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1.1 Plastids

1.1.1 Origin and evolution of plastids

Chloroplasts are the most abundant organelles in a plant cell. Besides their familiar roles in
photosynthesis, chloroplasts accomplish many other key metabolic processes. Phylogenetic,
structural and biochemical analyses support a single primary origin of chloroplasts.
Presumably as a result of a single symbiotic association between a cyanobacterium-like
organisms and a mitochondriate eukaryote, a first plastid-containing species evolved. This
event is estimated to have occurred between 1.6 and 0.6 Ga ago (Yoon et al., 2004;
Cavalier-Smith, 2006). Over time, the foreign cell was reduced to a plastid being
surrounded by two membranes: the inner and outer membranes of the cyanobacterium
(Reumann et al., 2005). This endosymbiosis gave rise to a proto-alga, which diverged into
three lineages: the green lineage (Viridiplantae, the green algae and land plants), the red
lineage (Rhodophyta, the red algae) and the blue lineage (Glaucophyta, the glaucophytes)
(Delwiche, 1999; Moreira et al., 2000; Martin et al., 2002; Palmer, 2003; Bhattacharya et
al., 2004; Dyall et al., 2004; McFadden and van Dooren, 2004; Deschamps et al., 2008).

It is estimated that an ancestral organelle, the "protoplastid”, may have arisen after ca. 90%
of the total gene transfer from the genome of the cyanobacterial endosymbiont to the host
cell nucleus. Major constrains to keep the plastid functional were the followings: (i) to
control the expression of genes encoding photosynthetic and other essential proteins and (ii)
to evolve an envelope protein import machinery that allowed the gene products to be
imported back into the semi-autonomous photosynthetic organelle (Martin and Herrmann,
1998; Martin & Miiller, 1998; Martin et al., 1998). As a result of all of these events, our
today’s plastids are semi-autonomous organelles that contain only limited coding
information in their DNA. The plastid genome, the plastome, spans around 120 to 160 kbp
whose size varies in different species. A comparison of today’s plastid genome with that of
an extant cyanobacteria reveal that only 2-5% of ancestral genes are maintained in the
contemporary chloroplast genome. To synthesize the 50-150 of their own proteins, plastids
retained the competence for DNA replication, transcription and translation. However, the

vast majority of plastid proteins (2000-5000) are encoded in the nucleus.
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Due to its symbiotic origin, plastids are surrounded by two membranes: the outer envelope
membrane and the inner envelope membrane. It was proposed that the inner envelope was
inherited from the endosymbiont while the outer membrane has a mixed origin. These two
membranes present a barrier that cannot be crossed unassisted by proteins or metabolites
(Stern et al., 1997). Specific transport mechanisms thus were required. Proteomics
approaches have identified a large number of potential transporters in the envelope
membranes. Moreover, biochemical, cell biological and genetic studies have unveiled a
pathway of protein import into chloroplasts and other plastid forms that relies on the
operation of translocon complexes in the outer and inner envelope membranes designated as

TOC and TIC (see below).

TOC and TIC facilitate and control the import of proteins into the organelle and thereby
present one important regulatory point of nucleus-organelle interaction. The import
machinery of modern plastids is presumed to be of dual origin and to comprise both host
and symbiont components. However, the identity of the ancestral proteins contributing to
the developing protein import apparatus and the evolutionary sequence of this process,

remain thus far unresolved (Cavalier-Smith, 2000).

Plastids reproduce by division through binary fission which is morphologically similar to
bacterial cell division and that does not depend on plant cell division (review in Aldridge et
al., 2005). In spite of similar genetic information, plastids vary in size, shape, content,
internal structure and function. These different plastid types, influenced by cellular

development and external conditions, are presented below.

1.1.2 Different types of plastids

The photosynthetically active chloroplast was the primal organelle that developed from the
cyanobacterial endosymbiont. Within a time, evolution proceeded to create a family of
various plastids that derived from the chloroplast. Very little is known about the
evolutionary processes involved in the creation of different forms of plastids, however, it is
assumed that their development was imposed onto plastid by the host cell, independently
from endosymbiotic creation of the chloroplast, and thus cannot be ascribed to the

cyanobacterial ancestor (Vothknecht and Westhoff, 2001).
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In higher plants, plastids develop from small, round, colourless, nearly deprived of internal
membranes, undifferentiated organelles called proplastids, which reside in dividing,
meristematic cells. It is estimated that each meristematic cell contain 10 to 20 proplastids
(Lyndon and Robertson, 1976). Proplastids differentiate into several plastid types,
depending on the developmental stage and cell type during cell differentiation. Plastids have
long been classified into different types by virtue of their storage components and internal
structure. Currently, there is tendency to describe plastids rather as a continuous spectrum
of types, because precise categorization is often difficult and not always biologically

meaningful.

1.1.2.1 Etioplasts

Etioplasts are the organelles differentiated from proplastids in the absence of light. They
lack chlorophyll, but produce a large amount of colourless chlorophyll precursor,
protochlorophyllide (Pchlide). Etioplasts contain very few internal membranes and a
characteristic, large paracrystalline structure called prolamellar body, consisting of lipids,
carotenoids and essentially two isomeric proteins, the NADPH-protochlorophyllide

oxidoreductase A (PORA) and B (PORB) (Figure 1.1).

Plastoglobule

Prolamellar body
Inner cnvclope

Outer envelope

A B

Figure 1.1 The structure of the etioplast.

Structure of a typical etioplast. Electron micrograph of an etioplast from barley (A) and schematic view (B).
Courtesy of Armin Springer.
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These types of plastids are generally found during development in darkness
(skotomorphogenesis), in particular in seedlings germinating under the soil or covered by
fallen leaves. Already after a short period of illumination etioplasts differentiate into

chloroplasts, the prolamellar body is dispersed and thylakoids begin to form.

1.1.2.2 Chloroplasts
Chloroplasts are the most studied plastid types due to their photosynthetic activities. They
contain a green pigment, chlorophyll and are found in green plant tissues such as leaves,

stems and green fruits.

¥y
000

@ ;
@ _— Source: E. Boutet @
1. outer membrane 7. granum (stack of thylakoids)

2. intermembrane space 8. thylakoid (lamella)

3. inner membrane {1+2+3: envelope) 9. starch

4. stroma (aqueous fluid) 10. ribosome

5. thylakoid lumen (inside of thylakoid) 11. plastidial DNA

6. thylakoid membrane 12. plastoglobule {drop of lipids)

Figure 1.2 The structure of the chloroplast.

Structure of a typical leaf mesophyll chloroplast. Electron micrograph taken for barley (A) and schematic
view (B). Courtesy of Armin Springer.
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In higher plants, upon illumination, as meristematic cells begin to differentiate into
mesophyll and palisade cells, proplastids differentiate into chloroplasts. During the progress
of chloroplast maturation the internal membrane system develop thylakoid structure. First,
long lamella are formed which are later accompanied by smaller, disc-shaped structures that
associate into grana stacks (Figure 1.2). Simultaneously, the typical lens-shape form of the
chloroplast develops. Finally, mature plant chloroplasts contain a complex and intertwined
internal membrane system named from Greek “thylakoids” (sack-like) which are
responsible for light energy capture and its transformation into chemical energy. In fully
mature chloroplast, there is no continuation between the inner envelope and the thylakoids
(Vothknecht and Westhoff, 2001). The conversion of proplastids into chloroplasts is
accompanied by high transcription levels of plastid- and nuclear-encoded genes involved in
the transcription/translation apparatus (Baumgarther et al., 1989). The expression of these
genes decreases once the mature chloroplast is established. In contrast, genes required for

photosynthesis are highly expressed only later in development (Bisanz-Seyer ef al., 1989).

Chloroplasts are responsible for oxygenic photosynthesis as well as for the synthesis of
amino acids, fatty acids, terpenoids and other key metabolites. Chloroplasts also play a role
in reduction of nitrites and sulfates and their conversion into organic compounds, providing
necessary products for cell function and metabolism. Last but not least, chloroplasts are also
involved in the exchange of inorganic cations, anions and many other low molecular weight
compounds and metabolic intermediates. Transport of all these compounds is facilitated by

protein machineries residing in the chloroplast envelope membranes.

1.1.2.3 Other plastid types

The extended plastid family includes chromoplasts, amyloplasts and leucoplasts. These are
specialized forms of plastids used for coloration or storage. Chromoplasts are carotenoid-
containing plastids found in many flower petals, fruits and roots. Coloration of these organs
is often ascribed to chromoplasts and this might even be their main function. Amyloplasts
are non-green, starch-storing plastids, usually found in storage organs, such as root tubers.
They resemble proplastids but contain starch granules. In root tips, amyloplasts serve also
as statholits for the gravity-sensing apparatus (Morita and Tasaka, 2004). Leucoplasts are
characterized by a lack of coloration and they are involved in the synthesis of monoterpene

compounds (hydrocarbons and oxygenated compounds) which are volatile constituents of
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essential oils. They are found in floral organs and in specialized secretory glands associated

with leaf and stem trichomes.

It is believed that plastids are partially interconvertible. However, the conversion of
different plastid types require dramatic changes in their ultrastructure, including the
biogenesis, reorganization, or disassembly of internal membranes, which are not yet

understood at a molecular level.

1.2 Role of light signaling in gene regulation during plant

development

Light can act as a signal for activating a developmental program already during early plant
growth. Its perception is mediated through the action of various photoreceptors, including
phytochromes, cryptochromes and phototropins. They are implicated in coordination of
specific signal transduction pathways, originating from chloroplast or nucleus, which in turn
activate or repress expression of several thousand genes. Their expression is responsible for

adaptation of plant development to changing environmental light conditions.

1.2.1 Plant developmental adaptations to light

Light plays very important roles in plant growth and development, besides its major and
essential function in photosynthesis. Depending on the presence or absence of light, plants
can follow two distinct developmental programs which are called skotomorphogenesis and
photomorphogenesis. Plants which develop in the presence of light undergo a series of
coordinated changes as a result of which they establish a photomorphogenetic phentotype
(Kendrick and Kronenberg, 1994). Light-grown seedlings have short hypocotyls, unfolded
and expanded, green leaves (Figure 1.3). Due to the differentiation of chloroplasts and the
accumulation of chlorophyll (Chl), many metabolic processes associated with
photosynthetic activities become operational. On the other hand, when plants are grown in
the absence of light, they follow a distinct growth pattern, called skotomorphogenesis.
Dark-grown, etiolated seedlings display long and thin hypocotyls topped by an apical hook,
as well as closed and unexpanded cotyledons (Figure 1.3). Dark-grown angiosperm
seedlings are devoid of Chl and thus incapable of photosynthetic function. If such plants are

left to grow in the dark, they will finally die. However, under natural conditions, when the
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seedlings break through the soil after germination, de-etiolation occurs. In the uppermost
parts of the soil, light is harnessed and used to triggers Chl biosynthesis and chloroplast
development. The cotyledons start to open, they continue to expand and begin to
photosynthesize. In parallel, hypocotyl elongation is inhibited and cell differentiation in
vegetative meristems is initiated. Proplastids present in leaf meristems and previously
formed etioplasts in dark-grown tissues differentiate into photosynthetically active

chloroplasts.

Dark Dark-Light

h = hypocotyl
¢ = cotyledon

Figure 1.3 Photomorphogenesis and skotomorphogenesis in the model plant
Arabidopsis thaliana.

When seedlings are grown in the light they undergo a developmental program known as
photomorphogenesis. During this process, hypocotyl growth is inhibited and the cotyledons unfold and
green. If, however, seedlings germinate in the dark, they follow a distinct growth pattern, designated
skotomorhogenesis. During this process, all of the nutrient reserves in the seeds are invested into hypocotyls
growth. Cotyledons remain tightly folded and closely apposed to the apical hook. There is no detectable
greening in dark-grown seedlings. The images show 5 d-old seedlings of Arabidopsis thaliana (A.th) grown
for 5 d in the light and dark, respectively, and seedlings that had been grown for 5 d in the dark and exposed
to white light for 24 h.
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1.2.2 Light perception and phytochrome action on photosynthetic genes

In plants, light-dependent responses are controlled by the action of three types of
photoreceptors: phytochromes absorbing the red and far red light, cryptochromes absorbing
blue, green and UV-A light and phototropins absorbing blue light.

Phytochrome is presumably the best characterized type of photoreceptor. It is a protein
containing covalently attached chromophore, phytochromobilin. Phytochrome exists in two
interconvertable conformations with different absorbtion spectra: biologically active Pfr
absorbing far red light and Pr absorbing red light. In the dark, de novo synthesized
phytochrome is present in the Pr form in the cytoplasm. Light contains more red than far red
light and thus in daytime Pr is converted to Pfr form. Work of Nagy and Schaefer (2002) on
Arabidopsis have shown that upon illumination there is a translocation of a fraction of Pfr to
the nucleus, implicating signal transduction pathways coupling phytochrome action to
nuclear gene activation. Ni et al. (1999) demonstrated phytochrome to physically interact
with at least one transcription factor, PIF3, in a light dependent manner. Later, it was
revealed that PIF3 binds to G-BOX elements of light regulated genes and is required for
phytochrome-mediated regulation of several genes (Quail, 2000). Phytochrome mediates a
variety of photomorphogenic phenomena including leaf expansion and inhibition of stem
elongation. Arabidopsis contains five phytochrome genes, PHYA-PHYE, each with distinct
but often overlapping functions. Different phytochromes control different plant processes in
response to light. Depending on the amount of photons required to elicit a response,
phytochrome responses fall into three categories: high-irradiance responses (HIR), low
fluence responses (LFR) and very low fluence responses (VLFR). Phytochrome A and B
appear to be the prominent forms controlling seed germination and post-germination

development.

Much of our knowledge of light perception and signaling has come from genetic analyses of
photomorphogenesis. Essentially two types of mutant screens, impaired in PHY signaling,
have been performed: 1) screens for long hypocotyl (hy) mutants that look like dark-grown
seedlings even in the presence of light due to their insensitivity to light, and 2) screens for
constitutive photomorphogenic (cop)/de-etiolated (detf) mutants that exhibit light-grown
phenotype when grown in the dark. Studies on various /4y mutants have enabled to verify

the unique roles of PHYA and PHYB during seedling development and identify genes that
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function as positive regulators of light signaling. For example, 4y3 and Ahy8 were found to
be deficient in the PHYB and PHY A apoproteins, respectively, while Ay/ is devoid of the
phytochromobilin chromophore (Reed et al., 1993; Whitelman et al., 1993). The most
severe phenotype was found in Ay5, deficient in a bZIP transcription factor that operates

both in PHY A and PHYB signalling (Oyama et al., 1997).

The second major mutant class comprises the cop/det mutants that display constitutive
photomorphogenesis in darkness and therefore are thought to function as negative
regulators of light signaling (for a review, see Moller et al., 2002). In other words, the
normal function of DET and COP genes is to repress photomorphogenesis in the dark.
Many of the cop/det mutants identified thus far, are defective in genes encoding proteins
that form a large nuclear complex called the COP9 signalosome (SCN). The COP9
signalosome is a proteolytic complex that is presumed to degrade positive regulators of
photomorphogenesis in the dark and negative regulators in the light after their
ubiquitination (Hardtke and Deng, 2000). It is interesting to note that another COP protein
COPI1, may provide a direct link to the SCN complex. COPI is similar to E3 ubiquitin
ligases, which are involved in targeting proteins for 26S proteosome-mediated degradation.
One of the targets of COP1 in the dark is HYS, which is ultimately directed for degradation
by the SCN complex (Holm et al., 2002).

1.2.3 Chlorophyll biosynthesis

Chlorophyll (Chl), a green pigment found in most plants, algae and cyanobacteria, was first
isolated in 1817 by Joseph Bienaimé Caventou. Its name comes from Greek and means
green leaf (chloros phyllon). It is involved in light absorption and energy transduction
through photosynthesis. In plants, next to phycobilins (phytochromobilin) and Fe*"*'-
porphyrins (hemes), Chl is the most abundant and probably most important tetrapyrrole. It
belongs to Mg®" porphyrins family and consists of four pyrrole rings (A, B, C, D) ligated
into a tetrapyrrole ring with a magnesium atom inserted in the center and the phytol tail
attached to ring D (Figure 1.4). We distinguish two types of Chl in higher plants: Chl a with
a methyl group in position 3 and Chl b which has a formyl group instead of methyl group at

this position.
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Figure 1.4 Chemical structure of chlorophyll.

The magnesium atom is enclosed in the centre of the tetrapyrrole ring, being composed of four pyrrole rings
annotated A, B, C and D. A phytol tail is attached to the C17 position of the macrocycle. Chlorophylls @ and
b differ by the substituent at C7: a methyl group in Chl ¢ and a formyl group in Chl b. Modified from
Eckhardt et al. (2004).

1.2.3.1 Steps, intermediates, enzymes

Chl biosynthesis, as well as its accumulation and degradation, is tightly associated with
chloroplast development, photomorphogenesis and chloroplast-nuclear signaling. Studies on
mutants in Arabidopsis considerably helped in exploring the biochemistry and molecular
biology of this pathway and its regulation. Recently, identification of almost all genes
involved in Chl synthesis has been reported (Eckhardt et al., 2004). The C5-pathway of
chlorophyll synthesis comprises 15 enzymatic reactions which all take place in chloroplast.
Chl synthesis is compartmentalized as follows: enzymes catalyzing the early steps in the
Chl synthesis are highly soluble and thus mostly located in the chloroplast stroma, whereas

enzymes of the late steps are associated with thylakoid or inner envelope membranes.

Indeed, Chl synthesis can be divided into three major parts: 1) formation of 5-
aminolevulinic acid (5-ALA), the first committed precursor of all tetrapyrroles including
Chl and heme; 2) formation of protoporphyrin IX (Proto) from eight molecules of 5-ALA;

and 3) formation of Chl via the magnesium branch (Figure 1.5).
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In the first stage of the C5-pathway, the amino acid glutamate is converted in a three-step
reaction to 5-ALA. In plants, plastid 5-ALA synthesis requires the coordinated actions
between three enzymes: glutamyl-tRNA synthetase, glutamyl-tRNA reductase (GluTR) and
glutamate-semialdehyde amino transferase. Glutamyl-tRNA synthetase requires the cognate
amino acid (glutamate) and tRNA as substrates, and the energy of ATP hydrolysis. This
reaction is unusual in that it involves a covalent intermediate in which the amino acid is
attached to a transfer RNA molecule. This reaction belongs to one of very few examples in
biochemistry where a tRNA is used in a process other than protein synthesis. The resulted
glutamyl-tRNA"™ is then converted via GIuTR in a NADPH and Mg*" dependent manner
into glutamate 1-semialdehyde (GSA) with the release of free tRNA that can be reused for
aminoacylation by glutamyl-tRNA synthetase. Glutamate-semialdehyde amino transferase

catalyzes the final step in 5-ALA synthesis, the transamination of GSA, to yield 5-ALA.

The second stage of the C5-pathway comprises the steps from 5-ALA to Proto. In a reaction
catalyzed by 5-ALA dehydratase (also known as porphobilinogen synthase), two molecules
of 5-ALA are condensed to form porphobilinogen (PBG), which ultimately form the pyrrole
rings in Chl. The next stage is the assembly of a porphyrin structure from four molecules of
PBG, catalyzed by PBG deaminase, to yield hydroxymethylbilane. It is followed by a ring
closure and parallel isomerisation, leading to uropophyrinogen III, the first macrocyclic
tetrapyrrole. This reaction is catalyzed by uropophyrinogen III synthase. Three subsequent
reactions convert uropophyrinogen III to Proto, leading to transformation of a hydrophilic,
poor metal binding, photochemically unreactive species into one that is hydrophobic, binds
metals tightly and is photochemically reactive. The establishment of all of these traits is
necessary to allow light-harvesting and perform the photochemical functions by Chl. On the
other hand, the porphobyrinogens are much less photoreactive than porphyrins. Thus, only
at the last step, where the superior metal chelating properties of the porphyrin are needed,
the conversion of porphyrinogen into a porphyrin takes place. In the first reaction, catalyzed
by uroporphyrinogen III decarboxylase, the decarboxylation of the four acetate residues of
uroporphyrinogen III occurs, yielding coproporphyrinogen III. Then, two successive
oxidations catalyzed by coproporhyrinogen oxidase and protoporphyrinogen oxidase lead to

the formation of protoporphyrinogen IX and Proto, respectively.
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Figure 1.5 The biosynthesis pathway leading to chlorophyll.

The enzymes that catalyze the indicated steps of Chl biosynthesis are the followings: (1) glutamyl-tRNA
synthetase; (2) glutamyl-tRNA reductase; (3) glutamate 1-semialdehyde aminotransferase; (4)
porphobilinogen synthase; (5) hydroxymethylbilane synthase; (6) uroporphyrinogen III synthase; (7)
uroporphyrinogen III  decarboxylase; (8) coproporphyrinogen III oxidative decarboxylase; (9)
protoporphyrinogen IX oxidase; (10) protoporphyrin IX Mg-chelatase; (11) S-adenosyl-L-methionine:Mg-
protoporphyrin IX methyltransferase; (12—14) Mg-protoporphyrin IX monomethyl ester oxidative cyclase;
(15) divinyl (proto)chlorophyllide 4-vinyl reductase; (16) light-dependent NADPH:protochlorophyllide
oxidoreductase or light-independent protochlorophyllide reductase; (17) chlorophyll synthase. Modified from
Beale (1999).
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All the biosynthesis steps up to this point are the same for the synthesis of both Chl and
heme. But then the pathway bifurcates, and the fate of the molecule depends on which metal
is inserted into the center of the porphyrin ring system. Insertion of magnesium produces
Mg-ProtoIX which needs to be modified further to produce Chl. Insertion of Fe*"** leads to
heme. Steps which follow Mg-chelatase are the followings: first, Mg**-Proto is esterified to
Mg’ "-Proto monomethyl ester (MgProtoMe) by a methyl transferase. Then, the isocyclic
ring of the macrocycle is formed by the MgProtoMe cyclase. This reaction requires O,,
NADPH, and some membrane-associated enzymes. The final product of Mg-branch is
divynyl Protochlorophyllide a (Pchlide a). In angiospmerms, in the dark, some or most of
the divynyl Pchlide a is converted to monovinyl Pchlide a via 4-vinyl reductase.
Subsequent reduction of the C17/C18 double bound in ring D requires light in angiosperms
and is catalyzed by the NADPH-Pchlide oxidoreductase (POR), which is a key enzyme of
Chl synthesis in angiosperms (see below). The final step in the Chl biosynthetic pathway
involves the attachment of the phytol tail, which is catalyzed by an enzyme called Chl
synthetase. Subsequent conversion of Chl a into Chl b is driven by Chl a oxygenase (CAO)
(Oster et al., 2000). Recently, it was shown that this enzyme can also catalyze a conversion
of Chlide a into Chlide b (Reinbothe ef al., 2006 a). While previous dogmas in the field said
that CAO would be the only enzyme involved in Chl b synthesis, alternative models suggest
an early branching of the C5-pathway at the stage of Pchlide a (Figure 1.6). An enzyme was
identified that can convert Pchlide a to Pchlide b in vitro (see below). Vice versa, enzymes
that interconvert Chl b to Chl a and Pchlide 4 to Pchlide a have been identified in some
plant species (Scheumann et al., 1998; Reinbothe et al., 2003 a) (summarized in Figure

1.6).
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Figure 1.6 Interconverisons between Chl a and b and their precursors.

PTC52: protochlorophyllide a oxygenase; POR: light-dependent protochlorophyllide oxidoreductase;CAR:
7-formyl reductase; CBR: chlorophyllide b reductase; CS: chlorophyll synthase; Chlase: chlorophyllase;
CAO: chlorophyllide a oxygenase.

1.2.3.2 Regulation of the chlorophyll biosynthesis pathway by light
The biosynthetic pathway of Chl from 5-ALA to uroporphyrinogen III and beyond to Proto

is essentially the same as that of heme. Thus, it is important to control tightly the synthesis
of these components, accordingly to the needs of cell, tissue or organ. On the other hand, a
chemical structure of tetrapyrrol intermediates (system of conjugated double bounds) is
responsible for their extreme photoreactivity. In the presence of light and under aerobic
conditions, free tetrapyrroles can be easily excited and then generate singlet oxygen as one
form of reactive oxygen species (ROS). Singlet oxygen in turn can provoke pigment
bleaching, lipid peroxidation and protein degradation. Both cytotoxic effects as well as
specific signaling functions are currently discussed to account for the cell death phenotype
triggered by singlet oxygen (op den Camp et al., 2003). A subtle counterbalance between
ROS production and quenching is normally maintained during photosynthesis where singlet
oxygen is easily produced in the reaction center of photosystem 2 (PSII). However,
perturbations of tetrapyrrole biosynthesis result in accumulation of excess amounts of free

porphyrins operating as photosensitizers and thus are deleterious to the plant. This property
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may explain why tetrapyrroles in plants need to be bound to proteins and why they are kept

at very low levels as free pigments.

Plants have evolved several different strategies to cope with this problem. They in fact limit
the accumulation of free tetrapyrroles among the cells by depressing expression of the entry
enzymes of the C5-pathway in the dark. Moreover, an elaborate feedback control system
prevents excess pigment accumulation in the dark. Another possibility is to rapidly
“channel” the intermediates through larger complexes. This mechanism lowers the amount
of solvent-accessible substrates and products and eliminates the risk of interaction with
oxygen. For example, it was reported that Mg-chelatase interacts with Mg-Proto methyl

transferase (Alawady et al., 2005).

