plasma
membrane H+-ATPase, PMA2 (Aronsson et al., 2010; Kasmati et al., 2011; Morsomme
et al., 1998); unfortunately, an SPP antibody was not available for this work. The sec-

ondary antibody was anti-rabbit 1gG conjugated with horseradish peroxidase (Santa
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Cruz Biotechnology, Santa Cruz, CA, USA), and the detection reagent was ECL Plus
(GE Healthcare, Chalfont St. Giles, UK). Chemiluminescence detection employed a
Fujifilm LAS-4000 imager. Quantification of all images was performed using Aida
software (Raytest, Straubenhardt, Germany). The atToc75-I11 and atTic110 data were
normalised using equivalent PMA2 data. Values shown are means (£ standard error)

derived from three independent measurements.
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4.6 Figures and Tables

A

spp-1
LB LB
ATG

spp-1 WT spp-2 WT
TGTG TGTG

Figure 4.1. Molecular characterisation of the SPP T-DNA insertion mutants.

(A) Schematic diagram of the SPP gene showing the location of each T-DNA insertion. Exons:
black boxes; introns: black lines; UTRs: white boxes; ATG: start codon. The gene model shown
is based on the RIKEN full-length cDNA clone, RAFL07-08-B0Q9; it is separated over two lines
to aid presentation. Positions of T-DNA insertions are indicated precisely, but the insertion sizes
are not to scale. (B) Genomic DNA samples extracted from wild-type and mutant plants (spp-1
and spp-2) were analysed by PCR. Appropriate T-DNA- and SPP-gene-specific primers were
employed in two different combinations: the first (T) comprised one T-DNA primer (LB) and
one gene-specific primer (forward for spp-1; reverse for spp-2); the second (G) comprised two
gene-specific primers flanking the T-DNA insertion site. The results shown for spp-1 and spp-2
are representative of those obtained for all antibiotic-resistant plants tested; amplification using
both T and G indicated the presence of both mutant and wild-type alleles, respectively, and
demonstrated that the plants were heterozygous. Amplicon sizes are indicated at right (in kb).
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Figure 4.2. Phenotypic analysis of the spp heterozygotes.

(A,B) Plants of the indicated genotypes were grown in vitro on selective medium (non-selective
in the case of wild type) for 7 days, and then photographed (A). Additional similar plants were
transferred to soil on day 7, and then allowed to grow further until they were 21 days old prior
to photography (B). Representative plants are shown in each case. (C) Chlorophyll concentra-
tions in 21-day-old plants grown as described above were determined using a SPAD-205 meter.
Values shown are means (+ standard error) derived from six independent measurements per
genotype, each one taken using a different plant. Units are nmol chlorophyll a+b per mg fresh
weight of tissue.
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Figure 4.3. Embryo lethality of the spp-1 and spp-2 mutations.

(A) Aborted seeds indicative of embryo lethality (see black arrows) are smaller in size than
normal seeds, and have a darker, shriveled appearance. (B) Frequencies of normal and aborted
seeds within ripe siliques of spp-1 and spp-2 heterozygotes. The data shown are means (+ stand-
ard error) derived from analyses of six different siliques per genotype, each one from a different
plant. Values shown refer to fertilised seeds only. (C) Transmission of the spp-1 and spp-2 mu-
tations through the male and female gametes was assessed by crossing heterozygotes of both
mutants to wild type, in both directions, multiple times (28-50 crosses per direction and allele).
Inheritance of the spp mutations in the F; progeny was assessed by determining antibiotic re-
sistance of the F; plants. Transmission efficiencies were calculated for each plant as described
previously (Howden et al., 1998), and then these values were used to derive the means shown (£
standard error).
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Figure 4.4. Analysis of embryo development in the spp mutants using Nomarski optics.
Equivalent developmental series for normal (i-iv) and mutant (v-viii) embryos within immature
heterozygous siliques of spp-1 (A) and spp-2 (B). Normal embryos: i, 16-cell stage; ii, early
globular stage; iii, heart stage; iv, torpedo stage. Corresponding mutant embryos from the same
siliques: v, 2-8 cell stages; vi, 8- to 16-cell stages; vii and viii, arrested of abnormal 16-cell
stages. Embryo developmental stage names refer to the cell number or morphology of the em-
bryo proper. Images i-iii and v-viii are all at the same magnification (40x objective); images iv
are at lower magnification (20x objective). Bars = 50 um.
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Figure 4.5. Expression pattern of atTOC75-11l, atTIC110 and SPP during embryogenesis.
Publicly-available Affymetrix microarray data corresponding to defined tissues and develop-
mental stages of Arabidopsis embryogenesis (Casson et al., 2005; Spencer et al., 2007) were
accessed using an electronic fluorescent pictograph (eFP) browser online (Winter et al., 2007).
Data for the essential chloroplast protein import apparatus genes atTOC75-111 (AT3G46740),
atTIC110 (AT1G06950) and SPP (AT5G42390) are shown. Values are means (+ standard error)
derived from three or six independent measurements. SAM, shoot apical meristem.
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Figure 4.6. Expression analyses in the toc75-111, tic110 and spp heterozygotes.

(A) Quantitative RT-PCR analysis of mRNA levels. The levels of TOC75-11l, TIC110 and SPP
mRNA in 14-days-old seedling of the indicated heterozygous mutants are shown relative to the
corresponding mRNA level in wild type (which is assigned the value 1). All values (including
for wild type) were first normalised to the values for ACTIN2 mRNA in all genotypes to ac-
count for fluctuations which are caused by other factors than the genotype itself. (B)
Immunoblot analysis of protein levels. Of each genotype, 80, 60 and 40 pg of total protein ex-
tracted from 14-days-old seedlings was loaded. The plasma membrane H+-ATPase (PMA2)
was used as a loading control. The protein levels are shown relative to wild type and normalised

to PMAZ2, similar as in (A).
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Parental Plant Resistant Sensitive

genotype  number Antibiotic R) ) R:S ratio P-value®

+/spp-1 1 Kanamycin 87 37 2.35 0.41
2 82 44 1.86 0.71
3 99 42 2.36 0.37
4 69 46 1.50 0.13
sum 337 169 1.99 0.97

+/spp-2 1 Phosphinaothricin 74 38 1.95 0.89
2 105 43 2.44 0.27
3 78 43 1.81 0.61
4 100 45 2.22 0.56
5 83 40 2.08 0.85
sum 440 209 211 0.54

Table 4.1. Segregation of the T-DNA-borne antibiotic resistance markers in the spp mutant
lines. (a) Goodness of fit of the observed ratios to 2:1 was assessed by y* analysis. P-values are
the probabilities that the observed ratios differ from 2:1 due to random chance on-

ly.
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Chapter 5

General Discussion
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Plastid protein import is a complex process which takes place at the plastid envelope
membranes, and the first key players in this process were discovered and characterised
almost 20 years ago (Hirsch et al., 1994; Kessler et al., 1994; Perry and Keegstra, 1994;
Schnell et al., 1994). Since then, research on plastid protein import has yielded a rough
picture for the function of many TOC and TIC components. However, especially with
regard to the TIC components, many uncertainties remain to be resolved by future re-
search. Tic110 and Tic40 are TIC components that are known to form a complex in the
inner envelope membrane which also involves chaperones (Chou et al., 2003; Inoue et
al., 2013; Stahl et al., 1999; Su and Li, 2010) and, based on their interaction with Toc75
and importing precursor proteins, have been proposed to be integral parts of the
TOC/TIC system (Akita et al., 1997; Caliebe et al., 1997; Lubeck et al., 1996; Nielsen
et al., 1997). Disagreement on the topology of Tic110 led to the conflicting ideas that
Tic110 might form (or form part of) the inner envelope channel of the TIC translocon
(Balsera et al., 2009; Heins et al., 2002) or rather a membrane-anchored scaffold for the
binding of stromal chaperones (Inaba et al., 2005; Inaba et al., 2003; Jackson et al.,
1998; Tsai et al., 2013). Recent research suggest that Tic110 and Tic40 are not part of
the TIC channel (Kikuchi et al., 2013), but might rather act at a later stage during pro-
tein import (Chou et al., 2006), presumably after pre-proteins have already passed
through the channel. It might be speculated that the stromal processing peptidase (SPP),
the pre-sequence protease (PreP) and chaperones involved in protein import propulsion

form processing-propulsion complexes together with Tic110 and Tic40.

Since the functions of Tic110 and Tic40 are yet unclear, a forward genetic screen
has been performed on pale tic40 mutants (which are more suitable for such genetic
analyses than the embryo-lethal tic110 mutants) and the two suppressor loci sticl and

stic2 have been identified. This work achieved the identification of the ALB4 locus as
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the ALB4 gene, which is mutated in all five sticl alleles, and confirmed suppression of
tic40 by the alb4 mutation with an independent T-DNA insertion mutant, alb4-1 (see
also Section 2.4). Moreover, it excluded the possibility that some ALB4 is localised in
the envelopes but rather confirms the localisation in the thylakoids (see Fig. 2.5) as re-
ported previously by Benz et al. (2009). This is intriguing, since it is not evident how
the lack of a thylakoid protein can suppress the visual defect of tic40 mutants. The easi-
est explanation would be that stic mutants accumulate thylakoids non-specifically which
would lead to a greener phenotype in most pale mutant backgrounds. However, it could
clearly be shown that sticl suppresses exclusively the pale tic40 phenotype, and that
neither other tic mutants nor unrelated pale chloroplast mutants are suppressed by sticl
(Fig. 2.3 and 2.4). Additionally, sticl also suppresses the protein import defect of tic40
mutants, suggesting that an indirect signal in stic mutants acts directly on the TOC/TIC

apparatus.

Interestingly, work by Dr Feijie Wu revealed that the stic2 mutants have essential-
ly the same properties than the sticl mutants (unpublished results). Furthermore, the
present work shows clearly that ALB4 and STIC2 interact, and that they most likely
share a common function, the abrogation of which suppresses tic40 by a common re-
sponse. This is underlined by the finding that sticl and stic2 single mutants have a very
similar defect in the thylakoid ultrastructure which includes swollen, more spherical
chloroplasts, frequently disrupted and disorganised stromal lamellae and an accumula-
tion of plastoglobules (Fig. 2.8, see also Section 2.4). But what might that common

function of ALB4 and STIC2 be?

While STIC2 is a small stromal protein with an as yet unknown function, ALB4
has been described to be involved in the assembly and stabilisation of ATP synthase

complexes in the thylakoid membrane (Benz et al., 2009). ALB4 is a paralogue of the
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thylakoid protein ALB3 which is involved in the insertion of LHCPs into the thylakoid
membranes (Gerdes et al., 2006; Moore et al., 2003; Moore et al., 2000). The absence of
two C-terminal motifs in ALB4 account for its inability of LHCP insertion and, hence,
for the lack of a visible phenotype defect of alb4 mutants (Falk et al., 2010). In this
study, an interaction of ALB4 with ALB3 as well as cpSRP components and VIPP1
could be shown, partly conflicting with previous reports (Benz et al., 2009). The study
of alb3 alb4 double mutants further supports the idea that ALB3 and ALB4 may con-
tribute differentially but synergistically to the process of protein insertion, potentially of
pigment-binding photosystem core subunits (Fig. 3.2 and 3.3). Together with the find-
ing that both ALB4 and STIC2 are able to bind to cpHsc70 and potentially other chap-
erones, these results suggest that ALB4 and STIC2 play a role in chaperoning or fine-
tuning thylakoid protein insertion (see Section 3.4). This would also fit to the absence of
a visible phenotype different from wild type of sticl/alb4 and stic2 mutants, to the dis-
turbed thylakoid ultrastructure and accumulation of plastoglobules in the sticl/alb4 and
stic2 mutants as shown in the present study (Fig. 2.8), and to the fact that alb4 mutants

have a changed ratio of large and small ATP synthase complexes (Benz et al., 2009).

Furthermore, genetic analyses support the idea that ALB4 is involved in thylakoid
protein insertion. The alb4 ftsy double mutants are visibly smaller and more impaired in
development than the ftsy single mutants (Fig. 3.8). Similarly, the alb4 cpsrp43 cpsrp54
triple mutants are much smaller and more impaired in development than the cpsrp43
cpsrp54 double mutants (Fig. 3.8). Because alb4 lacks a visible phenotype different
from wild type, these double and triple mutant phenotypes are considered more than
additive, and a functional overlap becomes apparent. Interestingly, similar to the semi-
dominant behaviour of sticl/alb4 in the suppression of tic40, the alb4 mutation also

behaves in a semi-dominant fashion in the homozygous ftsy background, suggesting that
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ALB4 protein levels are important for the extent of its functionality. On the other hand,
the double mutants alb4 secal and alb4 hcf106 show no differences to the seedling-
lethal secal and hcfl06 single mutants (Fig. 3.7), suggesting that there is no genetic
interaction between ALB4 and SECA1 and between ALB4 and HCF106 and that there-
fore a functional overlap between ALB4 and the thylakoid Sec or Tat protein targeting
systems is unlikely. In summary, the genetic analysis complements the biochemical
protein interaction studies and leads to the conclusion that ALB4 (and potentially also
STIC2) plays a minor role in thylakoid protein insertion together with ALB3, cpSRP

and cpFtsY (see also Section 3.4).

Assumed that both ALB4 and STIC2 play a role in chaperoning or fine-tuning
thylakoid membrane protein insertion, how could a defect in such a process suppress the
protein import defect of tic40 mutants? A hint comes from the finding that Tic40, apart
from its function in protein import propulsion, was reported to be involved in protein re-
insertion into the inner envelope membrane (Chiu and Li, 2008). Since it has been
known for a long time that the inner envelope membrane is the central site for plastid
lipid biosynthesis (Douce and Joyard, 1990) and that proteins which are essential for
thylakoid biogenesis reside in the inner envelope membrane (Garcia et al., 2010;
Kobayashi et al., 2007; Kroll et al., 2001), it could be speculated that Tic40 has an in-
fluence on plastid membrane biogenesis. Indeed, it was shown that over-expression of
Tic40 in the plastid genome leads to an over-accumulation of plastid membranes (Singh
et al., 2008), and that in Brassica napus the Tic40 homologue BnaC.Tic40 is essential
for tapetal maturation which depends on lipid biosynthesis and accumulation in plastids
of the tapetal tissue (Dun et al., 2011). If Tic40 is involved in the regulation of thylakoid

biosynthesis, it becomes more plausible that a thylakoid membrane defect could sup-
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presses tic40 mutants through feedback regulation. But what factors would such a feed-

back regulation include?

Microarray expression profiling of sticl and stic2 mutants showed that in both
mutants the same gene is up-regulated over 20-fold compared to wild type (Fig. 2.13). It
is therefore tempting to speculate that this gene, termed HINAS1 for highly induced in
Arabidopsis stic locus 1, is part of such a feedback regulation as described above (see
also Section 2.4). To assess this possibility, it will have to be determined if HINAS1 is
necessary for suppression (by investigating whether tic40 is still suppressed in the stic
tic40 hinasl triple mutant) and if it is sufficient for suppression (by analyzing whether
HINASL over-expression in tic40 can suppress tic40 alone). Apart from HINAS1, pre-
dominantly genes involved in perception and transduction of auxin and jasmonic acid
signals were up-regulated in the stic mutants, suggesting that the thylakoid defect
caused by sticl and stic2 might induce such a hormonal signal. It might be speculated
that HINAS1 expression is induced as a response to such a hormonal signal and, given
that the list of genes that are significantly up-regulated in the stic mutants is rather short,
that HINAS1 up-regulation might actually be the defining response of STIC malfunction.
The function of the HINAS1 protein is completely unknown, and its localisation is pre-
dicted to be nuclear although its Arabidopsis paralogue, HINAS2, is predicted to be
chloroplast localised by the majority of prediction tools. It will be interesting to deter-
mine if HINASL localises to the chloroplast inner envelope membrane and is involved
in the regulation of chloroplast protein import, potentially under specific conditions of
thylakoid disruption. As the suppression of tic40 by the stic mutants is very specific,
and no other pale mutant that was tested could be suppressed, one might even speculate
that HINASL has Tic40-like function and complements the absence of Tic40 in the stic

tic40 suppressors.
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Since the knockout of STIC genes is a rather artificial situation, the question might
arise: Under which natural conditions is HINAS1 up-regulated? Is it possible that under
certain stress conditions STIC (or Tic40) function is impaired, resulting in disturbed
thylakoid biogenesis and thus the need for up-regulation of alternative, stress-induced
regulators of thylakoid biogenesis? The present study shows that at least the STIC pro-
teins are likely not necessary under specific stress conditions but share a rather constitu-
tive function (see also Section 2.4). It cannot be excluded, though, that the STIC pro-
teins become crucial under a certain stress condition that has not been tested in this
study. But even if the STIC function is rather constitutive, the STIC malfunction might
still be stress-induced and lead similarly to hormone signals and HINAS1 induction like
the stic knockout mutants. This will have to be determined in future by looking directly
at HINASL1 expression under stress conditions. A specific visual phenotype in the stic
mutants or under such stress conditions might be prohibited by HINAS1 up-regulation,
and therefore it will be fascinating to observe if stic hinasl or tic40 hinasl double mu-

tants have more severe phenotypes than the respective single mutants.

Presently, it is not known whether the tic40 phenotype is so mild compared to
tic110 because Tic40 function is less important than Tic110 function, or because other
proteins (potentially HINAS1) can have Tic40-like functions. Tic40 has been shown to
be crucial for the release of the transit peptides of importing precursors from Tic110 and
therefore to facilitate precursor processing (Chou et al., 2006). The subsequent steps of
precursor processing are cleavage of the transit peptide by the stromal processing pepti-
dase (SPP), degradation of the transit peptide by the pre-sequence protease (PreP) and
complete translocation of the precursor into the stroma, potentially by the action of
Hsp93 (Kovacheva et al., 2007; Moberg et al., 2003; Richter and Lamppa, 2002, 2003).