1.2.3.3 Feedback inhibition of 5-ALA synthesis in Angiosperms

The earliest control point of the C5-pathway is that of 5-ALA production, which is
generally accepted to be the rate-limiting process of Chl biosynthesis (Beale and Weinstein,
1990). When angiosperms are grown in the dark, Chl synthesis leads to the formation of
Pchlide, the only intermediate found to detectable levels. Once a critical level of Pchlide has
been reached, 5-ALA synthesis is rapidly switched off (Granick, 1950). Only after
illumination, when Pchlide is photoreduced to Chlide by POR, synthesis of 5-ALA
ressumes. In plants, the level of 5-ALA is controlled by a feedback loop exerted by heme
and Pchlide at the level of GIuTR (Beale, 1990; Huang et al., 1989).

In Arabidopsis, GIuTR is encoded by two genes, named HEMAI and HEMA2, which show
different expression patterns (McCormac et al., 2001). HEMAI is expressed in all
photosynthetic tissues, whereas HEMA?2 is expressed only in roots. Despite the fact that
HEMA transcription is positively regulated by light, there are also two other mechanisms
of control of GIuTR, both exerted at the protein level. The first control is executed by an
allosteric inhibitor of GIuTR, heme. The first 31-34 amino acids at the N-terminus of the
mature protein were accounted to be heme-responsive (Vothknecht, 1996). The second is

executed by the FLUORESCENT (FLU) protein (Meskauskiene and Apel, 2002).

Meskauskiene et al. (2001) identified FLU in Arabidopsis using a genetic approach. In
dark-grown angiosperms, Chl synthesis is blocked at the level of Pchlide and the authors
found that this block is no longer operational in plants with a defective FLU gene. FLU

interacts with GIuTR and due to its absence, 5-ALA synthesis occurs in an uncontrolled
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manner, leading to overproduction of free Pchlide molecules. Once illuminated, these free
pigments trigger photooxidative damage (Meskauskiene et al., 2001). Interestingly, FLU is
unrelated to any of the enzymes known to be involved in tetrapyrrole synthesis. It is a
nuclear-encoded plastid protein that, after import and processing, becomes tightly
associated with plastid membranes. Orthologous of FLU occur in other plant species and
have been named TIGRINA“"? in barley (Lee et al., 2003). Yeast two-hybrid screens allowed
identification of its tetratricopeptide repeat motif, responsible for mediating the interaction
with GIuTR. Interestingly, the region of GIuTR involved in protein-protein interaction with
FLU, is located at the C-terminus and thus, far away from the heme regulatory site
(Meskauskiene and Apel, 2002). This work explains how heme and FLU can independently
regulate the C5-pathway (Figure 1.7). Nevertheless, the details on the mechanisms

explaining how FLU can sense the actual Pchlide level are unknown.
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Figure 1.7 Scheme of tetrapyrrole biosynthesis in angiosperms, highlighting the
negative feedback loops exerted by heme and FLU on glutamyl-tRNA reductase.

Names of controlling enzymes are indicated and question marks show several possibilities of how FLU may
regulate 5S-ALA synthesis. Taken from Meskauskiene ef al. (2001).
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In contrast to enzymes required for 5-ALA synthesis, all of the other enzymes catalyzing
further steps of Chl biosynthesis seem to be present at levels that are not rate limiting. Their
abundance and activity, however, may be under the control of other factors such as cell type

and age of the plant (Spano and Timko, 1991; Witty et al., 1993).

1.2.3.4 Light-dependent Protochlorophyllide reduction

The second major point of control of the C5-pathway occurs at the step of Pchlide
reduction, the only light-requiring step in Chl synthesis. In higher plants, this reaction is
catalyzed by light-dependent POR (Apel et al., 1980). This enzyme is essential for plant
greening, because unlike most other photosynthetic organisms, angiosperms have no other
alternative to reduce Pchlide in the dark (see review by Armstrong, 1998). Eukaryotic light-
dependent POR is a peripherical membrane-associated, monomeric enzyme of 35-38 kDa
(Holtorf et al., 1995). It is nucleus-encoded protein which is synthesized as a larger
precursor: preprotein, containing a transit peptide at its N-terminus in the cytosol (Apel,
1981). During or after its post-translational import into the plastids, the transit peptide is

cleaved off and POR operates as a mature protein once located inside the plastids.

In Arabidopsis, three structurally related but differentially expressed POR proteins and
genes were identified, designated PORA, PORB and PORC (Reinbothe et al., 1995;
Armstrong et al., 1995; Oosawa et al., 2000). While PORA is active only during very early
stages of the light-induced greening of etiolated seedlings, PORB persists during the
transition from etiolated to light growth and is also abundant in green plants. The third POR
enzyme, PORC, is expressed in older seedlings and adult plants. It was shown that both
PORB and PORC play redundant roles in maintaining light-dependent Chl biosynthesis in
green plants, and its expression is essential for their growth and development (Frick et al.,

2003).

1.2.3.5 LHPP as a link between skotomorphogenesis and photosynthesis of higher
plants

At first glance, one might expect the PORA and PORB to accomplish redundant roles in
vivo. In barley, PORA and PORB share approximately 85% of identity in amino acid
sequences, both are light-dependent and NADPH-dependent enzymes that reduce Pchlide to
Chlide in vitro. Although their reaction specificities are identical, they are strikingly

different in their substrate requirements. There are several forms of Pchlide present in the
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plastidic Pchlide pool which can be distinguished by spectroscopic techniques (Ryberg and
Sundqvist, 1991). Structurally different forms of Pchlide, such as Pchlide @ and Pchlide b,
as well as their esterified and nonesterified forms, have been detected within different
plastid compartments. The functions of most of these different Pchlide forms remain largely
unknown. However, in vitro reconstitution experiments with the zinc analogs of Pchlide a
and Pchlide b, permitted to propose a role for the PORA and PORB in etiolated barley
plants.

During a couple of experiments it was first shown that the PORA and PORB display
different substrate specificities. PORA was found to be specific for Pchlide » and PORB for
Pchlide a. Moreover, in vivo studies detected Pchlide b and Pchlide a in etiolated barley
plants and even allowed demonstrating that only Pchlide a bound with NADPH to PORB
was reduced to Chlide a. In the reconstituted and isolated native complexes, a 5:1
stoichiometry of PORA-Pchlide 5-NADPH to PORB-Pchlide a-NADPH was observed
(Reinbothe ef al., 1999 and 2003). The major roles of the complex dubbed Light-Harvesting
POR:Pchlide complexes (LHPP) were (i) light trapping and (ii) conferring photoprotection

onto newborn seedlings after their germination in darkness (Figure 1.8).

PORA-
Pchlide b

Figure 1.8 Model of a Light-Harvesting POR-Protochlorophyllide (LHPP) complexes
in etiolated angiosperm seedlings.

LHPP is supposed to consist of 5 PORA-Pchlide »-NADPH ternary complexes and 1 PORB-Pchlide a-
NADPH complexes, that are held together in ring-like structures in conjunction with membrane lipids of the
prolamellar body of etioplasts. LHPP’s two major functions are (i) light-harvesting and (ii) excess light
energy dissipation.
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The way of how LHPP may function is reminiscent to that of the major Light-Harvesting
Complex of photosystem II, LHCII (Kiihlbrandt et al., 1994). By analogy to LHCII, which
is composed of Chl a and Chl b, LHPP also contains two different types of pigments:
Pchlide a and Pchlide . However, in contrast to LHCII, these two pigments are bound to
two different proteins: PORB and PORA, respectively. In the case of LHCII, a single
protein is sufficient to function with both attached Chls. Furthermore, monomeric LHCII
assembles to operate as trimer (Dreyfuss and Thornbeer, 1994), whereas LHPP contains
even larger assemblies of the two POR proteins that additionally are developmentally
regulated and may vary in size (Reinbothe et al., 2004, Plant Sci.). As LHPP is located in
prolamellar body of etioplasts, the native LHPP complex additionally contains galacto- and
sulfolipids which drastically affect the spectral properties of the complex and help establish
an overlap with the action spectrum of phytochrome operating in seedling de-etiolation. All
of LHPP’s constituents may be held together in ring-like structures in the prolamellar body
of etioplast. In LHCII, energy absorbed by Chl b is rapidly (within less than 1ps) transferred
to Chl a, where it remains for 1-3 ns. This energy transfer between different Chls is possible
because of the different energy contents and life times of their excited states (Palsson ef al.,
1994). Presumably, for the same reasons, a similar mechanism of energy transfer between
Pchlide b and Pchlide a, operates in LHPP. Hereby, Pchlide » bound to PORA in the
periphery of the complex is not photoconvertible in the first instance but operates as
antenna. When a conversion of Pchlide a to Chlide a by virtue of PORB has occurred,
LHPP dissociates, as deduced from the in vitro-reconstitution experiments and PORA gains
active as Pchlide b reducing enzyme. This reaction, however, operates only for short period
after de-etiolation, after which PORA 1is degraded by proteases. By contrast, PORB remains

active in illuminated plants and may cooperate with PORC in mature plants.
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1.3 The import of the pPORA and pPORB into the plastids

1.3.1 A brief overview of the general protein import pathway

Chloroplasts contain approximately 2000-3000 different proteins of which the
overwhelming part is encoded in nuclear DNA. It was for a long time believed that most of
the proteins destined to the primordial chloroplast acquired cleavable NH,-terminal transit
sequences for import (Keegstra et al., 1989). However, recent proteomic studies have

shown that this view is too simple.

Kleffmann et al. (2004) identified 604 chloroplast proteins of which only 376 were
predicted to contain NH,-terminal transit sequences. Of the remainder, 37 were predicted to
have a mitochondrial targeting signal, 40 to have a signal peptide for translocation into the
endoplasmic reticulum (ER), and 142 to possess no cleavable presequences. Evidence is
emerging for the dual targeting of cytosolic proteins to mitochondria and chloroplasts
(Peeters and Small, 2001), for the plastid import of transit peptide-less precursors (Miras et
al., 2002, 2007), and for the involvement of the ER in the import of certain precursors into

chloroplasts (Villarejo et al., 2005).

pPORB pPORA
Outer envelope £ 64 [ 75|34 ""
Ptc-dependent
Inner envelope : 55 fa » 52 complex
110 K2 3

stroma

Figure 1.9 Schematic view of the differential import of pPORA and pPORB into the
plastids.

While pPORA embarks the protochlorohyllide-dependent translocon, PTC, during its substrate-dependent
import, pPORB enters the plastids via the TOC and TIC machineries. Numbers give molecular masses of the
components operating in either pathway.
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Chloroplast precursor proteins containing cleavable NH,-terminal transit sequences interact
with translocon complexes of the outer and inner plastid envelope membranes, called the
TOC and TIC machineries (Schnell et al., 1997). Pioneering work performed for pea
chloroplasts identified the TOC complex to consist of three core components: TOC159,
TOC75, and TOC34 (Perry and Keegstra, 1994; Hirsch et al., 1994; Kessler et al., 1994;
Schnell et al., 1994; Tranel et al., 1995; Bolter et al., 1998a; Chen et al., 2000; Jelic et al.,
2002), (Figure 1.9). Likely in concert, these three proteins mediate the recognition, binding
and translocation of the cytosolic precursors across the outer plastid envelope membrane
(see Keegstra and Cline, 1999; Jackson-Constan and Keegstra, 2001; Bedard and Jarvis,
2005; Hofmann and Theg, 2005; Kessler and Schnell, 2006, for reviews).

Biochemical and molecular genetic studies using the model plant Arabidopsis thaliana have
challenged the view that all of the different transit peptide-containing cytosolic precursors
would enter the organelle through the same, trimeric, TOC159/TOC75/TOC34 import
machinery. Bauer et al. (2000) identified two TOC proteins that complement the previously
discovered main preprotein receptor protein TOC159. All three proteins share conserved GTP
binding domains and membrane anchors but differ in the length of their cytosolically exposed
NH,-terminal presequence receptor domains (Bauer et al., 2000; Ivanova et al., 2004). Pull-
down and genetic assays confirmed that while TOC159 is involved in import of photosynthetic
precursors, TOC120 and TOC130 are responsible for the import of other, non-photosynthetic
proteins (Smith ef al., 2004). Furthermore, it was shown that a TOC regulatory GTP-binding
protein consists of twin components, termed TOC33 and TOC34, which exhibit different
precursor specificities and expression patterns during plant development (Jarvis et al., 1998;
Gutensohn et al., 2000; Jelic et al., 2003; Kubis et al., 2004), (see below). Last but not least,
the B-barrel protein TOC75, which establishes a hydrophilic translocation channel through
which the majority of the cytosolic precursors are transported across the outer envelope
(Hinnah et al., 1997, 2002), is encoded by three genes in Arabidopsis of which two have
different expression patterns and presumed functions (Baldwin et al., 2005). Evidence is
accumulating for the existence of multiple, regulated TOC complexes in the outer envelope of

chloroplasts.

The TIC complex is less well characterized than the TOC complex. It consists of at least
three core components: TIC110 (Kessler and Blobel, 1996), TIC40 (Wu et al., 1994; Stahl
et al., 1999) and a caseinolytic protein (Clp) C-class Hsp93 chaperone (Akita et al., 1997;
Nielsen et al., 1997; Constan et al., 2004). Other, presumably auxilliary components
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comprise TIC55 (Caliebe et al., 1997), TIC22 and TIC20 (Kouranov ef al., 1998; Kouranov
et al., 1999; Chen et al., 2002), as well as TIC62 (Kiichler et al., 2002). The different TIC
proteins were isolated by their co-purification with certain model precursors in transit

across the inner envelope and chemical crosslinking.

1.3.2 Differential plastid import of the pPORA and pPORB

All angiosperm POR proteins are nucleus-encoded plastid proteins that must be imported
post-translationally from the cytosol. /n vitro and in vivo experiments have shown that the
precursors of PORA (pPORA) and PORB (pPORB) enter the plastids through different
pathways (Figure 1.9). Import of pPORA depends on the presence of its substrate, Pchlide
(Reinbothe et al., 2000; Kim and Apel, 2004), which is localized in the envelope
membranes (presumably at the stromal side of the inner envelope, S. Reinbothe,
unpublished results). By contrast, import of pPORB does not depend on the presence of
Pchlide.

Several approaches were used to answer the question of whether the pPORA and pPORB
would enter the plastids through the same or distinct protein import complexes. These
include: (i) competition experiments using excesses of the small subunit of ribulose-1,5-
bisphosphate carboxylase/oxygenase, ferredoxin and other photosynthetic proteins, (i)
antibodies against known components of the TOC machinery and (iii) crosslinking carried
out with different derivative pPORA and pPORB precursors. These studies revealed that
pPORB enters the plastids via the standard protein import machinery, whereas pPORA
enters the plastids via a non-canonical import machinery, Using crosslinking approaches,
plastid envelope proteins could be identified that interact with the pPORA during its
Pchlide-dependent import, called protochlorophyllide-dependent translocon proteins, PTCs.
Using a '*I-APDP-derivatized precursor, Reinbothe et al. (2004a) could show that 8-10
different proteins co-purify with the precursor in junction complexes between the outer and
inner envelope membrane that were established at 0.1 mM Mg-GTP and 0.1 mM Mg-ATP.
Four of these proteins could be identified by protein sequencing. The structure and role of
three of these proteins that are of immediate interest to the present work will be briefly

discussed here.
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1.3.3 PTC52, a Pchlide a-oxygenase located in the inner envelope of barley
and Arabidopsis chloroplasts

PTC52 belongs to a small, 5-member family of ubiquitous non-heme oxygenases that is
defined by the presence of Rieske and mononuclear iron binding domains. Besides PTC42,
members of this family comprise the inner plastid envelope translocon protein TICS5S, the
lethal leaf spot protein LLS1, chlorophyllide a oxygenase (CAO), cholin monooxygenase
(CMO). A comprehensive bioinformatics study suggests that PTC52, PAO (Pheophorbide a
oxygenase), CAO, and TICS55 evolved from a cyanobacterial ancestral gene (SLRI1747)
whose function may have evolved during the transition to oxygenic photosynthesis (Gray et
al., 2004). In contrast, the CMO gene appears to have a separate origin and is more closely
related to enzymes in soil bacteria that catabolize aromatic compounds (Gray et al., 2004).
In addition to the highly conserved Rieske (CxHx;6.17Cx2H) and mononuclear iron binding
(Nx2Dx34Hx4H) motifs, PTC52, PAO and TIC55 proteins from different plant species share
the presence of a conserved, CxxC motif reminiscent of thiolreductases at approximately 73
amino acids from the carboxy terminus which is also found in homologs from Synechocystis
and Anabena. Via this CxxC motif, TIC55, PTC52 and PAO are prone to regulation by the
thioredoxin system and also respond to oxidative stress (Bartsch et al., 2008). No CxxC motif
is present in CAO, which exhibits a larger amino terminus not contained in PTC52, PAO or
TICS5, and CAO does not respond to either the thioredoxin system or oxidative stress (Bartsch
et al.,2008).

All of these Rieske Fe-S proteins are predicted to be chloroplast-localized. CAO and LLS1
act in chlorophyll biosynthesis and degradation, respectively. By contrast, PTC52 has an
anabolic function. It associates with the pPOR at late stages of import when the precursor is
accessing the inner envelope. In vitro import, fractionation and other biochemical
experiments showed that PTC52 is an inner plastid envelope Pchlide a oxygenase which
drives synthesis of Pchlide b, the cognate substrate of PORA. Loss-of-function mutation in
the Arabidopsis PTC52 gene gave rise to an embryo-lethal phenotype, suggesting an
essential role of PTCS52 in planta.
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1.3.4 TOC33 and TOC34, twin GTPases in the outer envelope with

partially redundant roles

The second component that was isolated by its co-purification with pPORA is a 33kDa
protein related to TOC33 and TOC34. TOC33 and TOC34 are GTP binding proteins first
identified in pea and later in Arabidopsis chloroplasts. They share the same basic architecture
and consist of a GTP-binding domain (G-domain) and a membrane anchor domain (M-
domain), (Bauer et al., 2000; Chen et al., 2000). Nevertheless, they exhibit major differences

in their expression patterns (Jarvis et al., 1998; Gutensohn et al., 2000).

Functional tests have made use of pull-down assays employing AtTOC33 and AtTOC34
mutant proteins lacking their M-domains, called AtTOC33AM and AtTOC34AM,
respectively. Gutensohn et al., (2000) reported that AtTOC33AM bound higher levels of
pSSU than AtTOC34AM when both proteins were preincubated in the presence of 1 mM
GTP. However, AtTOC33AM and AtTOC34AM preincubated without GTP showed no
difference in the binding capacity for pSSU. The employed experiments used some sort of
competition assay in which the amount of non-bound precursor was determined by its
sequestration by isolated spinach chloroplasts. The use of high GTP concentrations (1 mM
instead of 0.1 mM or nothing) to analyze the initial steps of protein translocation into
isolated plastids makes difficult to compare these results with data obtained by others.
Using biochemical procedures it could be demonstrated, for example, that cross-linking of
pea TOC34 to preproteins occurs only in the absence of added GTP or ATP (Kouranov and
Schnell, 1997). Interestingly, the observed phenotype (especially the chlorophyll
deficiency) of the ppil mutant could be complemented by overexpression of either TOC33
or TOC34 (Jarvis et al., 1998) implying that both proteins are able to bind the same set of
precursors, at least when the plants were grown in continuous white light. In addition, in
two recently isolated knock-out lines that are deficient in AtTOC34 and AtTOC34 called
ppi3-1 and ppi3-3, respectively, no changes were observed with respect to chlorophyll
content, chloroplast ultrastructure, endogenous levels of chloroplast proteins, and
chloroplast protein import (Constan et al., 2004). These results implicate redundant

functions of AtTOC33 and AtTOC34 in planta.

Mutants that are defective in the AtTOC33 and AtTOC34 genes have been isolated (Jarvis
et al., 1998; Reinbothe et al., 2005). Despite the fact that import of certain precursor

proteins was slightly diminished (15-25% of wild-type levels) under in vitro conditions, the
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plastid protein import (ppi) I mutant that lacks AtTOC33 showed especially reduced
amounts of POR in darkness and formed abnormal prolamellar bodies (Jarvis et al., 1998)
where POR is the major protein constituent (Dehesh and Ryberg, 1985). Strikingly, ppil
etioplasts accumulated massive amounts of a POR-related higher molecular mass protein of
40 kDa (Jarvis et al., 1998), indicative of the PORA precursor (Reinbothe et al., 1996).
Findings that etiolated seedlings displayed a delay in greening upon light exposure seemed
further suggestive of a lack of import of pPORA. It was further demonstrated that import of
pPORA is drastically reduced in ppil plastids in vitro. In vivo studies using the same
AtTOC33-deficient ppil as well as AtTOC34-deficient ppi3 mutant suggested, however,
that AtTOC34 rather than AtTOC33 would be operative in the substrate-dependent import
of pPORA (Kim et al., 2005). Work is needed to explore this point.

1.3.5 PTC16/OEP16, a solute and amino acid selective channel protein in

the outer plastid envelope

Among the PTC proteins identified for barley and Arabidopsis there is a 16 kDa outer
plastid envelope protein (Figure 1.9) related to a previously characterized envelope protein
of pea chloroplasts called OEP16 (Pohlmeyer et al., 1997; Baldi et al., 1999). OEP16 in
barley and pea chloroplasts is a nuclear gene product (Pohlmeyer ef al., 1997; Baldi et al.,
1999). In contrast to other nucleus-encoded chloroplast proteins, PTC16 (OEP16) is
synthesized without cleavable chloroplast transit peptide for import. Work of Pohlmeyer et
al. (1997) suggested that pea OEP16 inserts into the lipid bilayers spontaneously and does
not interact with other proteins. By contrast, work performed by Reinbothe et al. (2005)
revealed an association of pPORA with OEP16 and plastid envelope proteins of 130 kDa
(PTC130), 52 kDa (PTC52) and 33 kDa (PTC33) forming the PTC complex (Reinbothe et
al., 2004 b).
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Figure 1.10 Identification of barley OEP16-1 (HvOEP16-1).

Barley OEP16-1, identified as a crosslink partner of pPORA, is a member of the protein and amino acid
transporters (PRAT) family that comprises OEP16 proteins as well as TIM proteins operating in the
translocation of nucleus-encoded proteins across the inner mitochondrial membrane. Red circles indicate
AtOepl6-1, AtOepl6-2, AtOepl6-3 and AtOepl6-4. While AtOEP16-1, AtOEP16-2, AtOEP16-4 are plastid
proteins, AtOEP16-3 is found in mitochondria. Modified from Reinbothe ef al. (2004).

OEP]16 establishes a small gene family comprising three members, designated AtOEP16-1
(At2g28900), AtOEP16-2 (At4gl16160) and AtOEP16-4 (At3g62880), (Figure 1.10), (Drea
et al., 2006). A fourth relative exists (4¢OEP16-3; encoded by At2g42210) that appears not
to belong to this group and is, unlike the other members predicted to be plastid proteins,
localized in mitochondria (Philippar et al., 2007). AtOEP16-1 shows the highest protein
sequence identity (62%) to OEP16 from pea (Pohlmeyer et al., 1997; Murcha et al., 2007)
and to HVOEP16-1;1 from barley (52%), which was identified as partner of the cytosolic
precursor of NADPH:protochlorophyllide (Pchlide) oxidoredctase A (pPORA) during its
Pchlide-dependent plastid import (Reinbothe et al., 2004 atb). Two non-exclusive
functions currently being considered for the OEP16-1 protein in the outer envelope of
chloroplasts are (i) a voltage-gated, amino acid-selective channel (Philippar et al., 2007)
and (ii) an import channel for pPORA (Reinbothe et al., 2004 a +b). Knock-out mutants in
A. thaliana for AtOEP16-1 (designated Atoepl6-1 corresponding to At2g28900) have
provided different results (Pollmann et al., 2007; Philippar et al., 2007). We found that the
absence of AtOEP16-1 correlates with the lack of import of pPORA, aberrant etioplast

40



ultrastructures and the accumulation of free, photoexcitable Pchlide molecules that triggered
cell death upon irradiation of dark-grown plants (Pollmann et al., 2007). By contrast,
Philippar et al. (2007) observed no import defects of pPORA, normal etioplast

ultrastructures and unimpaired greening.