Therefore, one might speculate that SPP acts on pre-proteins at a similar stage to Tic40
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and Tic110. In this study, it was shown that SPP is an essential gene, and that knockout
mutants abort embryo development at the 16-cell stage (Fig. 4.4, see also Section 4.4).
This is intermediate to knockout mutants of toc75-111 and tic110, suggesting that either
Toc75-111 is essential at an earlier stage in embryogenesis than SPP and Tic110, or that
parent-derived Toc75-111 protein is less stable and degraded sooner in the early embryo
than parent-derived SPP and Tic110. Like for toc75-111/+, the heterozygous spp/+ mu-
tants had no visible defect (Fig. 4.2), suggesting that both mutations are recessive and
the observed reduction in mMRNA levels (and for Toc75-111 also protein levels) in the
heterozygotes do not impair function. This is in contrast to the semi-dominant tic110/+
heterozygotes where the reduced mRNA and protein levels caused a visibly paler phe-
notype than wild type and impaired efficiency in chloroplast protein import (Kovacheva
et al., 2005). Thus, it seems that Tic110 function is dependent on abundant availability

of Tic110 protein, which might not be the case for SPP.
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Chapter 6

General Materials and Methods
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6.1 Growth of Arabidopsis plants and basic handling techniques

6.1.1 Preparation of Murashige and Skoog medium plates

For half-strength Murashige and Skoog (MS) medium with 0.5% (w/v) sucrose and
0.6% plant agar, 17.2 g of MS basal salt mixture (Duchefa), 20 g of sucrose (Fisher),
and 2 g of 2-(N-morpholino)ethanesulfonic acid (MES, Melford) were mixed in 2 liters
of purified water (Elgastat Option 2) and the pH was adjusted to 5.7 with KOH. In each
of five 500 ml Duran bottles, 2.4 g of phyto agar (Duchefa, 950-1050 g/cm®) and 400 m
of the MS solution were added. The bottles were autoclaved at 120°C for one hour in a
Boxer autoclave and stored at room temperature for further use. For plates, an MS bottle
was heated in a microwave in cycles of 90 seconds at 950 W with few second breaks.
Molten MS was either directly poured in plastic Petri dishes (Sterilin, 9 cm diameter)
placed in the laminar flow hood (Bassaire) or first supplemented with sterile antibiotics
or salts according to the experimental requirements. Poured plates (ca. 16 per 400 ml
medium) were dried for at least 1 hour in the laminar flow hood and then stored at 4°C

in plastic bags for further use.

6.1.2 Growth of Arabidopsis thaliana plants on plates

Arabidopsis thaliana seeds were sterilised as follows: Seeds were aliquoted in micro-
centrifuge tubes to an approximate volume of 20-50 ul. To each aliquot, 500 pl of 70%
ethanol containing 0.05% Triton X-100 was added. The tubes were closed and incubat-
ed vertically at 250 revolutions per minute on an orbital shaker (SO1, Stuart Scientific)
for 10 minutes. Then they were quickly centrifuged in an Eppendorf centrifuge (5415 D,

rotor EL 082) at low speed to collect the seeds at the bottom of the tube. The superna-
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tant was removed and replaced with 500 ul of 100% ethanol. The tubes were again in-
cubated on the orbital shaker for 10 minutes. For each aliquot of seeds, a Whatman filter
paper (circles, 70 mm diameter) was folded in the middle and opened again to leave a
groove for the seeds to be easily dispersed on the plates. The filter papers were soaked
with industrial methylated spirits (IMS, Fisher Scientific) in a laminar flow hood and let
dry. The seeds were centrifuged and pipetted onto the middle of the dry filter paper with
a cut blue (1 ml) tip. The seeds were left to dry for ~30 minutes and then dispersed on
the plates to a density of roughly 100-150 seeds per plate. Plates were sealed with
Micropore tape (3M) and stratified at 4°C for 2-3 days. Stratified plates were put into
Percival growth cabinets with white fluorescent light of approximately 120 uE/m?/s and

a constant temperature of 20°C at a classical long day cycle (8h dark, 16h light).

6.1.3 Growth of Arabidopsis plants on soil

Arabidopsis seeds were put into microcentrifuge tubes and covered with ~500 ul of wa-
ter. The tubes were stratified at 4°C for 2-3 days. Soil (Seed and Modular Compost Plus
Sand, Levington) was mixed with vermiculite at a ratio of approximately 10:1 and filled
into pots of variable sizes. Trays with pots were soaked with water containing 1 ml of
Gnat Off (Hydrogarden) per litre of water as a biological pest control against larvae
from sciarid flies . To the stratified seeds, 500 ul of top agar (0.05% phyto agar) was
added and mixed to achieve a homogeneous suspension of seeds. The seeds were dis-
tributed evenly on the soaked soil with a pipette using a cut blue (1 ml) tip. Alternative-
ly, 14-day-old seedlings from plates were transferred onto soil using forceps, taking
care that the roots remained intact and were completely covered in soil to prevent the

seedlings from dehydrating. The trays were put into growth cabinets (Percival or
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Snijders Scientific) at 22°C, 60% relative humidity, with a classical long day cycle and
an average of about 150 puE/m?/s of fluorescent white light for experiments, or in a
greenhouse for seed bulking. They were covered with a plastic lid for 2 days at high

humidity, then the lid was removed and the trays were watered regularly.

6.1.4 Crossing of Arabidopsis plants

Plants were grown on soil as described above. Desired genotypes were assigned to the
female acceptor and the male donor. Usually, homozygous mutants with a clear, reces-
sive phenotype were used as female acceptors because self-pollinated progeny could be
easily eliminated in the F; based on the mutant phenotype. Mutants containing re-
sistance markers were used as male donors because in this case selection could be used
in the F; to eliminate self-pollinated progeny. From 2-3 branches of the acceptor geno-
type per cross, all siliques and opened flowers were removed. From the 3-4 largest uno-
pened flower buds of these branches, all sepals, petals and stamens were removed with
forceps (INOX, Dumont). The remaining pistils were left to recover over night. The
branches were labelled with the donor genotype and open donor flowers were used to
pollinate the stigmata using forceps. The stigmata were re-pollinated after one day and

the developing siliques allowed to reach maturity.

6.1.5 Transformation of Arabidopsis plants using Agrobacterium tumefaciens

Plants were grown on soil as described above. When the plants reached a height of ap-
proximately 5 cm, the primary shoots were clipped in order to promote the formation of
a higher number of secondary branches. The plants were left to grow secondary branch-

es for approximately one week.
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6.1.5.1 Freeze-thaw transformation of Agrobacterium

This method was adapted from a method described previously (Weigel and Glazebrook,
2006). About 1 pl of the desired plasmid was added to 50 ul of Agrobacterium stock
suspension (GV3101 cells) and mixed. The tube was frozen in liquid nitrogen and sub-
sequently thawed by incubating at 37°C in a water bath for 5 minutes. To the cells 1 ml
of LB medium (see Section 6.2.1) was added and they were incubated at 28°C for 2-4
hours, shaking at 240 rounds per minute (rpm) (Temperature Controlled Shaker Cabinet,
Gallenkamp). After 30 seconds centrifugation at 5000 rpm (Eppendorf centrifuge, 5415
D, rotor EL 082) the pellet was resuspended in 50-100 ul of LB medium and spread on
LB plates containing gentamycin (7.15 ug/ml) against growth of other bacteria plus a
plasmid-specific antibiotic for selection of transformed agrobacteria. The plates were
put at 28°C for 2-3 days. Then, a single resistant colony was put into 5 ml of LB medi-
um containing the required antibiotic using a sterile yellow pipette tip, leaving the tip in
the medium. The culture was incubated at 28°C over-night, shaking at 240 rpm. Then, 1
ml of the over-night culture was transferred into 300 ml LB medium containing the re-
quired antibiotic in a 1 litre Erlenmeyer flask. The culture was incubated at 28°C over-

night, shaking at 240 rpm.

6.1.5.2 Floral-dip transformation of Arabidopsis

This method is adapted from a method described previously (Clough and Bent, 1998).
Over-night Agrobacterium culture (250 ml) was centrifuged at 5000 rpm for 10 minutes
in 250 ml Nalgene tubes using a Sorvall RC6 centrifuge (using the Swinging Bucket
Rotor 7500 6445). The pellet was resuspended in approximately 50 ml of 5% (w/v) su-

crose containing 300 pl/l Silwet L-77 (Lehle Seeds) and further diluted in su-

154



crose/Silwet solution until the suspension reached an optical density (OD) between 0.7
and 0.8 at 600 nm wavelength. All siliques and open flowers of the Arabidopsis plants
were removed and the above-ground parts were dipped into the Agrobacterium suspen-
sion with gentle swirling for 20-30 seconds. The plants were covered with a plastic
dome for one day to retain high humidity and then watered as usual from ~5 days after
transformation until full maturity. Mature seeds were sown on MS plates containing 200
ug/l cefotaxime (against growth of Agrobacterium on the plates) and an additional se-

lection agent for the specific T-DNA-borne plant resistance marker.