In the present work, two major questions were addressed. What is the reason for completely
different phenotypes described for two Afoepl6-1 knock-out mutants derived from the same
T-DNA insertion SALK 018024.50.90.X (Pollmann et al., 2007; Philippar et al., 2007)? Is
the cell death regulation in the Afoepl6-1 mutant that we identified (Pollmann et al., 2007),
comparable to the singlet oxygen-dependent pathway reported for the flu mutant
(Meskauskiene et al., 2001; op den Camp et al., 2004; Wagner et al., 2004; Danon et al.,
2005)? To this end, four independent Atoepl6-1 mutants were isolated from the original
seed stock provided by the Salk Institute that displayed different cell death properties. Two
of these mutants have phenotypes suggestive of the presence of additional, exogenic
mutations that, besides the main mutation in the AtOEP16-1 gene, affected singlet oxygen
production and/or signalling. The other two mutants correspond to the lines described by
Pollmann et al. (2007) and Philippar et al. (2007), thus solving the controversy in the
literature with regard to the phenotype of Afoepl6-1. In the second part of this work,
evidence is presented that cell death execution in mutant Atoepl6-1 occurs in a flu-
independent manner. This result underscores the complexity of cell death regulation in

Arabidopsis in response to singlet oxygen.
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Chapter 2  Materials and Methods
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2.1 Plant material and culture conditions

2.1.1 Choice of plant material

2.1.1.1 Arabidopsis thaliana

Arabidopsis thaliana is a model organism for a wide range of research in plant biology. Its
small genome is entirely sequenced (the AGI, 2000) and many mutants of that plant are
available. In order to complete the biochemical data about AtOEP16-1 protein function, the

in vivo studies were done using a reverse genetic approach.

2.1.1.2 Barley

Barley (Hordeum vulgare L.) is a plant which represents more advantages in biochemical

studies than Arabidopsis, due to the greater quantities of available fresh material.

2.1.2 Ecotypes and mutant alleles

Arabidopsis thaliana wild type and mutants used in these studies: Afoepl6-1 (At2g28900)
and flu-g (At3gl4110) belong to Columbia ecotype and were purchased from SALK
Institute (http://signal.salk.edu/) through TAIR (http://www.arabidopsis.org/).

As wild type barley, the German spring barley variety Scarlett was used. Homozygous
tigrina-d"”’ mutant (Hordeum vulgare L.cv. Svaldf’s Bonus) grains were kindly donated by

Diter von Wettstein.

2.1.3 Cultivation of plants in soil

Both plants, Arabidopsis and barley, were grown in soil mixture provided by Motte-
Domaine. To eliminate pests, the soil was presoaked with distilled water and then sterilized
in an autoclave for at least 20 min at 120°C. Finally, the soil was treated with Trigard, a
chemical pesticide for insect abatement, accordingly to manufactured instructions. The
grains, without being sterilized, were sawed directly on the soil and kept for 48 h at 4°C

(vernalization) before exposure to light. Drug-resistant plants at a stage of transplant small
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seedlings were transferred from agar plates to soil. In order to keep a well-moistened soil,
the pots were covered with a plastic dome for several days. Proper drainage of the soil was
achieved by using pots with bottom perforations. Plants were watered by subirrigation twice

a week.

2.1.4 In vitro culture

In vitro culture was applied only to Arabidopsis thaliana. To keep the sterile conditions, all

necessary manipulations with seeds and plants were done under the laminar flow bench.
Seeds sterilization:

Surface sterilization of seeds was done by first washing seeds for 5 min in the chlorine
solution 5 times diluted in 95% ethanol. Chlorine solution is prepared by dissolving one pill
of bleach (Eau Ecarlate) in 40 ml of distilled water. Afterwards, the chlorine solution was
removed and seeds were washed twice in 95% ethanol for 5 min. Finally, seeds were air-

dried under the laminar flow overnight.
Use of solid medium:

Sterilized seeds were sawed on sterile MS medium. 1L of growth medium contains: 4,33 g
of Murashige and Skoog (MS) mineral salts (Sigma), 10 g of sucrose, 0,5 g of MES and 8-
12 g of agar. After adjusting pH to 5,7 with KOH, a medium was sterilized by autoclaving
and finally poured into the Petri dishes. Drug-resistant plants were selected on MS media
containing a suitable selective agent. In the presence of the drug, sensitive plants died, lost
chlorophyll or arrested their development. Working concentrations of drugs used in this

thesis were:

e Kanamycin sulfate (Sigma), [50 pg\ml]
e Glufosinate ammonium (Riedel-de Haén), [5 pg\ml]

Before exposing Petri dishes with seeds to light, they were placed in the dark at 4°C for

48 h to overcome dormancy.
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2.1.5 Culture conditions

Light Light Temperature | Lamps
conditions intensity
. Day: 23°C White = Mazda Fluor 36W
Cultivation Long day 80
in soil (16h\8h) pmol/m2s Night: 21°C Fluorescent = Osram Fluora 36W
Continuous 60
day pumol/m2s 23°C White = Mazda Fluor 58W
Day: 23°C White = Mazda Fluor 58W
I . Long day 90
n el (16h\8h) pmol/m2s Night: 21°C Fluorescent = Osram Fluora 58W
culture
Continuous 120 23°C White = Philips 40W
day pmol/m2s

Table 2.1 Culture conditions for plants cultivated in soil and in vitro

2.1.6 Photobleaching test conditions

Seeds of Arabidopsis were plated next to each other in a parallel line, on plates with MS -

medium containing 12 g of agar /L (see a Figure 2.1). They were placed for 2 d in the cold

room and then transferred for one hour to light (120 pmol/m’s) to induce germination

(Figure 2.1, Ty). Afterwards plates were kept for 5 d in the dark in a vertical orientation (to

visualize the length of hypocotyls), (Figure 2.1, Ts). Etiolated plants were then exposed to

strong continuous light (210 pmol/m’s provided by Philips Master lamps or 125 pmol/m’s

provided by Mazda Fluor). Photos were taken 24 h, 48 h, 5 d or 3 w after exposure to light.

To

Ts

Figure 2.1 Schematic representation of the photobleaching test for Arabidopsis

Ty : time before etiolation ; Ts : 5 d of etiolation. A vertical arrow represents a vertical growth. A photo
shows a representative Arabidopsis thaliana seedling grown in dark for 5 d.
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2.2 Cloning of cDNA coding for AtOEP16-1 protein from
Arabidopsis

2.2.1 Bacterial genotypes, solutions and culture conditions

Two bacterial hosts were used: Escherichia coli with strains DH5a for cloning and

Agrobacterium tumefaciens strain GV3121 for stable Arabidopsis transformation.

Bacterial transformation was done by electroporation (Gene Pulser "™ of Biorad —
Resistance: 200 Ohms — Voltage: 2,5 kV — Capacitance: 25 uF — Pulse length: 5 msec)

according to the provided instructions.

Transformed bacteria were incubated in LB (Luria Bertani Broth, Sigma) liquid media with
gentle agitation (~200 rpm) or on LB agar plates (LB + 1,5% agar) for 12 h at 37°C for
Escherichia coli and for 48 h at 28°C for Agrobacterium tumefaciens. Selection of
transformed bacteria was done by incubating them in growing medium containing

appropriate antibiotic (depending on the resistance marker in chosen vectors) at standard

concentrations:
Host Antibiotic Final concentration
E.coli DHSa Spectinomycin 100 pg/ml
Rifampycin 50 pg/ml
A.tumefaciens GV3121 Gentamycin 25 ng/ml
Spectinomycin 100 pg/ml

Table 2.2 Antibiotic concentrations used for the selection of clones in different
bacterial hosts.

2.2.2 Vector constructions and cloning strategies

In order to complement Atoep16-1 mutant, three constructions were performed:

e 35S::0EP16
o 35S::GFP::OEP16

o 35S::0OEP16::YFP.
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Additionally, fusions of fluorescent proteins: GFP (Green Fluorescent Protein) and YFP
(Yellow Fluorescent Protein) to AtOEP16-1 protein at their N- and C-terminus respectively,
under the control of the CaMV 35S promoter, enabled to visualize in vivo a subcellular

localization of AtOEP16-1 protein.

DNA cloning was performed following Gateway Technology (Invitrogen). It is a cloning
method (Figure 2.2) based on the bacteriophage lambda site-specific recombination system
which facilitates the integration of viral genes into the E.coli chromosome and switch
between the lytic and lysogenic pathways. Lambda-based recombination involves two
major components: 1) the DNA recombination sequences (atf sites) and 2) the proteins that
mediate the recombination reaction (Clonase enzyme mix). The advantage of using such
technology for cloning is the ease of manipulation and the big gain of time. Indeed, within
the few hours (the same day) we can prepare the insert, clone it in the appropriate vector
and transform the bacterias. Such cloning results in recombinant vectors (Entry vectors) that
can be easily used to transfer and to clone the insert in a set of vectors for multiple purposes

(eg. overexpression, RNA silencing, reporter gene fusions etc.).

atiP1 arP2? aiB1 ot
R — s — L
Donor Vector
PCR product
BP Clonase
ariRl afR2 ‘
- .
arfll arl2
- -
Entry Vector ariR1 arR2
N—ca =
LR Clonase
=Y arPl atP2

anB1 anB2 v

Figure 2.2 Schematic representation of Gateway TM system

attP, attB, attR and attL: recombinaison sites. ccdB: encoding a toxic protein for most bacterias.
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PCR reactions with primers containing a#tB sites to amplify cDNA coding for AtOEP16-1
protein of A.thaliana were generated by Jean-Marc Bonneville. For 35S::0OEP16::YFP
construction, cDNA of AtOEP16-1 without codon STOP was amplified. The atB-flanked
PCR products were put via BP reaction (according to the manufacturer’s instructions,
performed by Gabrielle Tichtinsky) into the donor vector pDONR221 to yield the entry
clones: pEOEP16 and pEOEP16 no STOP. The final fusion products were generated via
LR reaction in the Gateway compatible binary T-DNA destination vectors: pB7WG2,
pK7WGF2 and pB7YWG2 (http://www.psb.ugent.be/gateway). The resulting expression
vectors are reffered to as: p35S-OEP16, p35S-GFP-OEP16 and p35S-OEP16-YFP,
respectively (Figure 2.3).

RB
p35S
OEP16\\ :

p355-OEP16
(9725 bp) BaR J

a) p35S-OEP16
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p35S-GFP-OEP16
\ (10693 bp)

b) p35S-GFP-OEP16

—=
p35S OEP16

YFP

5

)

BaR} !
p35S-OEP16-YFP i

(1043 bp)

¢) p35S-OEP16-YFP

Figure 2.3 Expression vectors generated via Gateway technology.

a) p35S-OEP16; b) p35S-GFP-OEP16; c) p35S-OEP16-YFP. They consist of binary vectors carrying the
resistance for the antibiotic spectinomycin (StR/SpR). Their T-DNA contains AtOEP16-1 coding sequence
(without codon STOP in ¢) under the control of promoter and terminator 35S and the genes BaR (for a and c)
and KnR (for b) conferring resistance to the herbicide glufosinate ammonium and for the antibiotic

kanamycin, respectively.



Afterwards, 2 pl of each of LR reactions were used for the transformation by
electroporation of E.coli bacteria. Subsequently, transformants were selected on LB agar
plates containing spectinomycin (resistance marker for all of three used gateway binary
vectors: pB7WG2, pK7WGF2 and pB7YWG?2). Additionally, PCR of several colonies
using appropriate primers for the insert helped in selecting clones which carry the correct
insert. Expression vectors (p35S-OEP16, p35S-GFP-OEP16 and p35S-OEP16-YFP) were
then purified from colonies harboring the correct insert, using a DNA minipreparation
method based on the alkaline lysis procedure (developed by Birnboim and Doly; Nucleic
Acids Research 7:1513, 1979) and characterized, using subsequent restriction analysis. The
sequence of the correct construct in T-DNA was also verified by sequencing, using a primer

in the CaMV 35S promoter. Sequencing was restricted to the following vector parts:

1) For p35S-OEP16, the fusion site between the CaMV 35S promoter and the
AtOEP16-1 gene

2) For p35S-GFP-OEP16, the fusion site between the CaMV 35S promoter and GFP
protein as well as between GFP and AtOEP16-1 gene

3) For p35S-OEP16-YFP, the fusion site of the CaMV 35S promoter to the A/OEPI6-
1 gene (without STOP codon) on the one hand and its fusion site to YFP on the other
hand.

Subsequently, the vectors were transformed into the A.tumefaciens bacteria, strain GV3121,
via electroporation. The presence of the correct T-DNA was verified by PCR in selected
colonies, before proceeding with plant transformation experiments. One colony of
Agrobacterium for each construct was chosen to transform Atoepl6-1 mutant plants

destined for the complementation.
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2.3 Genetic manipulations of plants

2.3.1 Stable transformation

2.3.1.1 Transformation by “floral dip”

A.thaliana plants of Atoepl6-1 mutants (4 w old), ecotype Columbia, were transformed by
the “floral dip” method (adapted from Clough and Bent; 1998) based on dipping the
inflorescence shoots into the 400 mL of Agrobacterium (ODgyy=0,8) suspension. Each

construction was used for 6 pots (one pot contained around 50 plants).

2.3.1.2 Selecting transformants

After each transformation experiment, selection of the first, the second and the third

generation of transgenic plants (T1, T2 and T3) was performed as follows:

1) Sawing 100 mg of sterile dry seeds of transformed plants on 150 mm Petri dishes

with MS (8g of agar/L) medium containing:

—> antibiotic kanamycin sulfate (Sigma) [50ug/mL] for Afoepl6-1 mutants
transformed with 35S::GFP::OEP16 construct

- herbicide glufosinate ammonium (Riedel-de Haén) [Sug/mL] for Atoepl6-1
mutants transformed with 35S::0EP16 and 35S::OEP16::YFP constructs.

The choice of the selection medium was based on the presence of resistance markers in the
gateway binary vectors used in this study. Successful transformed plants grew as green
seedlings with long roots whereas untransformed seedlings were yellowish with short roots.

Green transformants were then transferred to soil.

2) Subsequently, once the plants start to flower, PCR of transformants using
appropriate primers for the insert was used to select those plants which contained the

correct construct of interest.

3) Finally, transformants containing the fluorescent proteins GFP and YFP
(35S::GFP::OEP16 and 35S::OEP16::YFP) were observed first, under epifluorescence

microscope and later under confocal microscope (see § 2.7.2.).

53



2.3.2 Plant crossing

Arabidopsis naturally self-pollinates, therefore the generation of cross-progeny requires
some intervention by the investigator. It is crucial to select suitable flowers in the cross. To
reduce the possibility of self-fertilization, only closed flowers from the female parents in
which the tips of the petals were just visible, were chosen. Other flowers were removed. For
the male parents, opened flowers with visibly shedding pollen were selected. Crossing
procedure was performed under a dissecting microscope using the forceps. All anthers (6)
were removed, but the intact carpels were left on the female parent. After 48 h, an opened
flower from the male parent was removed and squeezed near the base with the forceps. This
spread out the flower parts, separating the anthers from the other organs. The convex
surface of the anthers was brushed against the stigmatic surface of the exposed carpels on
the female parent. Finally, the crosses were labeled by tying a piece of sewing thread

around the stem of the female parent. The F1 seeds were collected 2 w afterwards.

2.4 Analysis of nucleic acids

2.4.1 DNA

2.4.1.1 Synthesis of oligonucleotides

Synthesis of oligonucleotides was performed by Sigma-Aldrich, Genosys company. They
were used as primers for PCR methods. A list of used oligonucleotides is enclosed in the

appendix A.

2.4.1.2 Amplification of DNA fragments by PCR

Amplification by PCR of AtOEP16-1 cDNA for cloning purposes was performed using
high-fidelity Tag DNA Polymerase Pfx (Fermentas), accordingly to recommended standard
reaction conditions. Cycling conditions consisted of an initial denaturation step of 94°C for
5 min, followed by 10 cycles of 94°C for 15 seconds, 52°C for 10 seconds and 68°C for 45
seconds, followed by 20 cycles of 94°C for 15 seconds and 68°C for 1 minute, with final

elongation step of 68°C for 10 min. A list of used primers is enclosed in the appendix A.
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For genotyping and bacterial colony screening purposes, Biotag™ DNA polymerase
(Bioline) was used. Final reaction volume of 20 puL consisted of 10-20 ng of DNA (1 uL),
0,2 mM of each ANTP, 1,5 mM MgCl,, 0,4 mM of each primer, 1U of DNA polymerase
and 2 pL of 10X buffer (supplied by Bioline). After denaturation at 94°C for 5 min, n
number of amplification cycles were performed (5 min at 94°C followed by 1-1,5 min at
55°C -62°C ; depending on size of amplified fragment and Tm of primers; and a cycle of
72°C for 1 min), then final elongation step of 5 min at 72°C. A list of used primers is

enclosed in the appendix A.

2.4.1.3 Analysis of nucleic acids on agarose gel

Nucleic acids mixed with 3% glycerol (v/v) and 0,025% bromophenol blue (w/v), were
separated by electrophoresis on agarose gel (1% of agar (w/v), 50 mM Tris acetate, S0 mM
boric acid, 1,25 mM EDTA, 2% of ethidium bromide (w/v)). Finally, nucleic acids were
visible after exposing agarose gel to UV light (320 nm).

2.4.1.4 Extraction of DNA fragments from agarose gel

After amplification of DNA fragments and subsequent separation of nucleic acids on
agarose gels, a gel band corresponding to size of a fragment of interest was cut under UV
light. Then, DNA was purified from agarose gel using NucleoSpin® Extract II kit

(Machery-Nagel), accordingly to manufacturer’s protocol.

2.4.1.5 DNA sequencing

The dideoxynucleotidic incorporation method originally developed by Sanger et al. (1977)
was used for sequencing of DNA fragments (amplified or cloned into the plasmids). DNA
sequencing was performed in Pole Biologie Campus (Grenoble) using a BigDye Terminator
Sequencing Ready Reaction kit, V1.1 (Perkin-Elmer) according to the manufacturer’s
instructions. 500 ng of template were used for reaction. After removal of non-incorporated
fluorescent nucleotides (by ethanol precipitation) automated sequencing cycles were
generated on the GeneAmp 9700 (Applied Biosystems). Nucleotide sequences were
analysed using different programs and data banks accessible on internet (Chromas Lite,

NCBI-BLAST, TAIR).
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2.4.1.6 Plant genomic DNA extraction

Depending on the purpose two procedures of plant genomic DNA extractions were

performed:

- Rapid extraction (using Edwards buffer). This kind of extraction was used for

genotyping by PCR.

- Long extraction (using Nucleon Phytopure Genomic DNA Extraction kit; GE
Healthcare). This method enabled to isolate greater quantities of pure DNA, therefore

it was suited for Southern-blot analysis.
Rapid extraction

One leaf of a young plant was grinded in an Eppendorf tube using a piston (Polylabo).
Immediately after that, 500 pL of Edwards buffer (Tris-HCI 200mM pH7,5 ; NaCl 250mM
; EDTA 25mM ; SDS 0,5 %) were added to grinded tissues and the mixture was vortexed
gently and quickly before centrifugation at 13000 rpm for 1 minute. Then, 350 pL of
supernatant were retrieved and DNA was precipitated with isopropanol. Furthermore, DNA
was harvested by another centrifugation of 5 min at 13000 rpm speed and pellets were dried
at room temperature for 2 h under the laminar flow hood. Finally, DNA was resuspended in

20 uL of sterile water and 1 pL was used for PCR during genotyping.
Long extraction

Long plant DNA extraction was performed using the Nucleon Phytopure Genomic DNA
Extraction kit (GE Healthcare). The so prepared DNA was suited for Southern-blot
analysis. First, plant tissues were grinded in mortar with the liquid nitrogen and 500 pL of
resulting plant powder were used for subsequent steps of cell lysis, DNA extraction and
DNA precipitation, according to manufactured instructions. Resulting DNA pellets were
air-dried for around 12 min and resuspended in 30 puL of autoclaved TE buffer each. DNA

was stored for 2 d at 4°C to achieve complete solution before any digestion.
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2.4.1.7 Southern Blot

- Digestion and transfer of genomic DNA

10 pg of genomic DNA was used for each digestion reaction with the final volume of 20
pL. Reactions were performed overnight (for ~16 h) at the optimal temperature of chosen
enzymes. Next day in the morning, digestion was stopped by incubating the tubes
containing reaction mix for 10 min at 65°C. Subsequently, the tubes were put on ice. After
addition of 3% glycerol (v/v) and 0,025% bromophenol blue (w/v), nucleic acids were
separated by electrophoresis running at 40 V on 1% agarose gel containing 0,1 pg of
ethidium bromide. When migration of nucleic acids was finished, DNA was visualized
under UV light (320 nm) and a photo was taken. Subsequently, the restriction fragments
present in the gel were denatured by washing it twice in denaturation buffer (0,4 M NaOH;
1 M NaCl) for 20 min and then transferred onto nylon membrane (SensiBlot'™ Plus Nylon
membrane, Fermentas) by blotting. Transfer was realized overnight in the presence of
denaturation buffer, accordingly to Sambrook and Russell (2001). Next day, the membrane
was rinsed with neutralization buffer (1 M NaCl; 0,5 M Tris pH 7,2) for 15 min before
being dried at 80°C for 2 h (fixing genomic DNA).

=> Probe labeling

Labeling method was based on the optimized conditions for chemiluminescent detection of
digoxigenin-labeled DNA probes. Digoxigenin-labeled probe of ATOEPI6-1 gene was
obtained by amplification of this gene from wild-type Arabidopsis genomic DNA by PCR
method using 0,8 mM DIG-11-dUTP (Roche) in addition to the other deoxynucleotides to
give a final volume of 25 pL. The PCR conditions were 95°C for 5 min, followed by 40
cycles of 95° for 1 min, 55°C for 1 min, and 72°C for 1 min and 30 seconds, then final
elongation step of 5 min at 72°C. Total volume of PCR reaction was used in agarose gel
electrophoresis and a band of interest was excised and purified from agarose. 700 ng of the

labeled PCR product was used in the hybridization.
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- Hybridization and signal detection

The membrane was incubated in a glass tube with hybridization buffer (25 mL 20X SSC:
3M NaC(l, 0,3M Na-citrate; 1 mL 10% [w/v] lauroylsarcosine, 200 uL 10% [w/v] SDS, 1%
[w/v] blocking reagent - Roche) under agitation for 4 h at 64°C to permanently crosslink the
DNA to the membrane. Just before the begin of hybridization, a probe was denatured for 5
min at 97°C and immediately after, put on ice. Hybridization buffer was replaced by a fresh
one containing a probe (700 ng of DNA). Hybridization was realized under agitation at
64°C overnight. Next day, the membrane was washed twice for 10 min at room temperature
with a buffer “1” (2X SSC; 0,1% [w/v] SDS), followed by washing twice for 30 min at
70°C with a buffer “2” (0,1X SSC; 0,1% [w/v] SDS). Then, the membrane was equlibrated
in washing buffer (0.1M maleic acid; 0,15M NaCl; pH 7,5) for 5 min and then incubated
under agitation in a blocking buffer (1% [w/v] blocking reagent; 0,1M maleic acid; 0,15M
NaCl; pH 7,5) for 1 hour. From now on, the membrane was washed at room temperature. In
the next step, a previously used blocking buffer was discarded and a fresh one containing 5
uL of labeled antibody Anti-DIG-Fab- Fragments (Roche) was added and the incubation
under agitation was done for 45 min. Subsequently, the membrane was washed twice for 20
min in washing buffer and finally incubated in detection buffer (Tris; NaCl pH 9,5) for 5
min. Next, the membrane was incubated with the dye reagent CSPD ready-to-use (Roche)
in the dark and then covered with a plastic dome to be stored in the dark at 4°C overnight.
The following day, the membrane was exposed on autoradiography film Kodak Biomax
MS-1 in a cassette containing two intensifying screens (Biomax MS intensifying screen) for
15 min at room temperature. In the end, the film was developed in a dark room by washings
in a developer (developer KODAK diluted at 1/5) until the appearance of signals, followed
by rinsing a film with water and subsequent washing in fixing solution (fixator KODAK

diluted at 1/5). After rinsing with water for several times, the films were air-dried.
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2.4.2 RNA.

2.4.2.1 Extraction of total RNA

The gloves were worn while manipulating with RNA. All solutions were pre-treated with
diethyl pyrocarbonate (DEPC), then autoclaved and the glass material was sterilized at
180°C for 3 h.

Plant material was grinded in mortar in the liquid nitrogen and 500 pL of resulting powder
was used for RNA extraction with extraction buffer as indicated in Martinez-Zapater and
Salinas (1998). This treatment led to the denaturation of cellular proteins, including RNase.
RNA was then separated from the remaining cellular debris by differential phenol-
chloroforme extraction and precipitated with ethanol 100%. RNA pellet was resolved in 30

uL of sterile water.

2.4.2.2 Determination of RNA concentration

RNA concentration and purity were estimated by absorbance (A) measurement of diluted
RNA (1/100) at 260 nm (for nucleic acids) and at 280 nm (for proteins) using a
spectrophotometer (Biophotometer, Eppendorf). The ratio A 260/280 provided an indication
of purity with respect to interfering proteins; for pure RNA: A 260/280 = 2,0. The use of
third point wavelength detection of 310 nm permitted correction for diffusion and allowed it

to be subtracted from the readings. RNA concentration (ng/mL) was calculated as follows:

C=(A260nm— A 310 nm) x 40 x 100 pg/mL

where 40 is for coefficient of RNA and 100 pg/mL stands for sample dilution.

2.4.2.3 Northern blot

-> Sample preparation, electrophoresis and transfer of RNA

10 pg of each total RNA sample were mixed with 49% formamide (v/v), 17%
formaldehyde (v/v) and 10 % 5X 3-(N-morpholino) propanesulfonic acid (MOPS), (0,1 M
MOPS pH 7,0; 40mM Na-Acetate; 5 mM EDTA pH 8,0) (v/v). Samples were incubated at
65°C for 5 min and subsequently put on ice. After addition of 3% glycerol (v/v) and 0,025%

bromophenol blue (w/v), ribonucleic acids were separated by electrophoresis running at 32
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V on 1% denaturing agarose gels containing 0,1 ug of ethidium bromide, 3% formaldehyde
(v/v) and 20% 5X MOPS (v/v). When migration of ribonucleic acids was finished, RNA
was visualized under UV light and a photo was taken. Subsequently, the gel was incubated
twice in 5X SSC buffer for 20 min. Transfer was realized overnight as for southern-blot but
in the presence of 5X SSC buffer. Next day, the membrane was dried at room temperature

for 1 hour and then at 80°C for 2 h.

- Probe labeling

32p_labelled probes for the RBCS and CAB (Hordeum vulgare) genes were synthesized with
the RadPrime DNA Labeling System (InVitrogen GmbH) in the presence of [*’P] dATP and
[**P] dCTP (Hartmann GmbH, specific activity 3000Ci/mmol) according to the instructions
of the supplier.

- Hybridization and signal detection

The membrane was incubated in a glass tube with hybridization buffer (HYB-9
Hybridization solution, Gentra Systems) under agitation for 2 to 4 h to saturate the
membrane (pre-hybridization). Before the begin of hybridization, probes were denatured for
5 min at 95°C, quickly placed on ice and transferred into the hybridization solution.
Hybridization was performed under agitation at 62°C overnight. Next day, the membrane
was washed twice for 20 min at 50°C with a buffer “1” (2X SSC; 0,1% [w/v] SDS),
followed by washing twice for 20 min at 50°C with a buffer “2” (0,1X SSC; 0,1% [w/V]
SDS). From now on, the membrane was treated as for southern-blot analysis (as described

in §2.4.1.7).

2.4.2.4 In vitro translation

5 png of each total RNA sample was used for in vitro translation using the Wheat Germ
Extract System (Promega), according to the protocol adapted from manufacturer’s
instructions. To increase the efficiency of translation, template RNAs were denatured at
67°C for 10 min and immediately cooled on ice prior to translation. Reaction mixture at

final volume of 25 uL (containing 5 pg of RNA, 12,5 uL of wheat germ extract, 2 uL of
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amino acid mixture, 1 pL. of TNT buffer, 0,5 uL of RNasin® Ribonuclease Inhibitor and
isotopically labeled amino acid: [*>S] methionine; Amersham) was incubated at 25°C for 2
h. For protein analysis, 5 puL aliquot of translation reaction was removed and added to 20
pL of SDS sample buffer with 0,1% of bromophenol blue, while the remainder of the
reaction was stored at —20°C. The proteins were denatured at 95°C for 10 min before
loading on 10-20% gradient SDS polyacrylamide gel and. Once, the migration was finished,
the gel was washed in fixating solution for 30 min, followed by soaking in amplify
fluorographic reagent (Amersham) with agitation for 30 min. Then, the gel was dried at
80°C for 2 h and finally exposed with autoradiographic film Kodak Biomax MS-1 in
cassette containing two intensifying screens (Biomax MS intensifying screen) for at least
one week at -80°C. In the end, a film was developed in a dark room, as described in §

2.4.1.7) and scanned.

2.4.2.5 Polysomes isolation

Polysomes were isolated as described by Reinbothe et al., 1990. For preparative assays, 500
g of leaf material was used. For further analytical assays, 25 g of leaf material was used.
Leaf material was ground under liquid nitrogen until a fine powder was obtained. After
resuspension in buffer A (50 mM Tris/HCl (pH 8,0); 250 mM KCI; 10 mM -
mercaptoethanol; 10 pg/mL cycloheximide (CHX); 200 pug/mL heparin), the thawed cell
homogenate was filtered through two layers of filter gaze (120 pm and 70 pm mesh width).
The crude cell extract was differentially centrifuged at 2000, 4000 and 12000 rpm speed for
5 min each in a Sorvall RC-5B centrifuge using a HB6 rotor in order to remove cell debris
and organelles. Triton X-100 was added to the final supernatant (1% (v/v) final
concentration). The solution was either loaded onto a discontinuous sucrose step gradient
consisiting of 2 mL 2M; 2 mL 1,75 M; 2 mL 1,5 M; 4 mL 1,25 M; 6 mL 1,0 M; 6 mL 0,75
M and 6 mL 0,5 M sucrose in buffer B (50 mM Hepes/KOH (pH 8,5); 25 mM KCI; 10 mM
MgCly; 10 mM B-mercaptoethanol; 10 pg/mL CHX; 500 pug/mL heparin) or was
supplemented with magnesium chloride (0,1 M final concentration) to precipitate
ribonucleoprotein material (as described by Reinbothe ef al., 1993). Afetr centrifugation at
60 000 rpm speed in a Beckman Spinco L75 centrifuge, rotor Ti 60, for 1 hour at 4°C, the
gradient was harvested from bottom to top in a modified Beckman harvesting device with
continuous monitoring of the absorbance at 254 nm (2138 Uvicord S, LKB). After
integration of the areas below the curves, the P/T ratio was calculated as follows: (area of

polysomes) / (area of polysomes + ribosomal subunits + monosomes). From the arbitrarily
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defined gradient fractions, each corresponding to 10 drops (ca. 0,35 mL; Redirac Fraction
Collector, LKB), the RNAs were recovered by ethanol precipitation and subsequently used
for Northern blot hybridization or in vitro translation (see above § 2.4.2.3 and 2.4.2.4,
respectively). In parallel assays, proteins were extracted from the polysomal fractions with

trichloroacetic acid (TCA) and washed extensively with ethanol and diethylether.

2.5 Protein analysis

2.5.1 Protein extraction

2.5.1.1 Rapid protein extraction

Plant material was grinded in mortar in liquid nitrogen and 500 pL of resulting powder was
used for protein extraction with 1X SDS-PAGE sample buffer (2,9% SDS; 68 mM Tris/HCI
pH 6,8; 10% glycerol; 0,1 M B-mercaptoethanol). The resulting mixture was homogenized
by vortexing and then denatured at 95°C for 5 min followed by centrifugation at maximum
speed for 5 min to pellet cellular debris. Then, resulting supernatant (protein extract) was

retrieved and used for 1D SDS polyacrylamide gel electrophoresis analysis.

2.5.1.2 Long protein extraction

For 2D SDS polyacrylamide gel electrophoresis analysis, protein extracts must be devoid of
pigments and lipids which may disturb the migration. For that purpose, protein extracts
obtained after rapid protein extraction were subjected to an overnight protein precipitation
at 4°C with 5% TCA. Next day, centrifugation at maximum speed at 4°C was performed to
pellet proteins. Subsequently, proteins were washed twice with cooled 100% acetone and
then twice with cooled 100% ethanol. A resulting protein pellet was air-dried (the tubes
were still kept on ice) for 2 h under the laminar flow bench and finally resuspended in 50-

200 pL of 1X protein extraction buffer.
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2.5.2 Determination of protein concentration

Protein concentration was determined by ESEN assay (Esen, 1978). 5 uL of each protein
sample were put on equally sized pieces of Whatman paper. BSA (Bovine Serum
Albumine) diluted in 1X protein extraction buffer at concentration of 2 mg/mL was used as
a reference. Proteins were washed under agitation in fixing buffer (25% isopropanol; 10%
acetic acid) for 5 min, followed by washing in staining buffer (fixing buffer + 0,1%
coomassie brilliant blue G 250) for 15 min. Whatman paper was subsequently rinsed twice
with cold water for 5 min followed by two washings with boiling water for 5 min. Protein
spots were cut and destained with 0,5% SDS at 55°C for 20 min. The absorbance was read
at 578 nm using a spectrophotometer (Biophotometer, Eppendorf) and protein concentration

was calculated by comparing the absorbance values with BSA.

2.5.3 Analysis of proteins by polyacrylamide gel electrophoresis

2.5.3.1 One dimensional SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

In order to separate effectively the proteins sharing weak differences in molecular mass, for
example PORA and PORB proteins (37, 36 kDa for Arabidopsis and 36, 38 kDa for barley,
respectively), a  gradient  10-20%  of  polyacrylamide  (acrylamide/N,N’-
methylenebisacrylamide 30/0,8) gel was used. In addition, to optimize the effect of protein
separation, the Protean II xi (Biorad) system, with large glass plates (14 cm length), was

used.

The gel consisted of three parts, starting from the bottom: the bottom gel, the separation gel

and the stacking gel at a top.

- The bottom gel consisted of light (LL) solution (10% [v/v] acrylamide/bisacrylamide
[30/0,8] ; 0,4 M Tris-HCI pHS8,8 ; 0,1% [w/v] SDS). For polymerization, 5 mL of LL
solution mixed with 75 pL of 10% [w/v] ammonium persulfate (APS) and 25 pL of
N,N,N’,N’-tetramethylethylenediamine (TEMED) was poured into the gap between the
glass plates.

—> Special casting equipment was used for a preparation of gradient gel, such as a gradient
mixer (Biorad) and a pump (Minipuls3, Gilson). The separation 10-20% gradient gel was

made by progressive mixing 10 mL of the sucrose-containing heavy solution (SL solution: (
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20% [v/v] acrylamide/bisacrylamide [30/0,8] ; 0,4 M Tris-HCI pHS8,8 ; 0,1% [w/v] SDS ;
10% [w/v] sucrose)) with 30 mL of LL solution. In addition, each solution was mixed with
10% APS [w/v] (25 pL and 50 pL for SL and LL solutions, respectively) and TEMED (4
pL and 12 pL) to polymerize the acrylamide gel.

- 10 mL of the stacking gel containing 7,2% [v/v] acrylamide/bisacrylamide [30/0,8], 120
mM Tris-HCI pH 6,8 and 0,1% [w/v] SDS, mixed with 50 uL 10% APS [w/v] and 10 pL
TEMED was poured directly onto the surface of the polymerized separation gel.
Immediately a Protean II xi comb (Biorad) was inserted into the stacking solution. When
polymerization was complete, the comb was removed and using the Hamilton syringe, the
wells were washed with the migration buffer (0,25 M Tris-HCI1 pH 8,3 ; 1,92 M glycine
;0,1% [w/v] SDS).

Proteins in 1X SDS-PAGE sample buffer containing 0,1% [w/v] bromophenol blue were
denatured at 95°C for 5 min. Immediately after, the samples were put on ice and together
with 10 pL of marker proteins (Page Ruler Prestained Protein Ladder Plus, Fermentas)
loaded in a predetermined order into the bottom of the wells using the Hamilton syringe.
Electrophoresis was carried in migration buffer at 4°C overnight at constant current of 10
mA per gel, in the electrophoresis apparatus Protean II xi (Biorad), until the bromophenol

blue reached the level of the bottom gel.

2.5.3.2 Two dimensional SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Isoelectric focusing (IEF)

First, the radioactively labeled barley proteins were separated accordingly to their
isoelectric points by isoelectric focusing. The gradient gels (pH 3-10) were prepared in
glass tubes (2x4x160; Biorad) such that each sample was separated per glass tube. Before
pouring the gel solution (9,2 M urea ; 4% [v/v] Ac/Bis [28,38/1,62] ; 2% [v/v] NP40
(Fluka) ; 4% [v/v] Ampholine pH 5-8 (Amersham) ; 1% [v/v] Ampholine pH 3-10
(Amersham)) into the glass tubes, it was filtered through the 0,45 um filter to eliminate any
unresolved urea particles and the glass tubes were pretreated with 0,01% [v/v] TritonX-100
for 2-3 h and air-dried. Then, the tubes were filled with gel solution containing 10 pL
TEMED and 12,5 pL 10% APS [w/v] corresponding to 13,5 cm height. Each gel was
overlayed with 25 pL 8M urea and after polymerization, the top of the gel was equilibrated
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with 20 pL of Ul solution (8,66 M urea ; 3,3% [v/v] Ampholine pH 3-10 ; 4% NP40) for 2
h. Afterwards, 90 puL of each protein sample (containing 170 pg of total proteins in the
volume of 65 pL 1X SDS buffer ; 12,8M urea ; 11,5% [v/v] NP40 and 5,4% [v/v]
Ampholine pH 3-10) was loaded directly on a gel in a glass tube, subsequently the proteins
were covered with 20 pL of U2 solution (7,5 M urea ; 1,63% [v/v] Ampholine pH 3-10) and
then with 20 uL IN NaOH. The migration was carried at room temperature in 0,02M NaOH
and 0,01M H3POj, buffers at 300V for 30 min followed by constant voltage of 500V for 12-
14 h and terminated at 600V for 1 hour. Once the migration was finished, the gels were
carefully removed from the glass tubes, using a syringe with the extrusion needle (Biorad)
along the bottom edge of the glass tubes and by flushing with 0,5% [w/v] SDS solution.
Subsequently, each gel was equilibrated in 5 mL of buffer D (0,06M Tris-HCI pH 6,8 ;
1,2% [w/v] SDS; 10% [v/v] glycerol ; 5% [v/v] B-mercaptoethanol ; 0,1% [w/v]

bromophenol blue) and stored at — 20°C until the second dimension electrophoresis.

d g . .
2" dimension electrophoresis

Next, the proteins were separated according to their size on 10-20% gradient gels, described
above. The equilibrated gels after isoelectric focusing were fixed at the top of a stacking gel
with preheated solution C (0,05M Tris-HCI pH 6,8 ; 2% [w/v] SDS ; 5% [v/v] B-
mercaptoethanol ; 0,5% [w/v] agarose). The migration was carried out in migration buffer at
4°C overnight at constant current of 10 mA per gel, in the electrophoresis apparatus Protean
IT xi (Biorad), until the bromophenol blue reached the level of the bottom gel. Finally, the
gels were fixed, stained, soaked in amplify fluorographic reagent (Amersham) and dried as
described in further paragraphs. The exposition of the gels was carried out in a cassette
containing two intensifying screens (Biomax MS intensifying screen) and autoradiographic
film Kodak Biomax MS-1, for at least one week at -80°C. Autoradiography films were
developed as described in § 2.4.1.7).

2.5.3.3 Staining SDS-polyacrylamide gels with Coomassie brilliant blue

Staining of proteins was performed by incubating the gels under agitation for 30 min in
fixing solution (25% [v/v] ethanol; 10% [v/v] acetic acid), then for 30 min in staining
solution (fixing solution + 0,1% [w/v] Coomassie brilliant blue G 250 - Serva). Destaining
of the gels was done by several washings under agitation in fixing buffer until optimal

coloration was achieved.
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2.5.3.4 Silver Nitrate staining

To achieve a better detection of minor quantities of proteins, the silver nitrate staining
method was used. First, the gel was incubated under agitation for 20 min in fixing solution I
(50% [v/v] methanol; 5% [v/v] acetic acid) and afterwards washed twice for 10 min in
solution II (50% methanol) and once in distilled water. Subsequently, it was briefly shaken
in fresh sodium thiosulfate solution (0,02%[w/v]) and immediately after rinsed with
distilled water. Then, incubation of the gel for 20 min in solution IV (0,1% [w/v] silver
nitrate) was performed, followed by rinsing with distilled water. The gel was developed in
solution V (2% [w/v] sodium carbonate; 0,04% [v/v] formaldehyde [37%, v/v]) for 1-5 min,
depending on the intensity of the coloration. Once optimal staining was achieved, the gel
was agitated for 5 min in solution II (5% [v/v] acetic acid) to stop further coloration

process. In the end, the gel was dried as described below.

2.5.3.5 Drying SDS-polyacrylamide gels

Once staining was finished, the gels were put on a piece of Saran Wrap and attached to a
piece of Whatman 3MM paper. Such a sandwich of 3MM paper/gels/Saran Wrap was
placed in a drying apparatus (BioRad) where it was dried for 2 h at 80°C.

2.5.4 Transfer of proteins onto nitrocellulose membrane (Western Blot)

Proteins separated by electrophoresis were electrically transferred onto nitrocellulose
membrane (Schleicher & Schuell) using transfer apparatus (trans-blot cell, BioRad). The gel
and its attached nitrocellulose membrane were put between four pieces of Whatman 3MM
paper and two sponges that have been soaked in transfer buffer. The sandwich was then
placed between graphite plate electrodes of transfer apparatus, with the nitrocellulose
membrane on the anodic side. Transfer was realized with constant current of 240 mA for 5
h at 4°C in the presence of transfer buffer (26 mM Tris; 0,19 M Glycine ; 0,04 % (p/v)
SDS; 20 % (v/v) Ethanol). A quality of transfer was checked by staining the proteins: a
membrane was incubated in Ponceau S solution (0,5 % [p/v] Ponceau S (Sigma) in 1 %
[v/v] acetic acid), next rinsed with distilled water for several times until optimal appearance
of protein bands. A membrane was scanned before complete destaining of proteins with

TBS buffer (20 mM Tris; 0,14 M NaCl pH 7,4 ; 0,1 % Tween).
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2.5.5 Immunodetection

Nitrocellulose membranes were blocked by incubation for at least 1 hour at room
temperature in TBS buffer containing 5% [w/v] nonfat dried milk. Next, an unlabeled
primary antibody (diluted: 1/1000-1/3000) specific for the target protein was first incubated
with the nitrocellulose membrane in the presence of blocking solution for 1 hour at room
temperature. The membrane was then washed 3 times for 10 min with TBS buffer and
incubated with a secondary antibody coupled to alkaline phosphatase enzyme (Roche). To
visualize the antigen-antibody-antibody complex, the membrane was incubated quickly in
alkaline phosphatase buffer (0,1M NaCl; 5SmM MgCl,; 0,1M Tris/HCI pH 9,5) and
subsequently in color solution (alkaline phosphatase buffer containing the enzyme
substrates: NBT and BCIP. A purple precipitate (formazan) is produced by the alkaline
phosphatase. When the bands had the desired color intensity, 2-3 drops of HCl were added
to stop staining process. The membrane was subsequently washed in distilled water for 5

min to remove HCI.

2.5.6 Production of an antibody against the AtOEP16-1 protein

2.5.6.1 Protein overexpression in Escherichia coli

The E.coli Expression System with Gateway” Technology (Invitrogen) was used for the
expression of recombinant AtOEP16-1 protein. This system takes advantage of Gateway"—
adapted destination vectors designed to facilitate high-level, inducible expression of

recombinant proteins in E.coli using the pET system.

After cloning (via BP reaction) the cDNA coding for AtOEP16-1 protein into the Gateway™
donor vector pDONR221, the entry clone pEOEP16 was obtained. Next, to create the
expression clone, the LR recombination reaction was performed between pEOEP16 and
pDEST 17 destination vector. In this vector, expression of 4tOEP16-1 gene was controlled
by a strong bacteriophage T7 promoter, specifically recognized by T7 RNA polymerase. In
addition, this vector contains the polyhistidine (6xHis) tag which is located at the N-
terminus of the fusion protein enabling further detection and purification of recombinant
fusion protein 6His-tag-AtOEP16-1. To propagate and maintain the resulting expression
clones, 2 ul of LR reaction were used for the transformation by electroporation of E.coli

bacteria, strain DH5a. Subsequently, transformants were selected on LB agar plates
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containing ampicillin [100ug/mL]. Expression vectors (pDEST17-OEP16-6His-tag) were
then purified from ampicillin-resistant colonies, using a DNA minipreparation method
based on the alkaline lysis procedure (developed by Birnboim and Doly; Nucleic Acids
Research 7:1513, 1979).

For the expression of T7 RNA polymerase regulated AtOEPI6-1 gene, the BL21-Al'
E.coli (Invitrogen) strain was used. This strain contains a chromosomal insertion of the gene
encoding T7 RNA polymerase into the araB locus of the araBAD operon. It allows the
induction of the expression of T7 RNA polymerase by L-arabinose. The BL21-AI"" E.coli
bacteria were transformed by electroporation with purified DNA of pDEST  17-OEP16
clone. Subsequently, transformants were selected on LB agar plates containing ampicillin
[100pg/mL]. Ampicillin-resistant BL21-AI" bacteria were cultured in LB medium
containing 100pg/mL ampicillin at 37°C with shaking until the ODgg reached 0,6. 500 pL
of the culture were removed and pelleted at maximum speed for 2 min. Induction of
synthesis of recombinant fusion protein 6His-tag-AtOEP16-1 was initiated by addition of L-
arabinose to the culture to a final concentration of 0,2%. 4 h after the induction, 500 puL of
the culture were removed, pelleted and resuspended in 80 uL of 1X SDS-PAGE sample
buffer. After boiling the samples (one induced and another uninduced used as a negative
control) at 95°C for 5 min, 10 uL of each sample was loaded on SDS-PAGE gel and
analysed by electrophoresis. First, the polyacrylamide gel was stained with coomasie
brilliant blue to identify recombinant protein 6His-tag-OEP16-1 as a band of increased
intensity of the expected size (expression of AtOEP16-1 protein with N-terminal tag
increased the size of recombinant protein to 18,6 kDa). Afterwards, a western-blot was
performed with anti-His primary antibody (QIAexpress) to confirm that the overexpressed

band was a true 6His-tag-AtOEP16-1 protein.

2.5.6.2 Purification of AtOEP16-1 protein

The presence of the N-terminal 6xHis tag in pDEST 17 allowed affinity purification of
recombinant fusion protein using a nickel-chelating resin Ni-NTA. The procedure of batch
purification under denaturing conditions was adapted from the protocol of the
QIAexpressionist (Qiagen). Bacterial pellets of cultures grown with L-arabinose for 4 h
were lysed in lysis buffer B (8§ M urea; 0,1 M NaH,POy; 0,01 M Tris/HCI pH 8,0). The lysis
was performed using a French press. Then, the cellular debris were pelleted by

centrifugation at 10000 g for 30 min and a cleared lysate was mixed with 1 mL of the 50%
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Ni-NTA slurry on a rotary shaker at 200 rpm during night. Next day, a mixture lysate-resin
was loaded into an empty column (Biorad). Then, a column was washed twice with 2 x 4
mL buffer C (8 M urea; 0,1 M NaH,PO4; 0,01 M Tris/HCl pH 6,3). Finally, the
recombinant protein 6His-tag-OEP16 was eluted with 4 x 0,5 mL buffer D (8 M urea ; 0,1
M NaH,POy ; 0,01 M Tris/HCI pH 5,9), followed by 4 x 0,5 mL buffer E (8 M urea ; 0,1 M
NaH,PO4 ; 0,01 M Tris/HCl pH 4,5). The fractions eluted with buffer D and E were
analysed by SDS-PAGE. Then, the polyacrylamide gel was stained with coomasie brilliant
blue to identify recombinant protein 6His-tag-AtOEP16-1 as a single band of increased

intensity, which was finally cut.

2.5.6.3 Production of the antibody (INTERCHIM)

2 mg of recombinant protein 6His-tag-AtOEP16-1, in SDS-polyacrylamide gel stained with
coomasie brilliant blue, was used for the primary immunization and booster injections of
rabbits performed by Interchim enterprise. Two booster injections of the antigen were given
to two rabbits at regular intervals and their sera containing the antibodies raised against
6His-tag-AtOEP16-1 protein were taken. Rabbit sera with Anti-OEP16-1 antibodies were
directly used in western-blot analysis in [1:3000] dilution without any further purification

steps.

2.5.7 Radioactive labeling of proteins in vivo

5-d old seedlings (450 mg per condition) of A.thaliana ecotype Columbia (wild type,
Atoep16-1) and barley (wild type Scarlett, tigrina-d'’) were harvested and cut with a knife
in little pieces. Immediately after, 1 mL of 0,1% [v/v] Tween solution containing 50 puCi of
3°S-Methionine (Amersham) was added. The labeling was carried out for 2 h under gentle
shaking. Then, after aspiration of radioactive solution and the harvest of seedlings, protein
extraction was done (as described in § 2.5.1). Subsequently, protein concentrations were
determined by ESEN assay (see § 2.5.2) and 30 pg of proteins were separated on 1D 10-
20% polyacrylamide SDS gradient gels or 170 pg of proteins by 2D SDS-PAGE. After
staining the gels (as described in § 2.5.3.3), they were soaked in amplify fluorographic
reagent (Amersham) with agitation for 30 min. Afterwards, the gels were dried for 2 h at

80°C and finally exposed with autoradiographic film Kodak Biomax MS-1 in a cassette
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containing two intensifying screens (Biomax MS intensifying screen) for at least one week

at -80°C. In the end, a film was developed in a dark room, as described in § 2.4.1.7.

2.6 In vitro import into the organelles

2.6.1 Construction of chimeric precursor proteins

Chimeric precursor proteins consisting of the transit peptide of the pPORA (transA) fused
to dihydrofolate reductase (DHFR) reporter protein of mouse and the transit peptide of the
pPORB (transB) fused to DHFR, were constructed by a PCR-based approach as previously
described by Reinbothe et al., 1997. The DNA sequence encoding transA was generated
with primers TransA-F and TransA-R, that for transB with primers TransB-For and TransB-
Rev, using the cDNA clones A7 (Schulz, 1989) and L2 (Holtorf et al., 1995), encoding the
pPORA and pPORB, respectively as templates. The amplified DNAs encoding transA and
transB were inserted into the BamHI site of the pSP64 vectors (Promega). For the
construction of transA- DHFR and transB-DHFR clones, BamHI-digested DNAs encoding
transA and transB were subcloned in exchange for the DNA of transPC into plasmid
pSPPC1-67DHFR, which encodes a chimeric transPC-DHFR protein consisting of the
transit peptide of plastocyanin (transPC) of Silene pratensis fused to a cytosolic DHFR of

mouse. A list of used oligonucleotides is enclosed in the appendix A.