6.1.6 Chlorophyll measurements
Plants were grown on plates to an age of 10-14 days or on soil to an age of 3-4 weeks as
described above. Amounts of chlorophyll in these plant samples were measured in two

different ways.

6.1.6.1 Chlorophyll measurements of plants grown on plates

Samples of whole seedlings were weighed in microcentrifuge tubes to a total of 15-30
mg depending on phenotype. To the seedlings 1 ml of dimethylformamide (DMF) was
added and the tubes were wrapped in aluminium foil and incubated over-night on an
orbital shaker (SSM1, Stuart) at 4°C and 30 rpm. Wild-type-like samples were diluted
1:5 in DMF before measurement. The absorbance of each sample was measured for the
wavelengths 646.8 nm and 663.8 nm in the fume hood relative to a blank (DMF) using
a spectrophotometer (Ultrospec 100 Pro Visible, Amersham) and a 200 pl quartz cu-
vette. The cuvette was rinsed with DMF between the reads. The readout of the absorb-

ance should ideally be between 0.01 and 0.8; if it exceeded 0.8 the sample was further
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diluted in DMF. Amounts of chlorophyll in nmol per mg of fresh weight were calculat-

ed as follows (Porra et al., 1989):

Chlorophyll a = ((13.43 x A663.8) - (3.47 x A646.8) x dilution factor) / fresh weight
Chlorophyll b = (22.9 x A646.8) - (5.38 x A663.8) x dilution factor) / fresh weight

Chlorophyll a+b = (19.43 x A646.8) + (8.05 x 663.8) x dilution factor) / fresh weight

6.1.6.2 Chlorophyll measurements of plants grown on soil

Individual leaves per sample were measured using the SPAD-502 chlorophyll meter
(Konica Minolta) according to the manufacturer’s guidelines. The readout A was con-
verted into nmol of total chlorophyll (a + b) per mg of fresh weight using the following

formula (Ling et al., 2011):

Chlorophyll a+b = 0.0007 x A + 0.023 x A + 0.0544 nmol/mg
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6.2 Bacterial work, cloning and DNA-related techniques

6.2.1 Preparation of LB medium

For liquid medium, 25 g of lysogeny broth (LB, Melford) was dissolved in 1 litre of
purified water. The broth was aliquoted into 500 ml Duran bottles and autoclaved for 1
hour at 120°C. For plates, 50 g of lysogeny broth was dissolved in 2 litres of purified
water and aliquoted 5 x 400 ml into five 500 ml Duran bottles containing 7 g of agar
(ForMedium) each. The bottles were autoclaved for 1 hour at 120°C and let cool to
hand temperature before any antibiotics were added according to the experimental re-
quirements. The medium was poured into plates in a flow hood and let dry for at least

one hour.

6.2.2 PCR, agarose gel and gel band purification

Polymerase chain reaction (PCR) was performed using Biometra Thermocycler T1 or
T3 devices and standard reaction mixtures (10 mM Tris-HCI pH 8.3, 50 mM KClI, 50
mM MgCl, 0.05% Tween® 20, 200 uM of each dNTP, 125 nM of each primer) with
differences based on protocols for different DNA polymerases. DNA polymerases were
mostly used at 0.5 units per 20 ul reaction, or otherwise depending on the user guide.
Primers were designed based upon the PrimerSelect program from the Lasergene Core
Suite of DNASTAR and ordered at Sigma-Aldrich. Agarose gels were prepared with
1% (standard) to 3% (CAPS and dCAPS) agarose (Melford) in 0.5x TBE (44.5 mM
Tris, 44.5 mM boric acid, 1 mM EDTA) containing 1x SYBR safe DNA gel stain (Invi-
trogen). Samples were loaded in 1x Orange G loading buffer (0.1% Orange G, 50%
glycerol), next to a DNA marker (mostly 1 Kb Plus DNA Ladder from Invitrogen) and
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run in tanks ((Wide) Mini-Sub® Cell GT, Bio-Rad) containing 0.5x TBE at ~10 V/cm.
Finally, the bands were visualised using GeneFlash (Syngene). If the PCR product was
to be retrieved, the gel band was cut on a UV dual intensity transilluminator (UVP) at
low intensity and processed using the QIAquick Gel Extraction kit (Qiagen) following

exactly the manufacturer’s guidelines.

6.2.3 E.coli heat shock transformation and plasmid preparations

Competent DH5a. Escherichia coli cells (Alpha-Select Silver Efficiency, Bioline) (25 ul)
were thawed on ice. About 10-50 ng (or according to purpose) of plasmid was added to
the cells and the tubes were incubated on ice for 30 minutes with flicking every 5-10
minutes. The cells were heat-shocked for 45 seconds at 42°C (this was done in a
Thermomixer or a water bath) and then left on ice for 2 minutes. Liquid LB medium
(450 pl), pre-warmed at 37°C, was added and the tubes were incubated at 37°C for 2 h,
with shaking at 240 rpm. Aliquots (50 ul and 200 ul) of each transformation were
streaked on LB plates containing a plasmid-specific antibiotic, and the plates were incu-
bated at 37°C over-night. Individual colonies were picked with yellow pipette tips and
the whole tips were put in 5 ml of liquid LB containing the plasmid-specific antibiotic.
The culture was incubated at 37°C over night with shaking at 240 rpm. E. coli stocks
were prepared with a 1:1 mixture of over-night culture and sterile 50% glycerol and
stored at -80°C. Minipreps were performed with the over-night culture using the
QIlAprep Spin Miniprep kit (Qiagen) or the ISOLATE Plasmid Mini kit (Bioline) fol-
lowing exactly the manufacturer’s guidelines. For midi-preps, 500 ul of the over-night
culture was diluted in 50 ml of liquid LB medium containing the plasmid-specific anti-

biotic. The 50 ml culture was grown at 37°C over-night and midi-preps were performed
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with the culture using the QIAfilter Plasmid Midi kit (Qiagen) or GenElute Plasmid
Midiprep kit (Sigma-Aldrich) following exactly the manufacturer’s guidelines. Plasmid

DNA was quantified using a NanoDrop 2000 spectrophotometer (Thermo Scientific).

6.2.4 Restriction digestion and CAPS/dCAPS markers

Restriction enzymes (mostly from NEB) were used to cleave DNA at specific sites.
Plasmid and genomic DNA sequences were first digested in silico, mostly using the
online program NEBcutter (NEB), in order to choose restriction enzymes for specific
experiments. Restriction digestions were performed with specific buffers and at specific
temperatures which depended on the enzyme that was used. Digested fragments were
visualised on 1% (cut vectors), 2% (CAPS markers), or 3% (dCAPS markers) agarose
gels. Cleaved amplified polymorphic sequence (CAPS) markers were chosen based on
differences in the DNA sequence between two genotypes that give rise to differential
restriction patterns (Konieczny and Ausubel, 1993). CAPS primers were designed on
both sides of the marker, and PCR-amplified fragments were digested with the specific
restriction enzyme that gives rise to the differential pattern. Analysis of the pattern on a
2% agarose gel allowed a higher resolution of fragments with similar size than on 1%
gels, and allowed assignment of the DNA sequence to one or the other genotype. In
cases where a restriction enzyme recognition site was incomplete, a long primer was
designed that covered the restriction site and contained sequence alterations that led to a
full recognition site in the PCR product of one genotype but not in the other. This long
designed CAPS (dCAPS) primer was made in a way such that at least 20 nucleotides
could be cleaved off by the restriction enzyme, and a second primer was designed at the

opposite side so that the total length of the PCR product was around 100 nucleotides
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(Neff et al., 1998). The cleavage by digestion would lead to two bands of approximately

20 and 80 base pairs which could be visualised on a 3% agarose gel.

6.2.5 Cloning of a DNA sequence using the Gateway® technology

Primers for the DNA sequence to be cloned were designed based on sequence infor-
mation in The Arabidopsis Information Resource 8 (TAIR 8) database
(www.arabidopsis.org). The forward primer was given the 5’-addition 5°-
AAAAAGCAGGCTCC-3’ and the reverse primer was given the 5’-addition 5°’-
AGAAAGCTGGGTT-3". PCR was always performed using either HiFi Platinum Taq
polymerase (Invitrogen) or Phusion High-Fidelity DNA polymerase (NEB). A second
PCR was performed (annealing temperature 55°C) using 10 ul of the primary PCR
product in a 50 pl reaction and the primers AttBl: 5’-GGGGACAAGTTTG-
TACAAAAAAGCAGGCT-3" and AttB2: 5°-GGGGACCACTTTGTACAAGAAAG-
CTGGGT-3’ which bind to the 5’-additions that were introduced into the primary PCR
product with the first primers. The secondary PCR product was run on a standard 1%

agarose gel and retrieved using the QIAquick Gel Extraction Kit.