2.6.2 Import assay

In vitro-import reactions were carried out using cDNA-encoded, wheat germ-translated,
urea-denatured, >°S-Methionine-labeled transA-DHFR and transB-DHFR precursors
produced by coupled transcription/translation (as described in §2.4.2.4) of respective clones
and Percoll/sucrose-purified chloroplasts from A. thaliana (Schemenewitz et al., 2007).
°S-Methionine-labeled transA-DHFR and transB-DHFR were activated with 5,5'-
dithiobis(2-nitro) benzoic acid (DTNB)(Reinbothe et al., 2004). DTNB, also known as
Ellman reagent, is a symmetrical aryl disulfide that undergoes a thiol-disulfide interchange

reaction in the presence of a free thiol, to yield a mixed disulfide and thionitrobenzoate
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(TNB). TransA-DHFR and transB-DHFR likewise contain a unique cysteine residue at
position 80 of the DHFR that was activated with DTNB. Then the precursors were added to
isolated chloroplasts that had been isolated from 14 d-old, light-grown Atoep16-1 and wild
type Arabidopsis seedlings and energy-depleted on ice for 1 h. Incubation of DTNB-
derivativatized *>>S-Methionine-labeled precursors with isolated plastids was carried out in the
presence of 0,1 mM Mg-ATP and 0,1 mM Mg-GTP (Reinbothe et al 2004a, b). At these
nucleotide triphosphate concentrations, transA-DHFR and transB-DHFR bind to and integrate
into the outer plastid envelope membrane and also form junction complexes with components
of the inner envelope membrane (Reinbothe et al., 2004). For achieving full import of transA-
DHFR and transB-DHFR across the outer and inner envelope menbranes, the assays were
supplemented with 2,5 mM Mg-ATP and 0,1 mM Mg-GTP (Reinbothe et al., 2004a, b). To
trigger the Pchlide-dependent import of transA-DHFR, isolated chloroplasts were pretreated
with 5-aminolevulinic acid for 15 min in the dark to cause in organelle pigment
biosynthesis. Post-import analysis of bound and translocated precursors included
precipitation of protein with TCA [5% (wt/vol) final concentration], several washing steps
with acetone, ethanol and diethylether, and electrophoresis in denaturing but non-reducing
10-20% (w/v) polyacrylamide gradient gels, followed by detection via autoradiography (see
§2.4.1.7).

2.7 Fluorescence observations

2.7.1 Accumulation of protochlorophyllide and chlorophyll pigments

Protochlorophyllide accumulation was observed in seedlings grown in the dark for 5 d
(Arabidopsis and barley) while chlorophyll accumulation was observed in light-grown
plants. Observation of both types of pigments was carried under blue light (400-450 nm)

using the epifluorescence microscope (Olympus).
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2.7.2 Detection of GFP and YFP fusion proteins

Subcellular localization of AtOEP16-1 protein was carried out with transgenic Atoepl6-1
and wild type (ecotype Columbia) Arabidopsis plants transformed with GFP (Green
Fluorescent Protein) and its derivative YFP (Yellow Fluorescent Protein) fused to
AtOEP16-1 protein at her N- and C-terminus respectively, under the control of the CaMV
35S promoter. For the controls, we used transgenic Arabidopsis plants (kindly donated by
Norbert Rolland) carrying 35S::GFP and 35S::transit SSU::GFP constructs targeted to the
cytoplasm and the stroma of plastids, respectively. Both, GFP and YFP imaging were
performed on an inverted epifluorescence microscope and confocal laser-scanning

microscope.

2.7.2.1 Epifluorescence microscopy

Plants grown under continuous light for 7 and 14 d were analyzed with an epifluorescence
microscope (Olympus) using 470-490 nm Zeiss excitation filter, dichroic mirror and a 505-

530 nm Zeiss emission filter.

2.7.2.2 Confocal laser-scanning microscopy

Young seedlings grown under continuous light for 3-5 d were harvested and analyzed under
the Leica confocal microscope, using 63x water immersion objective and Argon/Krypton
laser. For imaging GFP, a 488 nm excitation filter in combination with a 493-573 nm
emission filter were used. For the YFP variant, a 514 nm excitation filter and 520-550 nm

emission filter were used.

2.8 Electron Microscopy Imaging (EMI)

2.8.1 Tissue fixation

The procedure of tissue preparation was carried out in the dark. Cotyledons of Arabidopsis
plants grown in continuous dark for 5 d were fixed by harvesting and placing them directly
into fixative solution (2% [v/v] glutaraldehyde in 0,IM Sodium Cacodylate buffer at pH

7,2) in Eppendorf tubes. The tissues were subjected to 8 vacuum infiltrations until all
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cotyledons were placed at the bottom of Eppendorf tubes. Afterwards, the fixation buffer
was removed and a fresh one was added. The samples in the Eppendorf tubes were wrapped
in aluminum foil and stored at 4°C before sending them to Dr. Armin Springer (Technische

Universitat of Dresden, Germany) for further analysis.

2.8.2 Inclusion and observation

Each post-fixation procedure was done by Dr. Armin Springer. The samples were
embedded in a resin Epon (Fluka) and observed under transmission electron microscope
CM10 (FEI). The images were photographed using the XR60 AMT (Advanced Microscopy
Techniques, Danvers, MA, USA) camera.

2.9 Tetrazolium staining of plant tissues

Cotyledons with hypocotyls of 100 Atoepl6-1 and wild type Arabidopsis seedlings grown

under:

e continuous dark for 5 d
e continuous dark for 5 d and exposed to high light for:

> 30 min
> 2h
> 4h

were cut from the roots and immersed in 1,5 mL of 1% (w/v) solution of 2,3,5-
triphenyltetrazolium chloride (TTC; Sigma). Samples were incubated at room temperature

in darkness for at least 2 d to obtain optimal staining before being photographed.
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2.10 Pigment analysis by High Performance Liquid
Chromatography (HPLC)

2.10.1 Sample preparation
450 mg of cotyledons of Atoep16-1 and wild type Arabidopsis plants grown under:

e continuous light for 5 d,
e continuous dark for 5 d,
e continuous dark for 5 d and illumination for 2 h,
e continuous dark for 5 d and illumination for 12 h

were harvested and grinded in liquid nitrogen. 400 mg of a resulting free flowing powder
were lyophilized for 48 h in the dark. 2 mg of dried tissues were used for further pigment

extraction.

2.10.2 Pigment extraction

Pigment extraction was carried out in the dark. 100 pL of methanol (Carlo Erba, HPLC
quality), previously neutralized with 5 mM Tris pH 7,5, were added to 2 mg of dried tissues
and the resulting mixture was vortexed for several times until the pigments were completely
extracted and the powder became white. Between each vortex, the samples were kept on ice
in the dark. Afterwards, the mixture was centrifuged at 13000 rpm for 10 min at 4°C and
the resulting supernatant was collected. This extraction procedure was repeated twice with
the same plant tissue and collected supernatants were combined and then evaporated with
nitrogen. Pigments were then stored at -20°C overnight in the dark. Next day, pigments
were dissolved in 100 pL dimetylformamid (DMF; Carlo Erba, HPLC quality) and
centrifuged twice at 13000 rpm for 10 min at 4°C to eliminate any cellular debris. 50 uL of

resulting supernatant was used for HPLC analysis.
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2.10.3 Dosing and pigment analysis

HPLC analyses were performed by Dr Marcel Kuntz using a Varian ProStar 410 machine
and Varian ProStar 240 pump. Pigment composition of the samples used in this study was
done on an YMC C30 column (Schermbeck, Germany). The mobile phases used were:
methanol (A), methanol 80% in water (v/v) containing 0,2% ammonium acetate (B) and
tert-methyl-butyl ether (C). Isocratic elution was carried out with a mixture of 95%A - 5%B
solvents for 12 min followed by a mixture of 80%A - 5%B -15%C in linear gradient until
30%A - 5%B - 65%C was reached, disposed for 25 min. Then, the column was equilibrated
with a mixture of 5%A - 95%B solvents for 25 min. The flow rate was set to 1 mL/min and
the temperature of the column was kept at 30°C during the entire time of chromatography

procedure.

The pigments were identified according to their retention times and spectral properties
when compared to standard substances (PolyView 2000 software, Varian). Values
presented in histograms correspond to the peak areas of pigments. HPLC experiments were

carried out in triplicate to ensure the reproductibility of the technique.
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Chapter 3  Results
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3.1 Genetic complexity of the Atoepl6-1 mutant background

3.1.1 Identification of the Atoepl6-1 mutant in Arabidopsis

OEP16 is a protein of 16 kDa in the outer envelope of chloroplasts. It belongs to the
preprotein and amino acids transporter (PRAT) family of proteins and shares homology
with TIM proteins of the inner mitochondrial membrane (Rassow et al., 1999). It was
shown that OEP16 of pea chloroplasts forms an amino acid-selective channel (Pohlmeyer et
al., 1997). Later, a 16 kDa plastid envelope protein was identified by chemical crosslinking
as a protein interacting with pPORA during its posttranslational import into isolated
chloroplasts of barley, Arabidopsis, pea and other plant species (Reinbothe et al., 2004
a+b). Protein sequencing confirmed that the protein identified in barley is an orthologue of

pea OEP16 (Reinbothe et al., 2004 a+Db).

In Arabidopsis there are 4 OEP16 genes named AtOEP16-1 - AtOEP16-4 (Reinbothe et al.,
2004; Philippar et al., 2007). AtOEP16-1 (At2g28900) is most closely related to the barley
OEP16 protein (HvOep16-1) identified by crosslinking. The relationships of AtOEP16-1 to
HvOepl6-1 is 52% and that to pea OEP16 (PsOEP16) is (62%). AtOEP16-1 contains 6
exons and 5 introns (Figure 3.1). A reverse genetics approach was taken to isolate Afoepl6-
1 (At2g28900) mutant plants lacking OEP16-1 protein in the Columbia ecotype of
Arabidopsis. A respective T-DNA insertion line was identified in the mutant collection of
the Salk Institute (Salk 018024.50.90.X). Sequencing showed that this mutant contains a
single, head-to-tail T-DNA insertion that disrupts the second exon of the AfOEP16-1 gene.
To eliminate possible parasite mutations, the mutant was backcrossed twice with wild-type
plants. After self-pollination and subsequent segregation analyses on medium containing
Kanamycin, resistant plants were propagated on soil and used to establish seed stocks. Only
mutants at homozygous state were self-pollinated until the third generation (F3). Such
homozygous Afoep16-1 plants were used for further biochemical and cell biological studies

of which the most important shall be summarized here.
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AtOEP16-1 gene (At2g28900): 6 exons, 5 introns

5 El E2 E3 E4 E5 E6 3
Il

| —1— }—

T-DNA
Salk_018024.50.90.X

Figure 3.1 Structure of the AtOEP16-1 mutant gene (Salk_018024.50.90.X).

AtOEPI16-1 (At2g28900) consists of 6 exons (represented by grey rectangles) and 5 introns (represented by
black lines separating each exon). 5’- and 3’- untranslated regions (UTRs) are shown in green. The T-DNA
insertion, which disrupts the second exon of AfOEP16-1, is indicated as a red triangle (not drawn to scale).

Southern blotting was used to determine the number of T-DNA insertions. Genomic DNA
was isolated from homozygous Atoepl6-1 plants, digested with different restriction
enzymes, separated on agarose gels, and blotted onto nitrocellulose membranes. Then, the
filter-bound DNA was hybridized with a T-DNA-specific probe (Pollmann et al., 2007).
These analyses revealed that the isolated mutant contained only one single T-DNA insertion
detectable on Southern-blots. Further Western blot analyses using a heterologous antiserum
from barley demonstrated a lack of AtOEP16-1 protein in Atoepl6-1 plants. This result
showed that the mutant is null with respect to the AtOEP16-1 gene (Pollmann et al., 2007).

Atoepl6-1 seedlings exhibit a conditional cell death phenotype (Figure 3.2, taken from
Pollmann et al., 2007). If seedlings were grown for 5 d in darkness, they showed a strong
red fluorescence under blue light indicative of the presence of free pigment molecules. High
performance liquid chromatography (HPLC) analyses revealed that etiolated Aroepl6-1
seedlings overproduce free Pchlide molecules and that the pigment elutes at a retention time
specific for Pchlide a. Upon illumination, etiolated Atoep6-1 seedlings rapidly died, most
likely as a result of singlet oxygen accumulation triggered by free Pchlide molecules

operating as photosensitizer.
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Figure 3.2 Conditional cell death phenotype of Atoep16-1.

(a) Atoepl6-1 (A-C) and wild-type (D-F) seedlings were germinated and grown for 5 d in the dark, before
being inspected under blue light (400nm-450nm)(A and D). The emitted red fluorescence is indicative of the
presence of free Pchlide molecules. Upon illumination, these pigment molecules operate as photosensitizer
and trigger singlet oxygen production and cell death (B and E). The phenotype of Afoep6-1 is related to plant
etiolation (skotomorphogenesis). In seedlings that are grown in continuous white light right from the
beginning of germination, no cell death occurs and the plants are fully viable (C and F). (b) Immunoblot
analysis of total proteins extracted from 5 d-old etiolated Afoepl6-1 and wild-type plants showing the
absence of PORA protein in mutant versus wild-type seedlings. A heterologous antibody against total POR
proteins from barley and an ECL system were used to develop the blots (taken from Pollmann et al., 2007).

Both the high pigment fluorescence and cell death properties of Afoep16-1 were reminiscent
of those described for the flu mutant of Arabidopsis (Meskauskiene et al., 2001; see also
Introduction). Therefore photobleaching tests were carried out to define more precisely the
conditons that lead to the establishment of the cell death phenotype. flu seedlings are fully
viable and look like the wild-type when grown under continuous white light. By contrast,
flu seedlings die when grown in the dark and exposed to white light (Meskauskiene et al.,
2001). Seeds of Atoep16-1 and wild-type were sawed on MS agar medium, vernalized for 2
d in a cold room, transferred for 1 h to light to induce germination, and subsequently kept
for 5 d in the dark, before being exposed to white light of approximately 125 umol/mzs.
While Atoepl6-1 seedlings bleached out and died presumably as a result of Pchlide-
sensitized singlet oxygen formation, wild-type seedlings greened normally. When Atoep16-
1 seeds were germinated in the presence of white light right from the beginning of
germination, they did not show any phenotype and closely resembled the wild-type. These
results demonstrated that Afoepl6-1, like flu, exhibits a conditional cell death phenotype
associated with the process of seedling de-etiolation. Nevertheless, pigment analyses by
HPLC uncovered differences in the amount and composition of tetrapyrrole pigments in

Atoepl6-1 and flu plants. Pigment quantification showed that flu seedlings accumulate 8.5
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higher levels of total Pchlide than wild-type, while Afoep16-1 plants contained only 4.5 fold
higher pigment levels. Moreover, Afoepl6-1 accumulated Pchlide a, whereas flu plants
accumulated elevated levels of Pchlide b, as compared with wild-type (Pollmann et al.,
2007). It is attractive to hypothesize that these subtle differences may explain the different
time courses of bleaching in these initial experiments where we found that f/u seedlings

were bleaching more rapidly than Atoep16-1.

Since previous biochemical experiments had shown that AtOEP16-1 interacts with pPORA
during its Pchlide-dependent import, additional experiments were carried out. Plastids were
isolated from dark-grown and light-grown plants and incubated with a chimeric protein
consisting of the transit peptide of pPORA (transA) that had been fused to the dihydrofolate
reductase (DHFR) reporter protein of mouse. As summarized in Pollmann et al. (2007)
these experiments showed that Afoepl6-1 is specifically impaired in import of pPORA in
vitro. This conclusion was supported by transient in planta expression studies using cDNAs
encoding fusions of transA with the green jellyfish fluorescent protein (GFP). After ballistic
bombardment, expression of transA-GFP was followed by confocal microscopy. It was
found that only wild-type chloroplasts could import transA-GFP, whereas chloroplasts of
mutant Atoepl6-1 were not able to do so. However, import of a similar chimeric protein
consisting of the transit peptide of pPORB (transB) and GFP was detectable for both wild-
type and Atoep16-1 plants.

The import defect of pPORA, as deduced from the in vitro and in planta import
experiments, along with the conditional cell death phenotype, suggested strong
perturbations in etioplast ultrastructure in Afoep16-1 plants. To address this point, electron
microscopy was carried out by Armin Springer (from University of Bayreuth, Germany).
These studies unveiled that etiolated Afoepl6-1 seedlings almost completely lacked
prolamellar bodies. Instead of these paracristalline structures, ghost-like areas were seen on
the electron micrographs. Moreover, a drastic increase of plastoglobules was observed.
Plastoglobules are thought to operate as metabolite carriers. For example, plastoglobules
isolated from chloropasts contain prenylquinones, such as plastoquinone and phylloquinone,

as well as a-tocopherol (see Bréhélin et al., 2007; Kessler and Vidi, 2007; for reviews). In
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chromoplasts of fruits, also triacylglycerols, B-carotene and carotenoid esters accumulated.
These different constituents are held together via specific plastoglobulins. In addition,
plastoglobules contain metabolic enzymes putatively involved in abscisic acid metabolism
and vitamin E synthesis. Several other proteins with unknown functions were found.
Results, that some of the plastoglobulins are induced more strongly than others under
adverse conditions, provoke the view of structural and functional heterogeneity of
plastoglobules in adaptive responses to stress. Presumably because of technical difficulties
to separate them from the envelope membranes, plastoglobules from senescent plants have
less well been characterized. It seems likely that they may be involved in sequestering
carotenoids released from the thylakoids upon the disassembly of the LHC proteins. It is
also important to note that a-tocopherol synthesis requires phytol which could easily be
released from Chl by virtue of chlorophyllase. However, such mechanism would require the
transport of chlorophyll from the thylakoids to the envelope by either membrane flow or
Chl carrier proteins and subsequent phytol loading to plastogobulins. The role of
plastoglobules during greening is unresolved but may now be studied by using the Atoep16-

[ mutant.

3.1.2 Re-screening of original seed stock from the Salk Institute for

additional Azoepl6-1 mutants

3.1.2.1 Identification of two Afoepl6-1 mutant families with different phenotypes

In marked contrast to our results (Pollmann et al., 2007), Philippar et al. (2007) reported
that Atoepl6-1 did not exhibit a photobleaching phenotype. In vitro protein import studies
revealed no differences between the import of either pPPORA or pPORB into Atoep16-1 and
wild-type chloroplasts. In addition, etioplasts of homozygous Atoepl6-1 mutants looked
similar to those of wild-type seedlings, and no differences in the size and ultrastructure of
the prolamellar bodies were observed. Because protein mass spectrometry identified both
PORA and PORB in etiolated Afoepl6-1 seedlings (summarized in Table 3.1), it was
concluded that AtOEP16-1 is not involved in the import of pPORA (Philippar et al., 2007).
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Mutant Atoep16-1
Articles Polimann et al., 2007 Philippar et al., 2007
Phenotypes
under stress Photobleaching Not examined
conditions
(D> 1)
- +
Presence of L .
PORA (in vivo, in vitro import) (MS, in vitro import)
Etioplasts
(electronic Absence of prolamellar WT (presence of
microscopy) bodies prolamellar bodies)
m}nﬂ v ,f{ WT

Table 3.1 Opposing results on Azoepl6-1 published in the literature.

In two independent publications, Pollmann et al. (2007) and Philippar et al. (2007), compared the propertties
of Atoep16-1 with regard to the phenotype after de-etiolation, PORA abundance and etioplast ultrastructure.
Both mutants are obviously different. Electron micrographs were taken from Pollmann et al. (2007) and
Philippar et al. (2007), respectively.

To solve this controversy in the literature, the original seed stock of the Salk Institute was
rescreened for Atoepl6-1 mutants that may have a different phenotype than the one reported
by Pollmann et al. (2007). Several independent Afoepl6-1 mutant plants, identified by
genotyping, were backcrossed once with the wild-type. The offspring of these backcrosses
was used to select homozygous plants and establish seed stocks. Aliquots of these seed
stocks were grown in the dark for 5 d and analyzed with regard to their photobleaching
properties and the presence/absence of PORA protein on Western blots. Analysis of the
progeny of these stocks resulted in identifying 4 mutant types, belonging to two families:
mutants that bleached out during de-etiolation and mutants that did not bleach out after this
dark-to-light shift. Each family segregated into two groups: one group lacking PORA
protein on Western blots and one group containing PORA protein. We designated the
resulting mutants Afoepl6-1;5-8. From the data summarized in Table 3.2 it is likely that
mutant Atoepl6-1;5 may correspond to the mutant described by Pollmann et al. (2007),
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which was obtained after two backcrosses, whereas line Afoep16-1;8 may correspond to the
mutant described by Philippar et al. (2007). Mutants Atoepl16-1;5-6 and Atoepl6-1;5-7

represent intermediate phenotypes with new phenotypic properties (Figure 3.3 a and b).

Atoep16-1;5 Atoepl6-1;6 Atoepl6-1;7 Atoepl6-1;8

-----
| mmn

b) Atoepl6-1
WT 1,5 1,6 1,7 1,8

.- PORA (37kDa)

“*~. PORB (36kDa)

Figure 3.3 Identification of four independent Atoepl6-1 knock-out mutants in the
original seed stock Salk 018024.50.90.X.

After having rescreened the original seed stock provided by the Salk Institute (Salk 018024.50.90.X), four
independent Afoepl6-1 knock-out mutant types were found that differ in their phenotype after growth in the
dark and after illumination These mutant types were designated Afoepl6-1,;5-8. (a) Phenotypic analysis
performed for 5 d-old Atoep16-1,5-8 and wild-type (WT) seedlings after growth in darkness for 5 d (D), after
a non-permissive dark-to-light shift for 24 h (D—24hL) and after growth in continuous white light (cL). Note
the red Pchlide fluorescence under blue light (400 nm-450 nm) in seedlings of mutants Atoepl6-1;5 and
Atoepl6-1;6 and the lack of a corresponding fluorescence in seedlings of mutants Azoepl6-1;7 and Atoep16-
1;8. Upon illumination, free Pchlide molecules trigger singlet oxygen production and cell death in mutants
Atoepl6-1;5 and Atoepl6-1;6. In all four types of Atoepl6-1;5-8 mutant seedlings that were grown in
continuous white light right from the beginning of illumination, no phenotype is detectable. b) Western blot
analysis on plastid proteins extracted from 5 d-old etiolated Afoepl6-1,;5-8 and wild-type seedlings, using
heterologous barley POR antiserum.
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3.1.22 PORA and FLU genes are unaffected in Atoep16-1;5-8.mutant lines

Pilot experiments were carried out to reconfirm the homozygous nature of the isolated
Atoepl6-1;5-8 mutants. Using a PCR-based approach, the presence of the T-DNA and
interrupted AtOEP16-1 gene was assessed with genomic DNA isolated from the third
generation (F3) of Atoep16-1,5-8 and wild-type plants. As shown in Figure 3.4 (panel a), all
four Atoep16-1;5-8 mutants were homozygous with regard to the AtOEP16-1 mutation.

DEP16 T-DNA NP1

b) Aloep16-1

—1100pb

Figure 3.4 PCR verification of the T-DNA insertion in AfOEP16-1;5-8.

a) PCR-based verification of the absence of AfOEP16-1 in the four Atoepl6-1,;5-8 mutant types. PCR was
carried out using genomic DNA and a pair of specific primers for the wild-type AtOEP16-1 gene and a pair
of primers corresponding to the T-DNA plus AtOEP16-1 gene. b) and ¢) PCR analyses to verify the absence
of T-DNA insertions in the PORA (b) and FLU (c) genes. Amplification products corresponding to the wild-
type PORA and FLU genes, respectively, were detected both for Afoep16-1,5-8 as well as wild-type plants.
Thus, neither gene contains a detectable T-DNA insertion. M stands for Smart Ladder DNA marker
(Eurogentec).

86



A reason for the appearance of different phenotypes in mutants Atoep16-1,;5-8 could be the
presence of additional T-DNA insertions that were not crossed out after the first backcross.
To test this hypothesis, genomic DNA was isolated from mutants Atoepl6-1,;5-8 and
digested with the restriction endonucleases Bsrg I and Cla I. Southern blots were further
hybridized with different probes corresponding to either the Kan resistance gene and the left
border regions of the T-DNA. The results in Figure 3.5 showed that there was only one T-
DNA insertion detectable in all four Afoep6-1:5-8 mutants.

a) AtOEP16-1 gene {At2g28900): 6 exons, 5 introns
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Figure 3.5 Southern-blot analysis of A7oep16-1 mutant lines.