6.2.5.1 BP reaction

Approximately 100 ng of gel-purified secondary PCR product was mixed with ~100 ng
of pDONR 207 vector (Invitrogen) and 1 ul of BP clonase (Invitrogen) per 5 ul reaction.
The reaction was incubated at 25°C for 1 hour or overnight and terminated with 0.5 pl
of proteinase K (Invitrogen) at 37°C for 10 minutes. E. coli DH5a cells were trans-

formed with the reaction as described in Section 6.2.3, and streaked on LB plates con-
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taining the antibiotic gentamycin (7.15 pg/ml) which selects for pDONR 207. Plasmid
from positive colonies was collected by mini-prep as described in Section 6.2.3, and
tested by a restriction digestion in a way such that the fragment pattern seen could dis-
tinguish between empty pDONR 207 vectors and plasmids containing the PCR product.
Plasmids containing the PCR product were sequenced using the pDONR-specific pri-
mers pPDONR-F: 5’-TCGCGTTAACGCTAGCATGGATCTC-3" and pDONR-R: 5’-
GTAACATCAGAGATTTTGAGACAC-3’. Only plasmids with the correct PCR inser-

tion and sequence were used for LR reactions.

6.2.5.2 LR reaction

Approximately 100 ng of the entry clone (pDONR 207 containing PCR product) and
~100 ng of destination vector (depending on the experiment) were mixed with 1 ul of
LR clonase (Invitrogen) per 5 ul reaction. The reaction was incubated at 25°C for 1
hour and terminated with 0.5 ul of proteinase K (Invitrogen) at 37°C for 10 minutes. E.
coli DH5a cells were transformed with the reaction as described in Section 6.2.3 and
streaked on LB plates containing the destination vector-specific antibiotic. Mini-preps
were extracted from resistant clones and the plasmid was tested by restriction digestion
as described in Sections 6.2.3 and 6.2.4, respectively. For stable expression of the con-
structs in Arabidopsis, Agrobacterium tumefaciens was transformed with the plasmid
using the freeze-thaw method and plants were transformed with Agrobacterium using

the floral-dip method as described in Sections 6.1.5.1 and 6.1.5.2.
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6.2.6 Cloning for bimolecular fluorescence complementation

For bimolecular fluorescence complementation (BiFC), the vectors pSAT4(A)-nEYFP-
N1 and pSAT4(A)-cEYFP-N1 containing the genetic information for the N- and C-
terminal halves of yellow fluorescent protein (YFP), respectively, were used (Tzfira et
al., 2005). Primers were designed in order to amplify the target gene without the stop
codon such that the YFP fragments could be attached C-terminally to the protein. Pri-
mer extensions were designed with restriction sites such that restriction digestion of the
PCR product and the plasmids would allow an unambiguous ligation of the PCR prod-
uct into the vector, and that the 5° ends of the YFP sequences would be in frame with
the gene of interest. Digested vectors were phosphatase treated in order to prevent re-
circularisation as follows: 1 ul of Calf Intestine Alkaline Phosphatase (CIAP, Fermentas)
was added to each 50 ul reaction; the reaction was incubated at 37°C for 30 minutes and
terminated at 85°C for 15 minutes. Ligation was performed with T4 DNA ligase and
ligation buffer (NEB) following the manufacturers guidelines. The ligation was trans-
formed into E. coli DH5a as described in Section 6.2.3, and colonies resistant to the
plasmid-specific antibiotic were screened for positive insertions by colony PCR with
one primer in the vector and the other in the inserted sequence (Ward, 1992). Plasmid
DNA from colonies with positive insertions was collected using the mini-prep method,
subjected to a control restriction digestion, and sequenced, as described above in Sec-

tion 6.2.5.
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6.2.7 Cloning for antigen expression and antibody production

For antigen expression, the pQE-30 vector system (Qiagen), which encodes a C-
terminal 6xHis tag, was used. Primers were designed to amplify just the soluble, C-
terminal part of ALB4 in order to avoid problems with solubility during expression.
Primer extensions again contained restriction sites for an unambiguous ligation of the
PCR product into the vector and were designed such that the 3’ region encoding the
6xHis tag was in frame with the target gene. Phosphatase treatment and ligation were
performed as described in Section 6.2.6. The ligation was transformed into E. coli XL1-
Blue (a high lacl expressor) which was grown in presence of 1% glucose in order to
repress expression of the construct via the lac operon in pQE-30. This prevents leaky
expression during cloning and ensures optimal growth in case the protein is toxic to the
bacterium. Colonies resistant to the plasmid-specific antibiotic were again tested by
colony PCR, restriction digestion and sequencing as described above in Sections 6.2.5

and 2.6.

For induction of recombinant protein expression, positive clones were grown in 5
ml LB cultures containing the plasmid-specific antibiotic and 1% glucose over-night at
37°C, and then diluted 1:100 in 500 ml LB (again containing antibiotic and glucose).
This culture was grown for 2-3 hours at 37°C until it reached an ODggo Of approximately
0.6. Then, 1 mmol/l isopropyl-p-D-thiogalactopyranosid (IPTG) was added and the cul-
ture was grown at 28°C over night. The optimal concentration of IPTG was found by
conducting a test induction with a range of different IPTG concentrations followed by
western blotting using an anti-His antibody. Cells were harvested by centrifugation at
5000 g and resuspended in 15 ml of lysis buffer (2-5 ml per gram of pellet; 50 mM
NaH,PO,4, 300 mM NaCl, 10 mM imidazole, pH 8.0). After sonication of the lysate

(6x10 seconds with 10 second intervals) and centrifugation at 10,000 g, the supernatant
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was collected and 2 ml of 50% Ni-NTA slurry (Qiagen) was added in order to bind the
His-tagged proteins. The supernatant-slurry mixture was transferred onto a column
(Vivaspin, Sartorius) and washed twice with 8 ml wash buffer (50mM NaH;POy,,
300mM NaCl, 20mM imidazole, pH 8.0) by gravity flow. The bound His-tagged protein
was eluted in six fractions by adding 6x0.5ml elution buffer (50 mM NaH,PO,, 300
mM NaCl, 250 mM imidazole, pH 8.0) and the individual fractions were tested for
abundance and purity of the antigen protein by SDS-PAGE and Coomassie staining (see
Section 6.4.4). The identity of the antigen protein was confirmed by MALDI-TOF using
the Leicester University on-campus Protein Nucleic Acid Chemistry Laboratory

(PNACL) service and sent to Harlan for antibody production.

6.2.8 DNA precipitation

In case a higher concentration of DNA was needed than was initially available, the
DNA was precipitated and resuspended in a smaller volume. To the DNA sample, 0.1
volumes of 3 M sodium acetate and 2 volumes of 100% ethanol were added. The sam-
ple was vortexed and incubated at -20°C for at least one hour (or overnight). The sam-
ple was then centrifuged at maximum speed in a microcentrifuge at 4°C for 30 minutes;
the supernatant was decanted and the remaining liquid removed from the tube walls
with a paper towel. The pellet was washed with 300 ul of 70% ethanol by flicking the
tube several times, and then the sample was centrifuged again at maximum speed and
4°C for 10 minutes. The supernatant was decanted, the remaining liquid removed with a
paper towel, and the pellet air dried before resuspension in the desired volume of sterile

water.
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6.2.9 DNA extraction from plant leaves and genotyping

One medium-sized leaf per sample was put into a 1.5 ml microcentrifuge tube contain-
ing a glass bead (BDH Prolabo, 2.5-3.5 mm) and flash-frozen in liquid nitrogen. The
leaf tissue was disrupted by using a Qiagen TissueLyser for 30 seconds (maximum fre-
quency), and then 0.5 ml of DNA extraction buffer (200 mM Tris-HCI, pH 7.5, 250 mM
NaCl, 25 mM EDTA, 0.5% SDS) was added to the tissue powder. The samples were
again mixed using the TissueLyser for one minute (at maximum frequency) and then
centrifuged at maximum speed and 4°C for 5 minutes in an Eppendorf 5417 R micro-
centrifuge. The supernatant was transferred to a fresh tube and 450 ul of isopropanol
was added to precipitate the DNA. The samples were incubated at -20°C for at least 1
hour and then centrifuged at maximum speed and 4°C for 6 minutes. The supernatant
was discarded, the pellets were washed with 70% ethanol by vortexing, and the samples
were again centrifuged at maximum speed and 4°C for 5 minutes. The supernatant was
discarded completely and the pellets were dried in a vacuum desiccator (Kartell) for 15-
20 minutes. Dried DNA pellets were resuspended in 50 pl of sterile water (or depending

on pellet size).

For genotyping, Arabidopsis mutants with T-DNA insertions were grown on half-
strength MS medium containing the selection according to the T-DNA type as described
in Section 6.1.2. In case the resistance marker was silenced, plants were directly grown
on soil (see Section 6.1.3). Resistant plants were transferred to soil two weeks after
germination and DNA extraction was performed with 4-weeks-old plants as described
above. Primers flanking the T-DNA insertion site (as specified in TAIR 8) were de-
signed and PCR was performed on the sample DNA as described in Section 6.2.2. PCR
on DNA from heterozygous (and wild-type) plants will yield a product, but the large T-

DNA insertion in both alleles of the homozygous plant will prevent a product. In order
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to confirm the presence of the T-DNA insertion in homozygous plants, a T-DNA-
specific primer (according to the type of T-DNA) was used together with either the for-
ward or reverse primer depending on the orientation of the T-DNA insertion. Homozy-

gous plants were used for further analysis or crosses (see Section 6.1.4).
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6.3 RNA-related techniques

6.3.1 RNA extraction and semi-quantitative RT-PCR

Samples (100 mg) of 2-week-old Arabidopsis seedlings grown on plates (Section 6.1.2)
were harvested into 1.5 ml microcentrifuge tubes and flash-frozen in liquid nitrogen. A
sterile pellet pestle (Sigma) was used to grind the plant material to fine powder. RNA
isolation from the ground plant material was performed with the Spectrum’ Plant Total
RNA Kit (Sigma), following exactly the manufacturer’s guidelines. Extracted RNA was
DNase | treated using the DNA Free kit (Ambion) and then quantified using a
NanoDrop 2000 spectrophotometer. For reverse transcription, about 5 ug of RNA was
added to 1 pl of the oligo-dT primer (50 uM stock) and 1 pl of 10mM dNTP mix in a
13 pl reaction and incubated at 65°C for 5 minutes followed by a quick chill on ice.
Then, 4 pl of 5x first strand buffer (Invitrogen), 2 ul of 100 mM DTT and 1 ul of
RNase inhibitor was added to reach a total reaction volume of 20 ul. After two minutes
of incubation at 42°C, 1 ul of SuperScript™ reverse transcriptase (Invitrogen) was add-
ed and the reaction was incubated at 42°C for a further 50 minutes; the enzyme was
inactivated by heating to 70°C for 15 minutes. Complementary DNA (cDNA) was
quantified using a NanoDrop 2000, and then diluted 4-8 times to reach equal concentra-
tions among a sample set. Semi-quantitative RT-PCR was performed using primers for
the target gene and the control primers elF4E1-F: 5>-AAACAATGGCGGTAGAAGA-
CACTC-3’ and elF4E1-R: 5’-AAGATTTGAGAGG-TTTCAAGCGGTGTAAG-3’ for
the eukaryotic initiation factor 4E1 (elF4E1, AT4G18040 (Rodriguez et al., 1998)),
cDNA of equal concentration, and a lower number of PCR cycles (20-25 cycles). The

bands of the gel image were then quantified in silico using AIDA Image Analyser soft-
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ware (Raytest) by drawing boxes of equal size around each band, quantifying pixel in-

tensity, and normalizing these values to the values for the control bands.

6.3.2 qPCR
For quantitative PCR (gPCR), cDNA was produced as described above (Section 6.3.1),
and primers specific for the target that produce a ~200 bp product and anneal at 58-
60°C were designed. In a 20 pl total reaction volume, 10 ul of SYBR Green
JumpStart™ Taq ReadyMix™ (Sigma), 200nM of each primer, 1 ul cDNA (an equal
concentration of each sample) were mixed. The samples were transferred into a 96-well
ABgene PCR plates (Thermo Scientific) and analysed with an MJ Research PTC-200
thermal cycler coupled to the Chromo4 detector (Bio-Rad). A threshold was arbitrarily
set above the background fluorescence and the Ct values (fractional number of cycles at
which the sample fluorescence reaches the threshold) were determined for each sample.
The expression level of the target in each sample was determined using the comparative

Ct method (Livak and Schmittgen, 2001).

. . n-AAC
Normalised expression = 2 §

AAC'C:((C'Cysample - C:'|5,reference)mutant - (CT1sampIe - CT,reference)wt)
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6.4 Biochemical and protein-related techniques

6.4.1 Total protein extraction from Arabidopsis plants

Plant material (leaf or seedlings) was harvested into a 1.5 ul microcentrifuge tube and
flash-frozen in liquid nitrogen. To 980 ul of protein extraction buffer (100 mM Tris-
HCI, pH 6.8, 10% glycerol, 0.5% SDS, 0.1% Triton X-100, 5 mM EDTA), 10 ulof 1 M
dithiothreitol (DTT) and 5 ul of 200x protease inhibitor cocktail (cOmplete mini, Roche)
were added freshly. The plant material was ground with a pellet pestle (Sigma) and 200
ul of protein extraction buffer containing DTT and protease inhibitors were added per
sample to the ground powder. The powder was homogenised in the extraction buffer
using the pestle, and the sample was subsequently centrifuged at maximum speed and
4°C for 10 minutes in a microcentrifuge. About 150 ul of the supernatant per sample
was transferred to a fresh tube and stored at -20°C (short time) or -80°C (long time), or

used for downstream experiments.

6.4.2 Protein quantification using BioRad microassay

Bovine serum albumin (BSA) (10 ug/ul, NEB) was diluted 1:10 in sterile water and a
standard curve was generated by adding 0, 1, 2, 4, 6, 8 and 10 ul of 1 pug/ul BSA to ster-
ile water to reach a total volume of 799 ul each. Then, 1 ul of protein extraction buffer
was added to compensate for its absorption. For the actual samples, 1 ul of protein (in
extraction buffer) was added to 799 ul of sterile water. After adding 200 ul of Bio-Rad

Protein Assay (Bio-Rad), the samples were vortexed, incubated for 5 minutes at room

temperature, and then the absorbances were measured at a wavelength of 595 nm using
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a DU 730 UV/Vis spectrophotometer (Beckman Coulter) and disposable cuvettes
(Semimicro, Fisherbrand). The control absorbance values were plotted against the BSA
concentrations in Excel (Microsoft) and the equation of a linear approximation was used

to calculate the concentrations of all other samples by inputting their absorbance values.

6.4.3 Protein precipitation

When a higher concentration of protein was required than was available in a sample, the
proteins were precipitated and subsequently resuspended in a smaller volume. An equal
volume of 20% trichloroethanoic acid (TCA) was added to the sample which then was
incubated on ice for 30 minutes. The sample was centrifuged at maximum speed and
4°C for 30 minutes in a microcentrifuge, and then the supernatant was decanted and the
remaining liquid on the tube walls removed with a paper towel. The pellet was washed
with 500 ul of pre-chilled 100% acetone by vortexing and then centrifuged again at
maximum speed and 4°C for 5 minutes. The supernatant was decanted and the pellet air
dried over-night. The dried pellet was then resuspended in the desired volume of protein

extraction buffer (see Section 6.4.1).

6.4.4 SDS-PAGE and Coomassie staining

Polyacrylamide resolving gels containing 375 mM Tris-HCI, pH 8.8 and 0.1% SDS
were generally prepared with acrylamide concentrations between 10% (lower resolution,
shorter running time) and 15 % (higher resolution, longer running time). A 30%
acrylamide stock containing 0.8% bis-acrylamide (ProtoGel) was diluted in a Tris-SDS
buffer to reach the required concentrations. The stacking gel always contained 125mM

Tris-HCI, pH 6.8, 0.1% SDS and 5% acrylamide. Before pouring, 50 ul of 10% ammo-
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nium persulfate (AP) and 5 ul tetramethylethylenediamine (TEMED) were added in
order to polymerise the acrylamide. To pour and run the gels, the Mini-PROTEAN 3
Cell gel system (Bio-Rad) was used. The resolving gels were poured first to a height of
approximately 1.5 cm below the top edge of the glass chamber and layered with 500 pl
of isopropanol before polymerisation to maintain a flat surface and aid polymerisation
by excluding air. After polymerisation of the resolving gel, the isopropanol was decant-
ed and remaining droplets were removed with a filter paper before the stacking gel was
poured and a comb was inserted to form the loading wells. Fully polymerised poly-
acrylamide gels were fitted into the Mini-PROTEAN gel chamber which was filled with
1xTGS (25 mM Tris, 250 mM glycine, 0.1% SDS) buffer to cover both electrodes.
Then the comb was removed and the wells were washed with TGS buffer to avoid gel
pieces blocking them. Prior to sample loading, all protein samples were diluted in an
equal volume of 2x protein loading buffer (4% SDS, 20% glycerol, 120 mM Tris-HClI,
pH 6.8 and 0.02% bromophenol blue) (Laemmli, 1970); DTT was added freshly to
reach a concentration of 50 mM, and the samples were heated to 95°C for 5 minutes in
order to denature the proteins. Denatured protein samples were loaded into the wells of
the gel alongside 3 ul of a protein ladder (Precision Plus Protein™ All Blue Standards,
Bio-Rad) as a standard. Gels were run at 150 V using a Power Pac 300 station (Bio-Rad)
until the bromophenol blue dye front reached the bottom of the resolving gel. Then, gels
were either directly used for immunoblotting or Coomassie stained for 30 minutes
(0.25% Coomassie Brilliant Blue R-250, 45% methanol, 10% acetic acid) and subse-

quently de-stained (40% methanol, 10% acetic acid) over-night.
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6.4.5 Silver staining of SDS gels

For silver staining, SDS gels were incubated in 50% methanol and 5% acetic acid for 20
minutes. Then, the gels were rinsed with 50% methanol for 10 minutes and subsequent-
ly twice with purified water for 10 minutes each. Gels were sensitised with 0.02% sodi-
um thiosulfate for 1 minute and then again rinsed twice with purified water for 1 minute
each. The sensitised gels were incubated in 0.2% silver nitrate containing 0.125% fresh-
ly-added formalin (35% formaldehyde) for 20 minutes, and then rinsed twice with puri-
fied water for 1 minute each. To develop the gels, they were incubated in 3% potassium
carbonate containing 1.25%o sodium thiosulfate and 0.125% freshly-added formalin
(35% formaldehyde) until the protein bands were clearly visible. The development was
stopped with a solution containing 4% Tris and 2% acetic acid before the background
turned brown. After 30 minutes in the stop solution, the gel was rinsed twice with

purifierd water for 30 minutes each, and then scanned or photographed.