Upon genotyping and sequencing of the AtOEPI6-1 gene in mutants Atoepl6-1,5-8, all were found to
contain head-to-tail insertions of two T-DNA copies. To confirm this conclusion, Southern blotting was
used. Genomic DNA was digested with BsrG [ which cuts 471 bp before first exon and in the position of 516
bp of the fifth exon. Probes were generated by a) PCR, using the following priner combinations: LBGT1 plus
Lbal, for the left border T-DNA probe (326 bp) or neomycin phosphotransferase (NPT)II-R2 plus NPTII-
F2,for the right border (NPT II, 551 bp) probe. b) Autoradiogram showing the result of the Southern blot
analysis for DNA of mutants Afoepl6-1;5-8 hybridized with a digoxigenin-labeled right border T-DNA
probe. The expected size of the detectable T-DNA fragment is 10205 bp, whereas the detected fragment is
approximately two-fold larger because of the head-to-tail insertion of the two T-DNA copies. M stands for A
DNA marker that had been labeled with digoxigenin.

An alternative reason for the obviously different phenotypes of mutants Atoepl6-1,5-8
could be the presence of small DNA fragments that might have occurred by the loss of
previously inserted T-DNA copies. Such mutations would not be detectable by Southern
blotting and could concern genes for key players of the seedling de-etiolation response such
as PORA and FLU. We therefore tested the possible presence of such mutations by
sequencing the PORA and FLU genes using genomic DNA isolated from all of the different
Atoepl6-1;5-8 mutants. PCR analyses showed that amplified DNA fragments
corresponding to the expected sizes of the PORA and FLU genes were identical to those in
the wild-type (Figure 3.4 b and c). Subsequent sequencing of the different PCR fragments
revealed that no changes in the nucleotide sequences of the PORA and FLU genes occurred.
Our results vindicated that no detectable DNA rearrangements occurred in the PORA and

FLU genes in mutants Atoep6-1;5-8.
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To verify the absence of AtOEP16-1 protein in mutants Atoepl6-1;5-8, Western blotting
was carried out. An antibody was raised against the bacterially expressed and purified
AtOEP16-1 protein (see Appendix A.2). A hexa-His-tagged version of AtOEP16-1 was
expressed in strain BL21-AI' of E.coli using Gateway” technology (Invitrogen).
Recombinant protein was purified by Ni-NTA agarose chromatography and sent to
Interchim enterprise for immunizing rabbits. Different boosts of the antiserum containing
anti-OEP16 antibodies were obtained and tested on Western blots using total proteins
extracted from 2 w-old Atoepl6-1,5-8 mutant plants that had been grown under standard
long day (16h/8h) light conditions at 80 pmol/m®s. Figure 3.6 demonstrates that no OEP16
signal was detectable on the Western blots, confirming that all four Atoepl6-1;5-8 mutants

were truly null for the AtOEP16-1 gene.

Atoep16-1
a) M WT 15 1,6 1,7 1,8
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{16 kDa)

Figure 3.6 Absence of AtOEP16-1 protein in mutants Atoepl6-1;5-8.r

Total protein extracts were prepared from 10 d-old, light-grown Atoep6-1;5-8 plants and separated by SDS-
PAGE on a 15% polyacrylamide gel. a) Coomassie blue stained PAGE (40 pg protein per lane) shows equal
loading of the samples. b) Western blot corresponding to (a) AtOEP16-1-related proteins. The absence of
AtOEP16-1 protein was confirmed using protein extracts from isolated etioplasts of mutants Atoepl6-1,;5-8
(see Appendix B).
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Aloep16-1;5 Aloep16-1;6 Aloep16-1;7 Aloep16-1;8

24hL ]
T-DNA 1 1 1 1
AtQOEP16-1 - - - -
PORA - + - +
Cell death + + - -

Table 3.2 Comparison of the different properties of Atoep16-1; 5-8.

Despite the presence of only one T-DNA fragment on Southern blots that leads to the absence of AtOEP16-
1, all four Afoep16-1,5-8 mutants exhibit different phenotypes. They either overproduce Pchlide in the dark
or not and contain or lack PORA protein as indicated.

Taken together, different properties of all four Afoepl6-1; 5-8 lines are summarized in a

Table 3.2.
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3.2 Physiological characterization of the four Afoep16-1 mutant
types

3.2.1 Pigment analyses

3.2.1.1 Low-temperature fluorescence analysis of Pchlide forms in etiolated Atoep16-

1;5-8 mutant seedlings

A comparison of the red pigment fluorescence in the cotyledons of 5 d-old dark-grown
Atoepl6-1;5-8 and wild-type seedlings revealed higher Pchlide levels in mutants Atoepl6-
1;5 and 1,6, suggestive of the presence of free, non-photoconvertible Pchlide molecules not
bound to POR. Low-temperature fluorescence spectroscopy was used to assess the
functional state of pigments in planta. During low-temperature fluorescence spectroscopy
Pchlide normally gives rise to two spectral pigment species: Pchlide-F631 and Pchlide-F655
(Lebedev and Timko, 1998). Pchlide-F655 is also called photoactive Pchlide because it can
be converted to Chlide under a 1-msec flash of white light. The presence of Pchlide-F655
indicates the establishment of functional PORA:PORB-pigment complexes in the
prolamellar bodies of etioplasts (Reinbothe et al., 1999 and 2003). These complexes are
involved in light trapping and excess light energy dissipation during seedling de-etiolation.
By contrast, Pchlide-F631, also called photoinactive Pchlide, cannot immediately be
converted to Chlide (Lebedev and Timko, 1998). It was shown that Pchlide-F631 comprises
PORA-Pchlide b complexes and free, non-protein bound Pchlide molecules (Reinbothe et
al., 1999 and 2003).

In order to determine the in vivo states of Pchlide in the four different Afoepl6-1 mutant
types, low-temperature (77 K) fluorescence spectroscopy was performed for 5 d-old
etiolated mutant seedlings and compared with that of wild-type seedlings. The low-
temperature fluorescence spectra of etiolated wild-type seedlings confirmed the presence of
two main emission bands, with maxima at 631 and 655 nm, which represent photoinactive
and photoactive Pchlide, respectively (Figure 3.7). In contrast to the wild-type, the Afoep16-
1;5 mutant contained large amounts of Pchlide-F631, whilst the major, photoactive Pchlide-
F655 form was missing. Etiolated seedlings of mutant Atoep6-1,;6 contained higher levels

of photoinactive Pchlide-F631 and reduced levels of photoactive Pchlide-F655 when
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compared with wild-type. In line Atoepl6-1;7, traces of Phlide were present that were
exclusively established by photoinactive Pchlide-F631. Unlike the low temperature
spectrum of Atoepl6-1;5-7, the spectrum of mutant Atoepl6-1,8 closely resembled that of

wild-type seedlings and both photoactive and photoinactive Pchlide were seen (Figure 3.7).
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Figure 3.7 Low temperature (77 K) fluorescence emission analysis of pigments in
Atoepl6-1; 5-8 mutant seedlings.

Low temperature spectroscopy was carried out at an excitation wavelength of 440 nm. The different peaks
correspond to photoinactive Pchlide, emitting at 631nm, and photoactive Pchlide, emitting at 655nm. Life
Sciences spectrometer, model LS50, Perkin Elmer Corp., Norwalk, CT, was used for spectroscopy.

Together these findings corroborated the view that mutant Afoepl6-1,;5 may correspond to
the line originally described by Pollmann et al. (2007), while mutant Atoep6-1,;8 may be
identical to the line identified by Philippar ef al. (2007).

3.2.1.2 HPLC-analysis of pigments (carotenoids, chlorophylls)

Previous photobleaching tests (Figure 3.3 a) had revealed that mutants Atoepl6-1;5 and 1,6
were more prone to photooxidative stress than mutants Afoepl6-1;7 and 1;8. While the
former bleached when grown in darkness and exposed to high white light, the latter turned
green normally and developed like wild-type seedlings. We asked whether, besides Chl,
also differences in other pigments, in particular in the composition and concentration of

different carotenoids (Figure 3.8), would be present in the four Afoep!6-1 mutant lines.
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Figure 3.8 Biosynthesis of carotenoids in plants.

Carotenoids and vitamine E investigated in our studies are shown in colours. Light blue circle represents the
xanthophylls cycle. PSY: phytoene synthase, PDS: phytoene desaturase, ZDS: { carotene desaturase, CRTL-
B: lycopene B-cyclase, LCY-E: lycopene epsilon cyclase, ZE: zeaxanthin epoxidase, VDE: violaxanthin de-
epoxidase, NYS: neoxanthin synthase (adapted from Simkin, 2002 and Szabo et al., 2005).
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Pigment analyses were carried out by high-performance liquid chromatography (HPLC)
using methanol extracts from wild-type and Atoep16-1,5-8 mutants that had been grown in
darkness for 5 d and transferred to high light intensity of 210 pmol/m” for 2 h and 12 h,

respectively. For comparison, plants were grown for 5 d under continuous white light.

From the HPLC tracings it turned out that all four Atoepl6-1;5-8 mutants showed the same
pigment content as the wild-type both after growth in darkness or continuous white light.
Cotyledons of plants grown in the dark for 5 d accumulated similar amounts of violaxanthin
(viola), neoxanthin (neo; data not shown) and lutein, while Chl a and Chl b, as well as -
carotene were not detectable (Figure 3.9). Already after 2 h of high white light exposure,
some differences in pigment accumulation occurred. Chl a and Chl b, as well as
xanthophylls started to accumulate in all lines. Viola levels increased by around 10-20% in
Atoepl6-1;7 and 1,8, similarly to wild-type, whereas the viola content was slightly reduced
(by about 5%) in mutant Atoepl6-1;5 and 1,6 (Figure 3.9 d). Simultaneously, zeaxanthin
(zea) appeared in all of the four Afoep16-1,5-8 mutants. Detection of such pigments was not
surprising since oxygenated carotenoids (xanthophylls) are widely recognized to play an
important role in the light-harvesting complexes of the photosystems. We suppose that
when dark-grown plants are exposed for 2 h to strong saturating white light to support up-
coming photosynthesis, the luminal pH of the thylakoids may diminish because of
difficulties to dissipate the proton gradient across the membrane by the ATP synthase. In
turn, an activation of the viola deepoxidase enzyme could occur that is responsible for viola
deepoxidation to zea via antheraxanthin (ant) (Verhoeven et al., 1996). It is well known that
deepoxidase together with epoxidase (catalyzing the reverse epoxidation reaction:
conversion of zea to viola) operate within the “xanthophyll cycle” (Figure 3.8). This
reversible, light-induced synthesis of zea is involved in the protection mechanism of the
photosynthetic apparatus against excess light energy. Thus, newly synthesized zea could
directly quench the singlet excited state of photosystem II (PSII) Chls, protecting the
sensitive reaction centre from overexcitation. Such mechanism of deepoxidation is
commonly observed in plants stressed with high light. The level of another xanthophyll,
lutein, remained unchanged in all of the examined genotypes (Atoepl6-1:5-8, wild-type)

when compared to dark conditions (Figure 3.9 c).
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Figure 3.9 The effect of light on pigment accumulation in Atoep16-1;5-8 and wild-type
seedlings.

HPLC analyses were performed on etiolated seedlings that had been grown in darkness for 5 d (D) and
extracted with methanol. Similarly, etiolated seedlings that had been exposed to white light for 2 h (D + 2h
L) and 12 h (D + 12h L), respectively, were extracted with methanol. As control, seedlings of the same age
were used that had been grown under continuous white light (cL). Error bars indicate standard deviations of
mean values (+/- SD) derived from three independent measurements. Levels of vitamine E are expressed in
arbitrary units and not as absolute values.

The most pronounced changes in pigment accumulation were observed in dark-grown
plants transferred to high light for 12 h. The HPLC analyses (Figure 3.10) showed a

decrease of carotenoids and Chls in mutants Afoepl6-1,5 and 1,6, whereas in wild-type and
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mutants Atoepl6-1;7 and ;8 these pigments did not decline. Mutants Atoepl6,1-5 and
Atoepl6,1-6 were not able to accumulate Chl. This result is in marked contrast to mutants
Atoepl6-1;7 and 1;8, which behaved like wild-type. They accumulated similar levels of
Chl, although at different Chl a:Chl b ratios (Figure 3.9 a). Interestingly, lutein and viola
levels were reduced in mutants Atoepl6-1,5 and 1,6, while they increased by about 50% in
Atoepl6-1;7 and 1;8. B-carotene was not detected in Atoepl6,1-5 and Atoepl6;1-6, in
contrast to wild-type and mutants Atoepl6-1,7 and 1,8 (Figure 3.9 b, c and d). Higher levels
of zea accumulated in mutants Afoep16-1;5 and 1,6, whereas zea was no longer detected in
wild-type, neither in Afoepl6-1,;7 nor in 1,8 (see Figure 3.9 d). The absence of -carotene
and increase in zea content in mutants Atoepl6-1,;5 and 1,6 may be the consequence of the
hydroxylation of B-carotene, which - if not integrated in photosynthetic complexes - is
available for the conversion to zea. In addition, a reduction in viola content in mutants
Atoepl6,1-5 and Atoepl6,1-6 may be due to the fact that a long (12 h) light stress can
maintain viola deepoxidation, leading to zea accumulation. Since mutants Afoepl6-1;7 and
1;8 turned green after 12 h of illumination, it seems unlikely that the light conditions (light
quality and quantity) were generally unfavourable for the establishment of the
photosynthetic apparatus. Thus, the measured higher levels of viola may be the
consequences of: (i) an inactivation of the deepoxidase, (ii) efficient conversion of zea to

viola by the epoxidase, and (iii) an integration of viola in newly built antenna complexes.

Zea provides effective photoprotection through two mechanisms: by the modulation of the
thermal energy dissipation and by acting as an efficient scavenger for ROS. Havaux et al,
(2003) demonstrated that the photoprotective function mediated by zea overlaps with the
other antioxidant mechanisms of chloroplasts involving, for example, a-tocopherol
(vitamine E). To gain deeper insights into the regulatory mechanisms of photoprotection in
Arabidopsis, we analyzed the accumulation of vitamine E in wild-type and mutants
Atoepl6-1;5-8 (Figure 3.9 e). The results indicated a continuous decrease in the a-
tocopherol content during illumination of dark-grown seedlings. However, there were no
significant differences between all of the four Atoep6-1 mutants and wild-type. Despite the
fact that mutants Atoepl6-1; 5 and 1,6 had a significant reduction in their total Chl content
and accumulated zea, they did not show an increase in the a-tocopherol content with respect

to wild-type seedlings.
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Figure 3.10 Representative HPLC analysis of pigmentss found in the cotyledons of
wild-type and Atoep16-1;5-8 mutant seedlings.
Each chromatogram represents absorbance (Abs) readings at 450 nm of pigments found in the cotyledons of
5 d-old dark-grown seedlings after their exposure to high light (210 pE/m?) for 12h. N: neoxanthin; V:
violaxanthin; L: Iutein; iL: isomers of lutein; b: chlorophyll b; a: chlorophyll a; Z: zeaxanthin; B-carot: f3-
carotene. Retention time is indicated in min.
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Taken together, the results of the HPLC analyses showed that high white light stress in
Atoepl6-1;5 and 1,6 plants (which are more sensitive to photooxidative stress than oepl6-
1;7 and 1,8), leads not only to reductions in the Chl content but also to viola and -carotene
depletion and a reduction in the amount of lutein. Moreover, both mutants Afoep16-1;5 and
1,6 accumulated higher levels of zea when compared to mutants Afoepl6-1;7 and 1,8 and
wild-type. We assume that the decrease of viola, lutein and B-carotene was not enough
compensated for by an accumulation of zea and vitamine E to prevent a bleaching

phenomenon and a further cell death in irradiated Atoep16-1,5 and 1,6 seedlings .

3.2.2 Viability of Atoepl6-1 mutant seedlings

3.2.2.1 Developmental control of seedling viability

The establishment of the cell death phenotype in mutants Atoepl6-1;5 and Atoepl6-1;6
depends on seedling age, hypocotyls length and the time period and intensity of
illumination. In time-course experiments we observed that the increase of time of seedling
growth in darkness (and thus seedling age) provoked an increase in hypocotyl length and
greater light sensitivity. This effect is illustrated for Aftoepl6-1;6 and wild-type in Figure
3.11.
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Figure 3.11 Seedling survival as a function of seedling age and hypocotyl length in
Atoepl16-1;6 and wild-type.

Atoepl6-1;6 and wild-type seedlings were grown in the dark for 1 d to 5 d and then transferred to white light
(125 ymol/m?) for 24 h. Seedling viability was assessed as described in Figure 3.2 using the greening defect.
Note that the phenotype is dependent on seedling age and is reflected in the increasing hypocotyl length.

The increased sensitivity to light of dark-grown Atoep16-1,6 seedlings can be attributed to
the higher Pchlide levels accumulated in older versus younger seedlings (Figure 3.12 a). We
observed similar Pchlide fluorescence levels in the cotyledons of Atoep16-1,;6 and wild-type
when the seedlings were grown in the dark for only 1 or 2 d. Thereafter, in most
experiments beginning after 3,5 d of growth in the dark, we detected increasing Pchlide
fluorescence levels in Atoepl6-1;6 mutant seedlings, whereas in wild-type seedlings the
fluorescence level of Pchlide remained low (Figure 3.12 a and b). When such etiolated
plants were subsequently exposed to strong white light (210 umol/m’s) for 24 h, most of the
Atoep16-1;6 mutant seedlings had turned yellow, indicating that they kept their carotenoids
for this period. When illumination periods were extended to 48 h or longer time spans,
almost all of the previously yellow seedlings became white, suggesting a pigment
degradation to occur during cell death (Figure 3.12 d). In contrast to mutant Atoepl6-1;6,

wild-type seedlings greened normally under all tested conditions.
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Figure 3.12 Photobleaching as a function of Pchlide overaccumulation in mutant
Atoep16-1;6.

Atoepl6-1;6 and wild-type seeds were germinated for different periods in darkness (a and b) and
subsequently exposed to strong white light (210 pmol/m?) for 24 h ¢) or 48 h d). a) Red Pchlide
autofluorescence was monitored under blue light (400 nm-450 nm). b) The same as in a), but showing the
seedlings under normal daylight. ¢) and d) Phenotypes after irradiating etiolated seedlings with white light
for 24 h and 48 h, respectively.
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3.2.2.2 Quantitative assessment of seedling viability

From the previous experiments we concluded that the establishment of the bleaching
phenotype is controlled developmentally and depends on seedling age. Time-course
experiments were carried out to gain insight into the progression of cell death. Seeds were
germinated for 5 d in the dark and exposed to strong white light (125 pmol/m’s) for
different time periods: 30 min, 2 h and 4 h. Then the seedlings were incubated with a
solution of triphenyltetrazolium chloride (TTC). The employed test is based on the activity
of the dehydrogenase enzyme systems linked to the mitochondrial respiratory chain. As the
tissues of viable seedlings respire, through oxidation and reduction, they liberate hydrogen
ions. The hydrogen then combines with TTC, which is normally colorless, producing,
through reduction, a triphenylformazane (TF), which is an insoluble, non-diffusive, red-
colored pigment that stains infiltrated tissues (Baskin and Baskin 1998a). Thus, only viable
seedlings, that is, seedlings with biochemically active mitochondria in their cotyledons,

reduce TTC to TF and become red, while dead seedlings remain uncolored.

While seedlings of all four mutant types (Afoepl6-1,5-8) were similarly viable in the dark,
they responded differentially to illumination. The microscopic images (Figure 3.13 a) and
determined seedling survival curves (Figure 3.13 b) demonstrate that cell death occurred
most rapidly in seedlings of mutant Atoep6-1,5. The time course was delayed for seedlings
of mutant Atoep16-1;6. After 4 h of illumination of 5 d-old dark-grown seedlings, we found
approximately 35% of viable seedlings in mutant Afoep16-1,5 and 60% in mutant Atoep16-
1;6. By contrast, the large majority of seedlings of mutants Atoepl6-1,;7 and Atoep16-1,8

remained viable (95% and 86%, respectively) and thus were similar to the wild-type.
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Figure 3.13 Tetrazolium staining of etiolated and light-exposed Atoepl6-1;5-8 versus
wild-type seedlings, used to monitor cell death progression.

a) Atoepl6-1;5-8 seedlings were grown in the dark for 5 d and exposed to white light (125 pmol/m?) for 30
min, 2 h and 4 h, respectively. Then tetrazolium staining was used to score seedling viability. Whereas vital
seedlings show a strong red staining in their cotyledons, dead seedlings are unable to retain the dye and look
whitish. b) Percentages of viable seedlings, as determined from three independent experiments using each

250 seedlings per time point.
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3.2.3 Singlet oxygen production in Azoep16-1;5-8 mutant seedlings

The strong red Pchlide fluorescence in 5 d-old etiolated seedlings of mutants Afoepl6-1;5
and Atoepl6-1;6 and their subsequent photobleaching suggested the presence of free
Pchlide molecules not bound to POR. Upon excitation, these free Pchlide molecules could
operate as photosensitizer and, by triplet-triplet interchange with ground state molecular
oxygen, they could trigger singlet oxygen formation. In order to explore the possible release
of singlet oxygen, we performed DanePy fluorescence measurements, accordingly to Hideg
et al. (1998). DanePy is a dansyl-based singlet oxygen quencher. After excitation at 345 nm
it emits fluorescence with a maximum at 532 nm. Upon reacting with singlet oxygen,
however, there is a partial quenching of fluorescence induced by energy transfer from the

fluorophore moiety (dansyl) to the nitroxide.

5 d-old, dark-grown mutant and wild-type seedlings were infiltrated with DanePy under a
green safety light, before being exposed to strong white light (125 pmol/m?) for 30 min.
Figure 3.14 shows that mutants Afoep16-1;5 and Atoepl6-1,6 produced significant amounts
of singlet oxygen, as evidenced by the quenching of DanePy fluorescence collected between
425 and 625 nm. Reduction of DanePy fluorescence in mutant Atoepl6-1;5 was closely
similar to that detected in flu seedlings used as control, whereas DanePy fluorescence
quenching was less pronounced in mutant Atoepl6-1;6. In seedlings of wild-type and
mutant Afoepl6:1-7, no DanePy fluorescence quenching indicative of the generation of
singlet oxygen occurred. In Atoepl6:1-8 seedlings, some minor decrease in DanePy
fluorescence was observed in two out of three independent experiments, suggesting that

some low amounts of singlet oxygen accumulated.
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Figure 3.14 Release of singlet oxygen in mutants Afoepl6-1;5-8, flu and in the wild-
type.

Mutants Atoepl6-1;5-8 were grown in the dark for 5 d and infiltrated with DanePy under green, safe light,
before being illuminated with white light (125 pmol/m?) for 30 min. Singlet oxygen evolution was measured
by following DanePy fluorescence quenching (Hideg et al., 1998). The curves show DanePy fluorescence
emission spectra between 425 nm and 625 nm at an excitation wavelength of 330 nm for Atoepl6-1;5 (blue
dotted line), Atoep16-1,6 (black solid line), Atoep16-1,7 (black dashed line), and Atoep16-1;8 (black hatched
line) versus flu (blue solid line) and wild-type seedlings (red solid line). Life Sciences spectrometer, model
LS50, Perkin Elmer Corp., Norwalk, CT, was used for spectroscopy.
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3.2.4 Chloroplasts protein import

3.2.4.1 Chemical crosslinking and differential in vitro import of transA-DHFR and
transB-DHFR into isolated Atoepl6-1 mutant plastids

Because low temperature spectroscopy had showed that Atoep16-1;6 does not accumulate
wild-type levels of photoactive Pclide-F655, in spite of the presence of PORA, we assumed
that import of pPORA into the plastids in this mutant may not proceed via the PTC
complex, described previously (Reinbothe et al., 2004), but may proceed via another import
pathway. To test this hypothesis, in vitro import and crosslinking experiments were
performed. Crosslinking of the **S-methionine labeled transA-DHFR precursor molecules
(consisting of the first 67 NH,-terminal amino acids of pPORA, referred to as transA, and
the cytosolic dihydrofolate reductase (DHFR) reporter protein of mouse) and transB-DHFR
(consisting of the first 82 NH,-terminal amino acids of pPORB and DHFR) was followed in
chloroplasts isolated from 14 d-old light-grown wild-type and Atoep6-1;5-8 mutant plants.
TransA- and transB- coupled DHFR precursor molecules were activated with 5,5’-
dithiobis(2-nitro)benzoic acid (DTNB), (Reinbothe et al., 2004) and then added to energy-
depleted chloroplasts. After a 15 min dark incubation of precursor molecules with isolated
chloroplasts, in the presence of 0,1 mM Mg-GTP and 2,5 mM Mg-ATP, proteins were
recovered by precipitation with trichloroacetic acid, separated by SDS-PAGE and detected
by autoradiography.

Figure 3.15 shows that chloroplasts of mutants Atoepl6-1;5 and Atoepl6-1,;7 differed
markedly from chloroplasts of mutants Atoep16-1,;6 and Atoepl6-1;8 in their capability to
sequester transA-DHFR. In Atoep16-1,;6 mutant, a 106 kDa crosslink product (CLP2) was
formed that consisted of transA-DHFR (31 kDa) and TOC75 (75 kDa) held together by a
mixed disulfide bond. Similar to the plastids from mutant Afoepl6-1,6, a fraction of transA-
DHFR was taken up and processed via a TOC75-dependent pathway by chloroplasts
isolated from mutant Atoepl6-1;8 (see Samol et al., 2011a, enclosed in the Appendix B).
These results support the hypothesis that chloroplasts from line Atoepl6-1,;6 and Atoepl6-
1;8 take up pPORA by a default pathway and not via the PTC complex as it was shown
previously for wild-type chloroplasts (Reinbothe et al., 2004). The presence or absence of
Pchlide did not affect the import of transA-DHFR into the plastids of mutants Atoepl6-1;6
and Atoep16-1,8 (see Figure S.4, enclosed in the Appendix A).
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Figure 3.15 In vitro import and crosslinking of DTNB-activated 35S-transA-DHFR
determined with plastids isolated from wild-type and mutants Atoep16-1;5-8.