6.4.6 Immunoblotting and amido black staining

Protein transfer from polyacrylamide gels onto Amersham Hybond-ECL nitrocellulose
membranes (GE Healthcare) was performed using the Mini Trans-Blot Cell system
(Bio-Rad). The transfer “sandwich” consisted of a sponge (cathode side), two filter pa-
pers (7x10 cm), the polyacrylamide gel, the nitrocellulose membrane (6x9 cm), again
two filter papers (7x10 cm), and another sponge (anode side). All layers were pre-wet in
cold transfer buffer (0.6% Tris, 2.88% glycine, 0.1% SDS and 20% methanol). The
transfer sandwich was placed inside the tank along with an ice block and a magnetic
stirrer to keep the buffer homogeneously cold during transfer. Then the tank was filled

with transfer buffer and the transfer was run at 400 mA for one hour.
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After the transfer, the membrane was cut into slices that contained the proteins of in-
terest with the help of the coloured protein ladder (see Section 6.4.4). All membrane
slices were then blocked with TBS-Tween (10 mM Tris-HCI, pH 8.0, 150 mM NacCl,
0.05% Tween 20) containing 5% non-fat milk powder (Marvel Original) for 30 minutes.
The blocked membranes were then transferred to specific primary antibodies diluted in
TBS-Tween with 5% milk powder and incubated at 4°C over-night. The concentrations
of the antibodies varied considerably and were found by trial and error. Then, the mem-
branes were washed three times with TBS-Tween for 10 minutes each and subsequently
incubated in secondary antibody diluted in TBS-Tween with 5% milk powder for one
hour at room temperature. Before detection, the membranes were again washed three
times with TBS-Tween, as before. The secondary antibody needed to recognise the IgG
of the host organism in which the primary antibody was raised so that it could bind to
the primary antibody and thus indirectly to the protein of interest. It could be alkaline
phosphatase (AP)- or horseradish peroxidase (HRP)-linked for detection. AP-linked
antibodies were detected by incubating the membranes in cold AP buffer (100 mM Tris-
HCI, pH 9.5, 100 mM NaCl, 5 mM MgCl,) for 10 minutes and then in 15 ml of AP
buffer containing100 pl of nitro-blue tetrazolium chloride (NBT, 50 mg/ul in 70% DMF)
and 2.5 mg 5-bromo-4-chloro-3'-indolyphosphate p-toluidine (BCIP). HRP-linked anti-
bodies were detected using the EZ-ECL Chemiluminescence Detection Kit (BI) follow-
ing the manufacturer’s guidelines. The chemiluminescence was visualised and recorded

using a LAS-4000 image analyser (Fujifilm).

For quick visualisation of total protein amounts bound to the nitrocellulose mem-
branes prior to immunodetection, amido black staining was performed. The washed
membrane was incubated in amido black solution (0.5% amido black 10B, 50% metha-

nol, 7% acetic acid) for a few seconds. Amido black solution was poured back for later
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re-use. The stained membrane was washed with purified water for several minutes to

remove background.

6.4.7 Chloroplast isolation

This method was adapted from a method described previously (Aronsson and Jarvis,
2002). Arabidopsis seedlings were grown on plates, at a density of roughly 200 seed-
lings per plate, for 14 days (see Section 6.1.2). Per isolation experiment, 10-40 plates
were used depending on the phenotype (more plant material was necessary for pale
genotypes like tic40 mutants). Seedlings were harvested directly from the plates and put
into a beaker containing 100 ml of ice-cold chloroplast isolation buffer (CIB, 0.3 M
sorbitol, 5 mM MgCl,, 5 mM EGTA, 5 mM EDTA, 20 mM HEPES-KOH, 10 mM
NaHCOs, pH 8.0). The seedlings were mixed for 3-5 seconds at low speed in portions
of 20 ml CIB using a Polytron PT 10-35 (Kinematica) with a PTA 20 S rotor and subse-
quently filtered through a double layer of Miracloth (EMD Millipore). The filtrate (usu-
ally 100-200 ml) was centrifuged in 250 ml Nalgene tubes and a SLA1500 rotor in an
RC-6 centrifuge (Sorvall) at 3000 rpm and 4°C for 6 minutes. The supernatant was dis-
carded and the chloroplast pellet was resuspended in the remaining buffer by gentle

rotation on ice.

Percoll gradients were prepared by mixing 13 ml of 2xCIB and 13 ml of Percoll
(GE Healthcare) with ~5 mg of reduced glutathione (Duchefa) in 30 ml Nalgene tubes.
The gradient was formed by centrifugation at 19,000 rpm and 4°C for 30 minutes using
a HB-6 rotor with Nalgene tube adaptors (Sorvall). The deceleration rate was reduced in
this case in order not to disturb the gradient during deceleration. The resuspended chlo-

roplasts were loaded on the gradients which were again centrifuged using the HB-6 ro-
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tor at 7000 rpm and 4°C for 10 minutes, again with a reduced deceleration rate. After
centrifugation, the lower band (which corresponded to the intact and therefore denser
chloroplasts) was harvested into a separate 30 ml Nalgene tube and was diluted with
~25 ml of ice-cold HMS buffer (50 mM HEPES-KOH, 3 mM MgSO,, 0.3 M sorbitol,
pH 8.0) in order to wash the Percoll from the chloroplasts. The chloroplasts were again
pelleted using the HB-6 rotor at 2000 rpm and 4°C for 5 minutes and, after decanting
the supernatant, resuspended in the remaining buffer on ice by gentle rotation. Depend-
ing on the pellet size, the chloroplast suspension was further diluted with 200-500 pl of

HMS for counting.

For counting, 5 ul of homogeneous chloroplast suspension was diluted in 495 pl
of ice-cold HMS buffer. Approximately 60 ul of this dilution was pipetted with a cut tip
between a counting chamber (Weber Scientific) and a microscope cover slip. The num-
ber of intact chloroplasts was counted on 5 large squares of the chamber and then multi-
plied by 5 to get an average number on 25 squares which cover a volume of 0.1 ul. In
order to calculate the number of chloroplasts per ml, the average number on 25 squares
was therefore multiplied by 10% taking also into account the dilution factor used for the

counting.

6.4.8 Chloroplast protein import assays

This method was adapted from a method described previously (Aronsson and Jarvis,
2002). A plasmid containing the Arabidopsis cDNA for RuBisCO small subunit isoform
1A (SSU) under a T7 promoter was used as a template to amplify the chimeric SSU
gene by PCR with standard M13 primers. The amplified product was in-vitro translated

by mixing 40 pl of TyT® T7 PCR Quick Master Mix (Promega), 5 pl of [*S]-
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methionine, and 5 ul of the transcript (100-800 ng), and incubating the mixture at 30°C
for 90 minutes. Of the resulting precursor SSU (pSSU), 5 ul was added to 1xHMS buff-
er, 20 mM K-gluconic acid, 10 mM NaHCO3, 0.2% BSA, 5 mM MgATP and 10 mM
methionine. Chloroplasts were isolated and counted as described above (Section 6.4.7),
and 10’ freshly-isolated chloroplasts per import reaction and time point were added. For
the reaction itself, the tube was placed in a water bath at 26°C in front of a light source,
and after defined time intervals equal volumes of sample were transferred into equal
volumes of stop solution (50 mM EDTA, 0.3 M sorbitol, 50 mM HEPES-KOH, pH 8.0).
Before each transfer the tube was flicked to mix the chloroplasts so that equal numbers
of chloroplasts (ideally ~107) were removed per time point. The tubes containing the
chloroplasts in stop solution were centrifuged for 30 seconds at maximum speed; in
each case the supernatant was completely discarded and the pellet was resuspended in
30 ul of protein loading buffer. The samples were then heated to 95°C for 2 minutes,
and then centrifuged for 1 minute at maximum speed in a microcentrifuge prior to stor-
age at -20°C until later analysis. The radiolabeled protein samples were run on 15%
polyacrylamide gels as described in Section 6.4.4. The gels were dried on pre-wet filter
paper using a gel dryer (Bio-Rad). Dried gels were put on a storage phosphor screen
(GE healthcare) for several days before the radio image was scanned with the Storm

860 imager (Molecular Dynamics).
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6.4.9 Chloroplast subfractionation

This method was adapted from a method described previously (Perry et al., 1991).
Chloroplasts were isolated as described above (see Section 6.4.7). The chloroplast pellet
was resuspended in 1 ml of 25 mM HEPES-KOH, pH 8.0, containing 1x protease inhib-
itor cocktail. The chloroplasts were burst by pipetting up and down several times fol-
lowed by rotation at 4°C for one hour. In order to test if the lysis was complete, 50 ul of
the lysate was loaded on a 40% Percoll/1x HMS cushion and centrifuged at 3000 g and
4°C for 6 minutes using the HB-6 rotor (Sorvall). Lysis was complete when after cen-
trifugation through 40% Percoll no pellet was visible. Then, 700 ul of 25mM HEPES-
KOH, pH 8.0, containing 0.6 M sucrose and 4 mM MgCl, was added to the lysate and
mixed. Gradients were prepared by layering 0.9 ml of 1.2 M, 1.0 M and 0.46 M sucrose,
each in 25 mM HEPES-KOH, pH 8.0, into 5 ml ultracentrifuge tubes so that the inter-
faces between the different sucrose concentrations were clearly visible. The lysate was
then layered onto the gradients and centrifuged at 200,000 g and 4°C for 1 hour in a
Discovery M120 SE ultracentrifuge (Sorvall, Thermo Scientific). After centrifugation,
the supernatant was collected as the stromal fraction, the yellowish band at the interface
of 0.46 M and 1.0 M sucrose was collected as the envelope fraction, and the greenish
band at the interface of 1.0 M and 1.2 M sucrose was collected as the thylakoid fraction.
The envelope and thylakoid fractions were washed by adding 2 volumes of 25 mM
HEPES-KOH, pH 8.0, and subsequently pelleted by centrifugation at 48,000 g and 4°C
for one hour in the ultracentrifuge. The envelope and thylakoid pellets were resuspend-
ed in 50-100 pl of 25 mM HEPES-KOH, pH 8.0, and further used for SDS-PAGE anal-
ysis. The stromal fraction was first precipitated (see Section 6.4.3) from the supernatant
and then directly resuspended in 50-100 ul of 2x protein loading buffer for further anal-

ysis with SDS-PAGE.
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6.4.10 Co-immunoprecipitation and anti-FLAG-immunoprecipitation

For co-immunoprecipitation, 50 mg of Protein A Sepharose CL-4B (GE Healthcare)
was soaked in 200 ul of sterile water by pipetting with a cut yellow tip, and left on ice
for 30 minutes. The sepharose was washed three times with 1 ml of sterile water and
then once with 1 ml of solubilisation buffer (20 mM Tris-HCI, 150 mM NaCl, 1 mM
EDTA, 10% glycerol, 1% n-dodecyl B-D-maltoside (DDM), 1x protease inhibitor cock-
tail, pH 7.5) and pelleted at 500 g and 4°C for 1 minute in an Eppendorf centrifuge
(5415 D, rotor EL 082). To the soaked sepharose, 200 ul of solubilisation buffer (SB
buffer) was added to reach a total volume of ~500-600 pl. Freshly-isolated chloroplasts
were either directly pelleted by a short spin at maximum speed in a microcentrifuge, or
first crosslinked with dithiobis(succinimidyl propionate) (DSP) for 15 minutes and then
quenched with 50mM glycine for 15 minutes on ice before pelleting. Chloroplast pellets
were solubilised in 2 ml of SB buffer and rotated at 4°C for 20 minutes. The total lysate
fraction (TL) was collected after solubilisation. Then, 30 ul of the Protein A Sepharose
slurry was added to the lysate and rotated at 4°C for 30 minutes in order to remove pro-
teins that bind to the sepharose non-specifically. The samples were then centrifuged at
maximum speed and 4°C for 10 minutes in an Eppendorf centrifuge (5415 D, rotor EL
082) and the supernatant transferred to a fresh tube. An arbitrary volume of antibody
(usually 5-10 ul, depending on the antibody efficiency) was added and the samples were
rotated at 4°C for 2-5 hours. Then, 100 ul of the Protein A Sepharose slurry was added
with a cut tip and rotated at 4°C for 2 hours. The sepharose was pelleted at 6000 rpm
and 4°C for 30 seconds in an Eppendorf centrifuge (5415 D, rotor EL 082) and the
flow-through fraction (FT) was collected from the supernatant. The Protein A
Sepharose pellet was washed six times with wash buffer (20 mM Tris-HCI, 150 mM

NaCl, 1 mM EDTA, 10% glycerol, 0.3% DDM, 1x protease inhibitor, pH 7.5), and after
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the last wash the wash fraction (W) was collected from the supernatant; the remaining
supernatant was removed from the Protein A Sepharose pellet which formed the elute
fraction (E). All fractions were diluted in 2x protein loading buffer and further analysed

by SDS-PAGE and immunoblotting.

For anti-FLAG-immunoprecipitation, 60 ul of Anti-Flag M2 Affinity Gel (Sigma)
was washed with 100 ul of TBS buffer (10 mM Tris-HCI, pH 8.0, 150 mM NacCl) and
centrifuged at 6000 rpm and 4°C for 30 seconds in an Eppendorf centrifuge (5415 D,
rotor EL 082). Then, the pellet was washed three times with 60 ul of 0.1 M glycine-HClI,
pH 3.5, five times with 200 ul TBS buffer, and twice with 400 ul SB buffer. The resin
was centrifuged at 6000 rpm and 4°C for 30 seconds in an Eppendorf centrifuge (5415
D, rotor EL 082) and the pellet stored on ice. The chloroplast pellet was solubilised as
described above, the TL fraction was collected, and the complete affinity gel pellet was
added to the sample, followed by rotation at 4°C for 2 hours. The following steps were

performed just like for co-immunoprecipitation.

6.4.11 Protoplast isolation, transfection and microscopy

This method was based on a method described previously (Power and Davey, 1990).
About 6-10 Arabidopsis leaves (age 3-4 weeks) were pealed using the tape-Arabidopsis
sandwich method (Wu et al., 2009). Pealed leaves were incubated in 20 ml of enzyme
solution (1% cellulase, 0.25% maceroenzyme, 0.4 M mannitol, 10 mM CacCl,, 20 mM
KCI, 0.1% BSA, 20 mM MES-KOH, pH 5.7) for 2 hours at room temperature on a
shaker at lowest speed. The released protoplasts were transferred into a 50 ml Falcon
tube and pelleted at 60 g and 4°C for 5 minutes using a Legend RT centrifuge (Sorvall).

The pellet was washed twice with 25 ml of ice-cold W5 buffer (154 mM NaCl, 125 mM
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CaCly, 5 mM KCI, 5 mM glucose, 2 mM MES-KOH, pH 5.7). The protoplasts were
pelleted at 40 g and 4°C for 4 minutes and then resuspended in 2 ml of W5 buffer and
left on ice for 20 minutes. Protoplasts were counted using a counting chamber as de-
scribed in Section 6.4.7. After counting, the protoplasts were pelleted at 40 g and 4°C
for 4 minutes and the pellet was resuspended in N x 20 ul of ice-cold MMg buffer (0.4
M mannitol, 15 mM MgCl,, 4 mM MES-KOH, pH 5.7), were N is the number of proto-

plasts counted per 25 squares of the counting chamber.

For protoplast transfection, the required plasmid was prepared using a midi-prep
procedure as described in Section 6.2.3. PEG solution (40% PEG-4000, 100 mM
Ca(NOg3),, 200 mM mannitol) was prepared by melting the PEG in the solution by mi-
crowaving for 15 seconds, mixing, and then cooling to room temperature. Plasmid DNA
(10 pg or 10 ug each for BiFC; see Section 6.2.6) was diluted in 10 ul of sterile water in
a 2 ml microcentrifuge tube. Protoplast suspension (100 ul, in MMg buffer) was added
to the plasmid using a cut yellow tip, and immediately thereafter 110 ul of PEG solution
was added; this was then mixed by flicking and incubated at room temperature for 5
minutes. Then, twice 750 ul of W5 at room temperature was added, sequentially, and
the mixture was incubated for 5 and 2 minutes at room temperature, respectively. The
protoplasts were then washed twice with 1.5 ml of W5 at room temperature, and pellet-
ed at 40 g and room temperature for 2 minutes. The pellet was resuspended in 500 pl of
W5 at room temperature, transferred to a 6-well cell culture plate using a cut blue tip,
and incubated over-night at room temperature in the dark. Fluorescence microscopy was
then performed on the transfected protoplasts with an Eclipse TE2000-E fluorescence

microscope (Nikon) using filters for YFP (exciter HQ500/20x, emitter HQ535/30m) and
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for chlorophyll autofluorescence (exciter D480/30x, emitter D660/50m) (Chroma Tech-

nologies).
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