In vitro import and crosslinking was carried out using *°S-TransA-DHFR molecules that had been
derivatized with DTNB and chloroplasts that had been isolated from 14 d-old light-grown Atoepl6-1;5-8
mutant and wild-type seedlings. The autoradiograms show precursor and mature protein levels in plastids
before (lanes 0) and after (lanes 15) 15 min of incubation. CLP1 (47 kDa) is caused by the formation of a
mixed disulfide bond between transA-DHFR (31 kDa) and AtOEP16-1 (16 kDa); this product was detectable
only in wild-type chloroplasts. CLP2 (106 kDa) results from the formation of a mixed disulfide bond
between transA-DHFR (31 kDa) and TOC75 (75 kDa); this CLP was found in chloroplasts isolated from
mutants Atoep16-1,;6 and Atoepl6-1,8.

In contrast to these findings, no higher molecular mass crosslink products were found in
chloroplasts of mutants Afoep16-1;5 and Atoepl6-1,7. The small amount of mature protein
present after 15 min is similar to that at time zero (Figure 3.15), suggesting that some
artificial processing of the precursor occurred during sample handling. Nevertheless,
chemical crosslinking of transB-DHFR (see Figure S.4, enclosed in the Appendix A) was
similar in plastids of all four Atoepl6-1,;1-8 mutant lines, where 106 kDa crosslinking
products were formed, designated CLP2, that consisted of TOC75 (75 kDa) and transB-
DHFR (31 kDa). All four types of mutant plastids imported indistinguishable levels of
transB-DHFR (see Figure S,4, enclosed in the Appendix A).
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3.2.4.2 Differential in vivo import of transA-GFP into plastids

In order to confirm the results of the in vitro import experiments, transient expression
assays were performed in 3 w-old light-grown Arabidopsis plants. TransA was fused to the
jellyfish green fluorescent protein (GFP) by genetic engineering and the DNA construct was
transformed into leaf epidermis cells of wild-type and Atoepl6-1;5-8 mutant plants. To
allow for Pchlide synthesis, leaf tissues, obtained after transformation, were placed in
darkness for 24 h. Then, GFP fluorescence was monitored by confocal laser scanning
microscopy. Figure 3.16 shows that transA-GFP was differentially imported into the
plastids of mutants Atoepl6-1;5-8. GFP fluorescence remained largely confined to the
cytosol and only little amounts of transA-GFP were imported into the plastids of mutants
Atoepl16-1;5 and Atoepl6-1,7. By contrast, plastids of mutants Atoepl6-1,6 and Atoepl6-
1;8 imported significant amounts of the precursor. These findings were consistent with our
previous in vitro import studies and highlighted the operation of different default import

pathways of pPORA in planta.

Together, the in vitro and in vivo import data offer an explanation why no mature PORA

protein accumulated in planta in mutants Atoep6-1,5 and Atoep16-1,7.

Atoepl6-1;5 Atoepl6-1;6

Atoepl6-1;7 Atoepl6-1;8

Figure 3.16 In vivo import of TransA-GFP into the plastids of mutants Atoepl6-1;5-8.

In vivo import of TransA-GFP into plastids of 3 w-old light-grown plants of mutants Atoepl6-1;5-8 was
analyzed after transforming leaf epidermis cells with a respective DNA construct. GFP fluorescence was
collected between 505 nm 530 nm, using an excitation wavelength of 488 nm. Courtesy of Stephan
Pollmann, University of Bochum, Germany.

108



3.2.5 Is the Atoepl6-1 mutation responsible for the photobleaching
phenotype?

Among the four Atoepl6-1 null mutants identified in this study, two families were found
which respond differentially to light stress: one family comprises Atoep16-1;5 and Atoep16-
1;6 and exhibits a conditional cell death phenotype. The other family comprising
Atoepl6,1-7 and Atoepl6-1;8 mutants, show unimpaired greening. We could argue then if
AtOEP16-1 protein prevents a cell death phenotype under a non permissive dark-to-light
shift conditions. To explore this possibility, we performed in planta-
transformation/complementation tests of Atoepl6-1;6 mutant. We have preferentially
chosen this line for several reasons. The first is that Atoepl6-1,;6 line exhibits bleaching
phenotype after illumination of dark-grown seedlings. If AtOEP16-1 prevents cell death
phenotype, dark-grown Atoepl6-1;6 complemented line should be able to green, similarly
to wild-type, after subsequent exposition to strong white light. The second and very exciting
reason is that despite the presence of PORA protein in Afoep6-1,6 line, we detected highly
reduced levels of photoactive Pchlide-F655. In vitro import and crosslinking studies
demonstrated that transA-DHFR entered both Pchlide-free and Pchlide-containing mutant
plastids (see a submitted publication of Samol et al., 2009, enclosed in the Appendix B). In
addition, the assays showed that transA-DHFR enters the plastids via a default import
pathway involving TOC75 and not PTC complex as it was shown in wild type. It seems that
during pPORA import in this mutant, precursor does not interact with the pigment.
Otherwise, Pchlide-F655 should have accumulated to the same extent as in wild-type plants
and the establishment of larger complexes LHPP with PORB in etioplasts should occur.
Complementation of Atoepl6-1,6 line would then depict if the correct ratios of both Pchlide

species are essential for pPPORA import via PTC complex.

3.2.5.1 Complementation test

Gateway” technology (Invitrogen) was used to create the following constructs containing
the full-length A#OEP16-1 cDNA under the control of the cauliflower mosaic virus 35S
promoter: 35S::0OEP16, 35S::GFP::OEP16 and 35S::OEP16::YFP (Yellow Fluorescent
Protein). For construction of the 35S::OEP16::YFP clone, a modified AtOEP16-1 cDNA
was used that was devoid of the STOP codon. The cloning was made to generate
translational fusions where GFP and YFP were hooked up to either the NH,-terminus or

COOH-terminus of AtOEP16-1, respectively.
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Complementation of Atoep16-1;6 mutant—-| AIM: Restoration of WT phenotype

Gateway
Cloning Transgenic lines
I Vs pB7WG2 —» | 355 OEP16 ~~
pEOEP16

pK7WGF2 —» [ 355 OEP16
]

: — PB7/YWG2 — [ 355 OEP16 | YFP

Figure 3.17 Experimental design underlying the complementation assay.

Gateway® technology was used to generate the following three DNA constructs (35S::0EP16,
35S::GFP::OEP16 and 35S::OEP16::YFP. The generated cDNAs encode the indicated fusion proteins
consisting of the full length AtOEP16-1 protein and the GFP and YFP reporter proteins.

The various cDNAs were cloned into the donor vector pPDONR221 to yield the entry clones
pEOEP16 and pEOEP16 no STOP, respectively. The final fusion products were generated
via the LR reaction in the Gateway compatible binary T-DNA destination vectors pPB7WG2,
pK7WGEF2 and pB7YWG2. The resulting expression vectors, referred to as p35S-OEP16,
p35S-GFP-OEP16 and p35S-OEP16-YFP, respectively, were transferred into homozygous
Atoepl6-1;6 mutant plants via Agrobacterium-mediated transformation (Figure 3.17).
Selection of the first, second and third generations of transgenic plants (T1, T2 and T3) was
performed under sterile conditions using seeds on MS medium containing kanamycin
sulfate (35S::GFP::OEP16) or ammonium glufosinate (35S::OEP16 or 35S::OEP16::YFP)
Transformants containing the fluorescent proteins GFP and YFP (35S::GFP::OEP16 and
35S::0EP16::YFP) were inspected under an epifluorescence microscope. Positive,
antibiotic-resistant plants (in contrast to untransformed seedlings that rapidly die) were
transferred onto soil and, after 2 w, they were selected for the presence of the correct
construct by a PCR-based approach. Subsequent photobleaching tests were carried out with
individuals of the T3 generation, composed exclusively of the homozygous transformants.
These tests should reveal whether or not the reintroduction of the wild-type AtOEP16-1

gene restored normal greening.
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How to test a complementation event?

|

Photobleaching test
Coldash [k Dark 5 days 48h Light
2h
Transgenic Bleaching
events >T3 rescue
355 OEP16 9 5 /9
355 OEP16 6 1/6
355 OEP16 YFP 4 0/4

Figure 3.18 How to score successful complementation events.

Plants coming from the third generation of homozygous transformants were grown for 5 d in darkness and
exposed to white light (210puE/m?). Then seedling viability was assessed by the greening test outlined in
Figure. 3.2. First numbers give independent families raised for the different constructs, whereas the ratios
specify in how many of these lines a functional complementation was achieved that rescued normal greening.
While 5 families of transformed 35S::OEP16 plants exhibited wild-type phenotypes and greened normally,
only one family of transgenic 35S::GFP::OEP16 plants could be obtained that was viable. For
35S::0EP16::YFP, none of the produced 4 lines allowed for functional complementation.

We identified five families of T3 Atoepl6-1;6 35S::OEP16 and one family of T3 Atoep16-
1;6 358::GFP::OEPI6 plants where successful complementation revealed a bleaching
rescue (Figure 3.18). An example for a successful complementation of mutant Atoepl6-1,6
with 35S::0EP16 is made by line Atoepl6-1;6 355::OEP16 E 6. This line is composed of
100% homozygous plants, as shown by its herbicide resistance (Figure 3.19 b). After
growth in the dark for 5 d and subsequent high light exposure (210 pE/m?), seedlings of
Atoepl6-1;6 355::OEP16 E 6 looked like the wild-type and were fully viable (Figure 3.19
c). These results indicated that the introduced AtOEP16-1 gene had restored normal
greening. Indeed, no red fluorescence indicative of the presence of free Pchlide molecules
was seen in etiolated Aroepl6-1;6 355::OEP16 E 6 seedlings, but was easily detectable in
the Afoep16-1;6 mother generation. Subsequent exposure of Atoepl6-1;6 35S::OEPI6 E 6

seedlings to strong continuous white light (see above) for 48 h or longer periods confirmed
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the restoration of normal greening (Figure 3.19 d). Immunoblotting revealed that the
introduced AtOEP16-1 gene was expressed to high levels and gave rise to AtOEP16-1
protein (Figure 3.19 e).
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Figure 3.19 Detailed expression analysis of AtOEP16-1 in the 35S::OEP16-expressing
line Atoep16-1;6.

a) Recall on the structure of the generated 35S::OEP16 fusion protein construct. b) Selection of BASTA-
resistant plants corresponding to line T3 Atoepl6-1;6 35S::OEP16 E 6. Seeds were sown on MS medium
containing glufosinate ammonium [5 pg/mL]. Note that all plants survived these conditions, demonstrating
that they were all homozygous for the transgene. ¢) Phenotypic analysis of line T3 Atoep16-1,6 355::OEP16
E 6 and wild-type after growth in darkness for 5 d without (c) or with (d) a subsequent exposure to strong
white light (210 pE/m?) for 48 h. e) Detection of AtOEP16-1 in line T3 Atoepl6-1;6 35S::OEP16 E_6 but
not in untransformed Aroep16-1,6 seedlings by Western blotting. Total protein was extracted from mature,
green plants, separated on a 15% SDS-PAGE gel and probed with anti-AtOEP16-1 antibody that had been
raised from the bacterially expressed and purified Arabidopsis AtOEP16-1 protein. The Coomassie stain
(upper panel) and Western blot (lower panel) show leaf protein correesponding to 40 pg of bovine serum
albumin.
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As mentioned before, the generated fluorescent proteins contained their fluorophores at
either the NH,-terminus (GFP) or COOH-terminus (YFP) of AtOEP16-1. Transformants
expressing the fusion proteins were used to prove the role and localization of AtOEP16-1 in
planta and to gain first insights into the insertion mechanism of the AtOEP16-1 protein into
the outer envelope membrane of chloroplasts. Figure 3.20 shows results obtained for a
representative complemented T3 line: Atoep16-1;6 35S::GFP::OEPI16 D 8. Similar to the
results reported before for Atoepl6-1;6 35S::OFEP16 E, both the reduction of red Pchlide
fluorescence during etiolation and normal green appearance without detectable signs of
photooxidative damage after illumination; emphasized that GFP fused to AtOEP16-1 at its
NH,-terminus does not affect the proper compartmentalization and function of AtOEP16 in

planta.

Kan® : 100%

355 OEP16
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Figure 3.20 Complementation of Atoep16-1;6 with 35S::GFP::OEP16

As Figure 3.19, but depicting the results obtained for Aroepl6-1,6 transformed with the 35S::GFP::OEP16
construct (a). Note that 100% of the produced plants are resistant to kanamycine sulfate [SO pg/mL](b). The
transformants do not show red Pchlide autofluorescence and they do not bleach after the dark-to-light
transfer (¢ and d). In e), accumulation of the introduced GFP-OEP16-1 fusion protein was confirmed by
Western blotting. Total protein (40 pg protein per lane) was probed with Arabidopsis anti-AtOEP16-1
antiserum.
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In contrast to these results, complementation of mutant Azoepl6-1;6 with the YFP fusion
protein did not allow to regenerate plants that were viable during de-etiolation. In spite of
the presence of the AtOEP16-1 fusion protein in transformed T3 Afoepl6-1;6 mutant
seedlings (Figure 3.21 e), all analyzed transgenic plants, accumulated high levels of red-
fluorescing Pchlide and died after the dark-to-light shifts, similarly to untransformed
Atoep16-1;6 seedlings (Figure 3.21 c, d). Together, these findings unveiled that AtOEP16-1
either cannot enter the outer envelope or attains a nonfunctional state in the presence of the

bulky YFP reporter protein.
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Figure 3.21 Lack of functional complementation in Afoepl16-1;6 transformed with
35S::0OEP16::YFP.

As Figure. 3.19, but demonstrating that expression of 35S::OEP16::YFP (a) does not restore normal
greening. Despite the fact that 100% of the T3 seedlings of line Atoepl6-1;6 35S::OEP16::YFP G 4 were
resistant to glufosinate ammonium [5 pg/mL](b), the offspring of the transformants overproduced Pchlide in
the dark and died upon illumination (¢ and d). Even in the presence of OEP16-1-YFP fusion protein on
Western blots (40 pg of total leaf protein loaded per lane, probed with homologous anti-AtOEP16-1 serum,
(e), the seedlings died after the dark-to-ligh shift. Lane “M” shows migration of electrophoresis marker
proteins.
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3.2.5.2 Localization of AtOEP16-1 in plastids

Confocal laser scanning microscopy was used to study the localization of the
35S::GFP::OEP16 and 35S::OEP16::YFP fusion proteins in the generated transgenic lines.
Figure 3.22 depicts representative images taken for lines T3 Atoepl6-1;6
358::GFP::OEP16 D 8. Clearly, GFP fluorescence in the 35S::GFP::OEP16 transformants
co-localized with the red autofluorescence of Chl in chloroplasts of mesophyll cells as well
as guard cells of stomata (Figure 3.22 a, b). This result is consistent with previous
localization studies (Pohlmeyer et al., 1997; Reinbothe et al., 2004 a+b). In the tranformants
expressing AtOEP16-1-YFP, however, YFP fluorescence was detectable only at the
outemost “edges” of the chloroplast (Figure 3.22 c), suggesting that AtOEP16-1-YFP
bound to, but was not imported into the outer envelope membrane. These findings are well
consistent with the seedling viability tests reported previously that had shown the failure of

AtOEP16-1-YFP to confer photoprotection onto etiolated seedlings during greening.

To conclude, the complementation data supported the role of AtOEP16-1 in the
photoprotection mechanism of etiolated plants. It seems likely that re-expression of
AtOEP16-1 in Atoepl6-1;6 plants could restore Pchlide-dependent import of pPORA via
the PTC complex. As a result, PORA-Pchlide »-NADPH complexes would be formed that
could further assemble with PORB-Pchlide a-NADPH complexes to establish LHPP and
photoactive Pchlide in the prolamellar body of etioplasts. However, to test this hypothesis
additional experiments showing accumulation of LHPP complexes still need to be

performed.
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Figure 3.22 Cyto-localization of GFP and YFP in the generated transformants.

The different transformants were analyzed with regard to the localization of the GFP and YFP reporter
proteins, using confocal laser scanning miscroscopy. Co-localization of GFP and Chl fluorescences was
observed in guard cells of stomata (a) and in mesophyll cells (b) in line T3 Atoep16-1,6 35S::GFP::OEP16
D 8. As control we used transgenic plants expressing 35S::GFP. This construct gave rise to an entirely
cytosolic and nuclear localization of green GFP fluorescence. As further positive control, we used transgenic
plants expressing a DNA construct coding for a chimeric precursor consisting of the transit peptide of the
small subunit of ribulose-1,5-bisphosphate carb-oxylase/oxygenase and GFP (TP::GFP), kindly provided by
Dr. Norbert Rolland (PCV, CEA-Grenoble). Plants expressing this construct contained almost all of the GFP
fluorescence in their chloroplasts. ¢) Analysis of the T3 of Atoepl6-1;6 transformed with the
35S::0EP16::YFP contruct revealed no co-localization of YFP and Chl fluorescences, highlighting that the
introduced reporter protein was most likely not correctly targeted to the outer envelope membranes of
chloroplasts. For imaging acquisition, GFP was excited at a wavelength of 488 nm, in combination with a
493 nm-573 nm emission filter. For collecting YFP fluorescence, excitation and emission wavelengths of
514 nm and 520 nm-550 nm, respectively, were used.
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3.3 Identification of translation as target of singlet oxygen action

in Atoep16-1;5-8, flu and tigd12 seedlings

Mutants Atoepl6-1;5 and 1:6 have a conditional cell death phenotype and thus at first
glance resemble flu of Arabidopsis (Figure 3.23). The FLU protein is impaired in the
negative feedback loop inhibiting the excess Pchlide accumulation in the dark. The FLU
protein interacts with glutamyl-tRNA reductase (Meskauskiene and Apel, 2002, Goslings et
al., 2004) and this interaction is impaired in flu plants (Meskaskiene et al., 2001). Two
major effects have been observed for flu plants subjected to non-permissive dark-to-light
shifts: growth inhibition and cell death (op den Camp et al., 2003). When flu seedlings are
germinated in alternate dark-light cycles, they display a miniature phenotype. By contrast,
etiolated plants died when illuminated. Cell death occurred also in mature plants after an
8 h-dark shift and subsequent irradiation (op den Camp et al., 2003). To explain these
results, cytotoxic singlet oxygen effects including lipid peroxydations and membrane
destruction, and the operation of specific, genetically determined signalling cascades were
invoked (op den Camp et al., 2003; Wagner et al., 2004, Danon et al., 2005). Transcriptome
analyses identified a larger number of genes that differentially respond to singlet oxygen
(op den Camp et al., 2003). Among the genes that were down-regulated by singlet oxygen
were those for photosynthetic proteins (op den Camp et al., 2003). Genes that were up-
regulated by singlet oxygen include BONZAI (BON) 1 and BONI1-ASSOCIATED PROTEIN
(BAP) 1, the ENHANCED DISEASE SUSCEPTIBILITY (EDS) I gene, and genes encoding
enzymes involved in the biosynthesis of ethylene and jasmonic acid (JA), two key
components of stress signalling in higher plants (Wasternack, 2007; Balbi and Devoto,
2008; Kendrick and Chang, 2008). op den Camp et al. (2004) found that singlet oxygen
gives rise to 13-hydro(per)xy octadecatrienoic acid (13-HPOT) accumulation in mature flu
plants. 13-HPOT is an intermediate in the biosynthetic pathway of JA. Przybyla et al.
(2008) reported that irradiated flu plants produce large amounts of JA and
octadecaphytodienoic acid (OPDA) and suggested that JA may be required for cell death
propagation/manifestation, whereas OPDA would counteract the establishment of the cell
death phenotype. Wagner et al. (2004) and Kim et al. (2008) demonstrated that cell death
execution is suppressed in the executer (exe) I and exe2 mutants of A. thaliana, but only if
low levels of singlet oxygen accumulate and trigger limited cytotoxic effects. EXECUTER

1 and 2 are membrane proteins of chloroplasts of unknown function (Kim et al., 2008).
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In our subsequent work we asked whether the molecular events leading to cell death in
etiolated Atoepl6-1;5 and 1,6 I seedlings after illumination would be the same as in flu
plants. Hereby we focussed on translation because it is a main site of regulation in all
eukaryotic cells (Dufner and Thomas, 1999; Kozmaand Thomas, 2002). For comparison,
mutants Atoepl6-1;7 and 1,8 were used that do not show photooxidative damage and cell

death.

a)

Atoepl16-1,6

b)

Figure 3.23 Phenotype of Afoep16-1;6 and flu.

a) flu, Atoep16-1,6 and wild-type seeds were sown on MS medium and further cultivated in the dark for 5 d.
Then, their pigment fluorescence emission was viewed under blue light (400 nm-450 nm). b) After 4 w of
growth under continuous white light (210 pmol/m’), the seedling phenotypes were scored by visual
inspection. A photo of Petri dish shows that flu and Atoep16-1;6, but not the wild-type, died after irradiation.
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3.3.1 Comparison of Atoep16-1;5-8 with flu

3.3.1.1 In vitro protein synthesis

In a first set of experiments we asked whether Atoepl6-1;5 and 1,6 would express stress
messengers that are detectable by in vitro-translation. Total RNA was extracted from 5 d-
old, dark-grown seedlings and from dark-grown seedlings that had been irradiated for 2 h
under photobleaching conditions prior to harvest. The messenger fraction was translated
into protein in a wheat germ system using >>S-methionine as tracer. When the patterns of
produced polypeptides were compared for the 4 different Afoepl6-1;5-8 mutant seedlings,
no major differences were found. No new polypeptide species were detected nor were any
of detectably absent in all four mutants (Figure 3.24), as would be expected if Afoep16-1;5
and Atoepl6-1;6 would follow the same cell death pathway as flu (op den Camp et al.,
2003). Thus, unlike in flu, gene expression appeared to be largely controlled by
posttranscriptional mechanisms in short-term-irradiated Atoepl6-1;5 and Atoepl6-1;6

seedlings.

A toe{;l 6-1

I'.‘n!;5 1;6 1;7 1,'8‘|

3
.'?: -

Messenger products:
Sdays D + 2hL

Figure 3.24 Pattern of proteins synthesized in vitro using RNA from mutants Atoep16-
1;5-8.

RNA was extracted from mutants Afoepl6-1;5-8 that had been grown in the dark for 5 d and subsequently
exposed to white light for 2 h. RNA was translated into protein in a wheat germ cell-free system, using *°S-
methionine as tracer. After SDS-PAGE on a 10-20% polyacrylamide gradient, proteins were detected by
autotradiography.
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3.3.1.2 In vivo protein synthesis during greening and in response to photooxidative

stress

We next analyzed the pattern of in vivo-labelled proteins. Radiolabelling was carried out
with **S-methionine in 5 d-old dark-grown Atoepl6-1;5-8 seedlings that had been irradiated
for 4 h and 24 h with strong white light (125 umol/m’s). Figure 3.25 illustrates that all four
Atoepl6-1;5-8 mutants accumulated very similar protein patterns in the dark. Also, all four
mutants began to synthesize photosynthetic proteins (Figure 3.25). However, only seedlings
of mutants Atoep16-1,7 and 1,8 pursued synthesizing these proteins at later time points of
illumination. In mutants Atoepl6-1;5 and 1,6 an arrest of protein synthesis was seen after
24 h of white light treatment. Instead of accumulating Chl, Atoepl6-1;5 and 1,6 mutant
seedlings died (see Figures 3.3, 3.12 and 3.13). By contrast, seedlings of mutants Atoep16-
1,7 and Atoepl6-1,8 greened normally (see Figures 3.3, 3.12 and 3.13). Autoradiography
(Figure 3.25 b) shows a severe decrease of total protein synthesis in the cotyledons of
Atoepl6-1;5 and Atoepl6-1,;6. This result is in clear contrast to findings reported for flu
plants, where early stress protein synthesis occurred under light stress conditions (op den
Camp et al., 2004, also see Figure S3 in Samol et al., 2011a, enclosed in the Appendix B).
Therefore we tentatively assumed that the cell death mechanism in Atoepl6-1;5 and

Atoep16-1;6 must be different from that triggered in fIu plants .

a) WT 15 16 17
h) 0 4 24 0 424 0 424 0 4 24
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b) WT 1,5 16 1,7 1,8
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Figure 3.25 Pattern of proteins synthesized in mutants Azoep16-1;5-8 and wild-type in
vivo.

a) Pattern of silver stained total proteins in wild-type (WT) and Afoepl6-1,5-8 mutant seedlings in the dark
(0 h) and after a subsequent exposure to white light (125 pmol/m2s) for 4 h and 24 h. b) As in (a), but
depicting the patterns of *°S-labelled total proteins in a replicate gel. Protein detection was made by SDS-
PAGE and autoradiography.

Because Afoepl6-1,6 is virtually identical with flu in expressing PORA and accumulating
excessive amounts of Pchlide, we wanted to compare the differences in protein synthesis
between both mutants under similar stress conditions to those used by op den Camp et al.,
(2004). Plants were grown for 14 d in continuous white light, transferred to darkness for 8
h, and re-illuminated for variable periods. According to previous work on f/u (op den Camp
et al., 2003), such treatment was expected to activate the genetic component of singlet

oxygen-dependent signalling but without provoking cytotoxic effects.

To corroborate this point, a polysome profiling approach was taken. RNP material was
extracted from 2 w-old flu and Atoep16-1;6 seedlings grown under continuous white light
that had been transferred to darkness for 8 h, and re-illuminated with white light for 4 h and
24 h. Then, RNP material was resolved on continuous sucrose density gradients. After
identifying the 40S and 80S ribosomal subunits as well as polysomal fractions by

absorbance measurements at 255 nm, protein in each of the different fractions was
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separated by SDS-PAGE and subjected to Western blotting using antisera against the light-
harvesting Chl a/b binding protein of photosystem II (LHCII), the small subunit of ribulose-
1,5-bisphosphate carboxylase/oxygenase (SSU) and allene oxide synthase (AOS). While the
former are photosynthetic proteins, AOS is a stress protein known to be activated upon
singlet oxygen formation in the flu mutant (op den Camp et al., 2004). As shown in Figure
3.26, flu plants indeed reacted to singlet oxygen production with an early reprogramming of
protein synthesis. From the distribution of the determined proteins in the 40S, 60S and
polysomal fractions, an early drop in translation initiation could be deduced for LHCB2 and
RBCS transcripts, which was at variance with the pursued translation initiation found for
AOS transcripts. At later periods, singlet oxygen production affected LHCB2, RBCS and
AOS transcripts that were all restricted to the 40S fraction. In marked contrast to flu,
Atoepl6-1;6 plants reacted to the non-permissive dark-to-light shift with no early synthesis
of stress proteins (Fig. 3.26, panel d). These findings highlighted that the early
reprogramming of translation in response to singlet oxygen is different in flu and Atoepl6-

1,6 plants (see also Figure S3 in Samol et al., 2011a, enclosed in the Appendix B).
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Figure 3.26 Protein synthesis in wild-type, flu and Atoepl16-1;6 plants after a non-
permissive 8 h dark-to-light shift.

Plants were grown under continuous white light for 2 w and subsequently shifted for 8 h to darkness. Then,
the plants were reilluminated. A) Polysomal synthesis of light-harvesting chlorophyll a/b binding protein of
photosystem II, LHCB2, and the small subunit of ribulose-1,5-bisphosphate carboxylase/ oxygenase, RBCS,
as well as allene oxide synthase (AOS) in flu (a and b), wild-type (c) and Afoep16-1,6 (d) plants detected 4 h
(a, ¢ and d) and 24 h (b) after the non-permissive dark-to-light shift. Fraction 1 contained the 40S ribosomal
subunit, fraction 2 contained the 60S ribosomal subunit, and fractions 3-8 contained cytoplasmic polysomes
of increasing size. Proteins from each of the different fractions were separated by SDS-PAGE and subjected
to Western blotting using the indicated antisera.
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3.4 Porphyrin-based cell death in barley: the tigrina 2 mutant

To gain further insights into the mechanism of translational control, we decided to study the
tig””2 mutant of barley (von Wettstein et al., 1974). tig‘m is orthologous to flu (Lee et al.,
2003) and was used because of its easy of cultivation, greater leaf mass and documented
advantages to perform biochemical experiments, if compared with Arabidopsis. In addition,
the barley genome is currently being sequenced and many of the known mutants may later
allow identifying new functions related to the mechanism of ROS action and cell death

control.

a)

b) WT tigrina?12 tigrina®12
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Figure 3.27 Phenotype of flu in Arabidospsis and its ortholog, figrina®'’, in barley.

a) Phenotype of flu and wild-type Arabidopsis seedlings after growth for 5 d in darkness (D), after a
subsequent shift to white light (125 pmol/m?s) for 48 h (D — 48hL), and after growth for 5 d in continuous
white light (cL). b) As in (a), but showing the phenotypes of wild-type and rig’? seedlings after growth in
the dark, subsequent irradiation, and under continuous white light conditions. Note the similar red
fluorescences of free Pchlide molecules in the dark in flu and tig”’? seedlings and their cell death after

subsequent irradiation.
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Similar to flu, dark-grown rig?? seedlings exhibited a strong red fluorescence of Pchlide

under blue light. After illumination, etiolated tig‘”z

seedlings bleached and died (Figure
3.27). As flu, tig""? seedlings looked normal and performed photosynthetic function when
grown in continuous white light. However, rig”’? seedlings developed transverse-striped
leaves with green and white sectors under alternate light/dark cycles. Free Pchlide
synthesized in the dark triggered singlet oxygen production and photooxidative damages
during subsequent light periods, whereas the pigment was continuously converted to

chlorophyllide by virtue of PORB in leaf sectors emerging during the light period (von
Wettstein et al., 1974).

3.4.1 Effect of light and singlet oxygen on protein synthesis in etiolated tig

112 seedlings

tig""? and wild-type seedlings were grown in the dark for 5 d and exposed to white light of
125 umol/m’s for various time periods. In vivo-labelling of proteins with **S-methionine
was carried out for 2 h prior to harvest as described before for Arabidopsis. Proteins were
extracted and precipitated with trichloroacteic acid, washed with acetone and ethanol and
analyzed by SDS-gel electrophoresis. Coomassie blue-staining revealed similar patterns of
proteins for light-adapted tig’”’ and wild-type seedlings. By contrast, the protein patterns
were slightly different for etiolated seedlings where several proteins were detectable in
tig""? but not in wild-type seedlings. These differences became even more pronounced when
etiolated seedlings were exposed to white light. Then the labeling patterns were very
distinct. The changes in protein expression seem to be due to alterations in protein synthesis
rather than changes in protein stability. These effects are illustrated in Figure 3.28, showing

that after 2 h of irradiation a number of proteins appeared in tig‘” ?

that were not labelled in
wild-type plants. On the other hand, several bands decreased in intensity on the
autoradiograms in irradiated rig”’? seedlings, including SSU (small subunit) and LSU (large
subunit) of ribulose-1,5-bisphosphate carboxlase/oxygenase (Rubisco) and LHCII (major
light-harvesting chlorophyll a/b protein complex of photosystem II). After 12 h of white
light exposure, synthesis of SSU and LSU and most other labelled proteins was
undetectable in zig”’? versus wild-type seedlings, suggesting a block of synthesis of these

proteins to occur in response to the generation of singlet oxygen (Figure 3.29).
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Figure 3.28 Changes in the protein patterns of etiolated and irradiated figrina “’* and
wild-type seedlings.

a) Patterns of Coomassie-stained proteins in 5 d-old, dark-grown fig*’? and wild-type seedlings (D) and in
etiolated #ig”'? and wild-type seedlings after white light exposure (125 pmol/m’s) for 2 h prior to seedling
harvest (D+2h L). For comparison, the pattern of proteins is shown for fig’? and wild-type seedlings that
had been cultivated in continuous white light for 5 d (cL). b) Autoradiogram showing **S-methionine-
labelled proteins corresponding to those in (a). Positions of molecular mass standards are highlighted. LSU

and SSU define the large and small subunits of ribulose-1,5-bisphosphate carboxlase/oxygenase.
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tig D+12hL 'l

Figure 3.29 Two-dimensional pattern of total leaf proteins in tigrina 2 and wild-type
seedlings.

Protein was extracted from 5 d-old, dark-grown fig’? and wild-type seedlings (D) and etiolated tig?”? and
wild-type seedlings that had been exposed to white light of 125 pmol/ms for 12 h prior to seedling harvest
(D+12hL). After 2D-electrophoresis, including isoeletric focusing in the first dimension (from left to right)
and SDS-PAGE in the second dimension (from top to bottom), proteins were stained with Coomassie blue.
For comparison, the pattern of proteins was analyzed for fig”’? and wild-type seedlings that had been
cultivated in continuous white light for 5 d (cL). Red circles enclose the large and small subunits of ribulose-
1,5-bisphosphate carboxlase/oxygenase.

3.4.2 A detailed expression analysis of photosynthetic and stress proteins

Immunoblotting was used to identify individual proteins in the polypeptide patterns.
Antibodies were obtained from Agrisera, Sweden, and tested for their cross-reactivity. This
approach allowed to identify components of PSII, such as PsbO (subunit of oxygen
evolving complex of PSII reaction centre; 33 kDa) and PsbE (essential component for PSII
assembly, involved in electron transport mechanisms that help to protect PSII from
photodamage; 9,25 kDa), see Figure 3.30. These proteins did not seem to strongly react to

2

singlet oxygen in irradiated fig?”’ seedlings. By contrast, singlet oxygen production

depressed accumulation of proteins that normally bind chlorophyll, such as D1 (38 kDa)
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and D2 (49,4 kDa), which together form the core reaction centre of PSII. Neither protein

accumulated to detectable levels in irradiated tig‘” ?_in contrast with wild-type seedlings.

WT tigring 912
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Figure 3.30 Expression of photosynthetic proteins in wild-type (WT) and tigrinad”
(tig""?) seedlings after illumination.

Western blot analysis were carried out to detect abundant photosynthetic proteins in 5 d-old, etiolated tig?’?
and wild-type plants (cD) and in seedlings that had been subjected to irradiation for 30 min (D+30°L), 2 h
(D+2hL), 4 h (D+4hL) and 12 h (D+12hL), respectively, with white light of 125 umol/m’. As control,
protein extracts were prepared from plants that had been grown for 5 d under continuous white light (cL).
After SDS-PAGE and transfer onto nitrocellulose membranes, the blots were probed with antisera against the
indicated proteins. Abbreviations: LSU and SSU, large and small subunits of ribulose-1,5-bisphosphate
carboxlase/oxygenase; PSBO and PSBE, the O- and E-subunits of photosystem II; LHCII, light-harvesting
chlorophyll a/b binding protein 2 of photosystem II; D1 and D2, reaction centre polypeptides of
photosystem II; JIP23, jasmonate-induced 23 kDa protein; AOS, allene oxide synthase.
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After 12 h of illumination of etiolated plants, numerous stress proteins were found in tig?”’
seedlings. Among them were protein known to play key roles in stress and defense
responses, such as JIP23 (jasmonate induced protein of 23 kDa), allene oxide synthase
(AOS; 58,2 kDa) and leaf thionins, small fungitoxic proteins localized in the plant cell wall
that accumulate in etiolated plants and reappear in illuminated plants in response to
pathogens and adverse conditions (Bohlmann ez al., 1988). However, their increase in
abundance was only slightly elevated over that in wild-type plants, presumably because of
their high expression level already in etiolated seedlings. When etiolated rig”’ seedlings
were exposed to white light for periods longer than 24 h, total protein synthesis ceased and

was no longer detectable (not shown).

3.4.3 Decrease of nucleus-encoded photosynthetic transcripts in zig”’”’ upon

light stress

In order to determine whether the observed differences in the in vivo-labelling patterns of
proteins in tig?'? versus wild-type plants were caused by corresponding changes of their
respective mRNAs, in vitro-translation experiments were carried out. A rabbit reticulocyte
lysate was programmed with mRNA extracted from 5 d-old etiolated rig’? and wild-type
plants that had been exposed to white light for 2 h. Figure 3.31 a) shows that this approach
did not reveal gross differences in the patterns of translatable mRNAs for irradiated rig?’?
and wild-type plants. This result, which is in clear contrast to those found at the protein
level, suggested a posttranscriptional model of control. Northern blot analyses showed that
RBCS mRNA was reduced in amount in mutant as compared to wild-type plants, both in the
dark and after illumination (Figure 3.31 b). However, this reduction was much lower than
that found in the in vivo labelling protein pattern (see Figure 3.28). For LHCB2, transcript
levels were drastically reduced and were in most experiments below the limit of detection.
This result demonstrated that expression of this protein is most likely controlled at

transcriptional level (Figures 3.31 and 3.30, respectively).
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Figure 3.31 RNA expression in etiolated wild-type and tlgrma seedhngs after 2 h of
irradfiation.

a) Patterns of polypeptides translated in a rabbit reticulocyte lysate from RNA of 2 h-irradiated rig"’? and
wild-type plants. LSU (RBCL) and SSU (RBCS) mark the large and small subunits of ribulose-1,5-
bisphosphate carboxylase/oxygenase. b) Northern blot analysis of RBCS and LHCB? transcript levels in
dark-grown and irradiated tig?’”? and wild-type plants after different periods of illumination. The lower part
shows the ethidium bromide (EtBr)-stained 28S rRNA used as loading control.

3.4.4 Analysis of polysomal mRNAs in #ig”’”’ and wild type-seedlings in

response to light stress

The drastic reduction in RBCS synthesis in vivo and only moderate reduction in the level of
its respective messenger in vitro in tigm seedlings suggested a posttranscriptional mode of
control. In order to further examine this possibility, we analyzed the polysomal association
of photosynthetic and stress transcripts in fig?’”? and wild-type seedlings that had been
grown in darkness for 5 d and exposed to strong white light (210 pE/m?) for 2 h and 24 h,
respectively. Polysomes were isolated and subjected to sucrose density gradient
centrifugation. After centrifugation and subsequent fractionation, RNP material was

recovered by ethanol precipitation and used for Northern hybridization. In parallel, RBCS,
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THIONIN and ACTIN protein levels present in the different polysomal fractions were

quantified by Western blotting, using large-scale polysome preparations.
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Figure 3.32 Polysome binding of photosynthetic messengers in tigrina®’’ and wild-type
plants.

Wild-type and ig™? plants were sown on vermiculite and grown in the dark for 5 d, before being exposed for
2h to white light (125 puE/m?). RNP material was extracted from leaf tissues of either plant source and
resolved on sucrose step gradients. Absorbance readings were recorded at 254 nm (a). The different fractions
represent polysomes of increasing size (fractions 3-8) as well as the 40S and 60S ribosomal subunits
(fractions 1 and 2, respectively). b) Western blot used to determine RBCS, THIONIN and ACTIN protein
levels in the different polysomal as well as 40S and 60S fractions. The P/T ratios, defining the amount of
ribosomes in polysomes relative to the total amount of RNP material, are indicated. Courtesy of Dhriti
Khandal and Steffen Reinbothe.

Figure 3.32 a) shows absorbance profiles of RNP material at 255 nm that had been
extracted from etiolated fig?’”? and wild-type plants after 2 h of irradiation. Based on the
absorbance readings, no major differences were observed in the polysome profiles.
However, upon analyzing individual polysomal fractions by Western blotting, a massive
reduction in polysome binding of RBCS transcripts was found for irradiated rig?’? seedlings.

di2

RBCS transcripts were confined to smaller polysomes in irradiated #ig® * plants as compared
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with wild-type seedlings (Figure 3.32 b). This result suggested a depression in translation

initiation to occur in zig’? plants in response to light stress. When the illumination period

was extended to 24 h, a large decay of polysomes was observed in fig?’?

but not in wild-
type plants (Figure 3.33 a, fractions 3-8). Northern-blot analysis confirmed that RBCS and
THIONIN transcripts were present in the 40S ribosomal fractions of rig?’? seedlings (Figure
3.33 b), highlighting that extended light stress in fig?”’ plants had caused ribosome

dissociation into the ribosomal subunits.
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Figure 3.33 Dissociation of 80S cytoplasmic ribosomes in long-term irradiated
tigrina‘”z versus wild-type plants.

a) Wild-type and #ig"’? plants were grown in the dark for 5 d and exposed to white light (125 uE/m?) for 24
h. Then, RNP material was extracted and separated on sucrose gradients as described. Absorbance readings
were recorded at 254 nm. The polysome profiles and calculated P/T ratios show a massive decline in the
level of polysomes (fractions 3-8) and a respective increase in the amount of the 40S and 60S ribosomal
subunits (fractions 1 and 2). b) Northern hybridization was used to detect and quantify RBCS and THIONIN

transcript levels in the different polysomal as well as 40S and 60S fractions. Courtesy of Dhriti Khandal and
Steffen Reinbothe.
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Many functions of chloroplasts rely on thousands of nuclear-encoded proteins, which need
to be imported from the cytosol through specialized import machineries located in the outer
and inner envelope surrounding plastids. OEP16 is a protein of 16 kDa located in the outer
envelope of different plastid types (etioplasts, proplastids, amyloplasts and chloroplasts) of
roots, shoots and leaves. OEP16, initially isolated from pea chloroplasts, was shown to play
a role of a specific channel for amino acids and amines (Pohlmeyer et al., 1997). In
addition, this protein was found to interact with pPORA during its Pchlide dependent
import into isolated chloroplasts and etioplasts of barley (Reinbothe et al., 2004 a+b). This
finding emphasized the role of OEP16 in photomorphogenesis, since PORA is a key
enzyme of Chl synthesis, catalyzing the light-dependent reduction of Pchlide to Chlide.
Recently, genes coding for putative homologs of pea OEP16 were identified in Arabidopsis
designated as AtOEP16-1, AtOEP16-2, AtOEP16-3, AtOEP16-4 (Drea et al., 2006, Murcha
et al., 2007). According to sequence analyses, AfOEP16-1 shares high amino acid sequence
identity with pea OEP16 (PsOEP16, 63%) and barley OEP16-1 (HVOPE16-1, 52%). The
aim of the present work was to study the role of AtOEP16-1 in planta and we used a reverse

genetics approach to do so.

4.1 Role of AtOEP16-1 in planta

In Arabidopsis AtOEP16-1 is encoded by 4¢t2228900. A respective T-DNA insertion line
was identified in the mutant collection of the Salk Institute (Salk 018024.50.90.X).
Homozygous Atoepl6-1 seedlings (Pollmann et al., 2007) obtained after two backcrosses
with the wild-type were isolated and further characterized. Analysis of the offspring of the
generated homozygous seed stock provided seedlings that exhibited a conditional cell death
phenotype associated with the de-etiolation response. When Atoepl6-1 seeds were
germinated in the dark and subsequently exposed to white light, the newborn seedlings did
not green but instead they died. Because of import defects of pPORA, Pchlide accumulated
in a free, non-protein bound form and operated as photosensitizer that triggered singlet
oxygen production and cell death. In electron micrographs, drastic reductions in the size and
ultrastructure of the prolamellar body were seen. This result is in line with previous studies
that had shown that PORA is a major constituent of the prolamellar body (Dehesh et al.,
1985; Reinbothe et al., 2003 a+b). In most cases, etiolated seedlings entirely lacked these
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paracrystalline structures and contained ghost-like areas, called plastoglobules.
Plastogobules are metabolite carriers with many roles in chloroplasts, but little is known
about their function in etioplasts during greening. It is attractive to hypothesize that
plastoglobules in plastids of mutant Atoepl6-1 may be involved in sequestering carotenoids
and other compounds that could not be assembled into the prolamellar bodies. Etiolated
Atoepl6-1 seedlings did not contain larger PORA:PORB supracomplexes indicative of the
presence of LHPP nor did they express photoactive Pchlide F655. Only one main pigment
peak was found in low temperature measurements, emitting at approximately 630 nm and,
therefore, consisting mostly of unassembled PORB-Pchlide a-NADPH ternary complexes

and free, non-protein-bound pigment molecules (Pollmann et al., 2007).

The phenotype of Pollmann’s Afoep16-1 can be compared and contrasted with that of other
mutants defective in key components of the TOC and TIC machineries operating in import
of nucleus-encoded proteins into chloroplasts and other plastid types. Bauer et al. (2001)
identified three receptor components of the TOC machinery, TOC159, TOC130 and
TOCI120, that all share the presence of conserved membrane anchor and GTP binding
domains. TOCI159, TOCI130 and TOC120 differ by the length of their cytosolically
exposed domains that are implicated in binding the presequences of nucleus-encoded plastid
proteins during import. Pull-down assays showed that while TOC159 bound precursors to
photosynthetic proteins, TOC120 and TOC130 did not and therefore they were concluded to
be responsible for the import of other, non-photosynthetic proteins (Bauer et al., 2001). In
addition, co-immunoprecipitation showed that TOC159 did not interact with the transit
peptide of PORA (Smith et al., 2004), supporting previous studies which had suggested a
TOC159-independent pathway of pPORA import (Reinbothe et al., 1995, 2000). A fourth
member of the same receptor family was discovered, TOC90, with as yet unknown function

during plant development (Hiltbrunner et al., 2004).

Arabidopsis mutants that lack TOC159, designated ppi2, are seedling lethal (Bauer et al.,
2001). ppi2 seedlings are unable to establish photosynthetically active chloroplasts because
of the import defect for photosynthetic proteins. Although no data was present in the paper
by Bauer et al. (2001), it is likely that etiolated ppi2 mutant seedlings are impaired also in
the switch from skotomorphogenesis to photomorphogenesis that relies on the activity of
PORB and its assembly with PORA into LHPP, as well as other proteins constituting the
prolamellar body. In contrast to tocl59 (ppi2), toc120 and tocl30 knock-out seedlings
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showed none or only weak phenotypes, underscoring their role in import of non-

photosynthetic proteins (Jarvis et al., 1998; Ivanova et al., 2004; Kubis et al., 2004).

TOC159 normally cooperates with TOC75 and TIC33/34 in the recognition, binding and
translocation of transit sequence-containing cytosolic precursors of plastid proteins (see
Bedard and Jarvis, 2005; Hofmann and Theg, 2005; Kessler and Schnell, 2006, for reviews).
As mentioned in the Introduction (§1), TOC75 establishes a hydrophilic translocation channel
through which the majority of the cytosolic precursors are transported across the outer
envelope (Hinnah et al., 1997, 2002). In Arabidopsis, TOC75 is encoded by three genes of
which two have different expression patterns and presumed functions (Baldwin et al., 2005).
Unlike ppi2 which is seedling lethal, knock-out of TOC75-1II gave rise to embryo lethality
(Kovacheva et al., 2005). Similarly, mutation in 7/C/10 caused an embryo-lethal phenotype
(Inaba et al., 2005). TIC110 acts as multifunctional component of the inner envelope
translocase (Kessler and Blobel, 1996; Heins et al., 1998; Inaba et al., 2003). In clear
contrast to these phenotypes, loss-of-function mutation in 7/C40 and the Clp C-type Hsp93
were not lethal (Chou et al., 2003; Constan et al., 2004; Ivanova et al., 2004; Kovacheva et
al., 2005). Together, these results are suggestive of only partial functional redundancies
between different members of the same subfamily of TOC and TIC proteins. By contrast,
our results show that 4tOEP16-1 plays a unique role for plant de-etiolation and that the
other members of the 4tOEP16 family cannot take over this role in the Atoep16-1 mutant.

4.2 Salk T-DNA insertion in the gene Atoepl6-1 contains

different mutants

The results published by Pollmann et al (2007) are at variance with data put forth by
Philippar et al (2007). Our laboratory and that of Philippar et al. (2007) used apparently the
same Atoepl6-1 T-DNA insertion mutant stock of Arabidopsis, purchased from the Salk
Institute (Salk 018024.50.90.X), but obtained strikingly different results. Our studies
(Pollmann et al (2007) unveiled a conditional seedling lethal phenotype of Atoep16-1 that is
caused by excessive accumulation of free Pchlide molecules in the dark. The conditional
cell death phenotype of Atoep16-1 described by Pollmann (2007) is reminiscent of the one
described by Meskauskiene et a/ (2001) for flu. In addition, our findings showed that
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mutant Atoepl6-1 is impaired in plastid import of pPORA, confirming previous in vitro
crosslinking results which had demonstrated a role of OEP16-1 protein in the substrate-
dependent transport of pPORA into barley, Arabidopsis and pea chloroplasts (Reinbothe et
al., 2004 a+b). Kim and Apel (2004) elegantly confirmed that pPORA import is substrate-
dependent in planta, but only in the cotyledons of etiolated seedlings and not in mature
green leaves of light-grown Arabidospsis plants. Our results are suggestive of the operation
of a default import pathway that governs the substrate-independent import route into leaf

mesohpyll chloroplasts (see below).

In contrast to our results, work of Philippar et al (2007) revealed no differences in pPORA
import and content between the Atoepl6-1 mutant they used and wild-type seedlings.
Moreover, neither a conditional cell death phenotype during plant de-etiolation nor a change
in etioplast ultrastructure was observed in electron micrograhps. Together these differences
suggested that the mutants used in our studies and those of Philippar et al. (2007) were not
the same, despite the fact that they originated from the same mutant seed stock provided by

the Salk Institute.

In order to solve this issue, we re-screened the original seed stock obtained from the Salk
Institute for the presence of additional Atoepl6-1 mutants. We discovered that this seed
stock contains several independent knock-out mutants. Based on the autofluorescence of
Pchlide accumulated in etiolated seedlings and the capability of the seedlings to green or
not after subsequent illumination, two families of Afoepl6-1 mutants showing distinct
features were identified. The first mutant family of plants comprising Afoepl6-1;5 and
Atoepl6-1;6 showed high red Pchlide autofluorescence in the dark and died after
illumination. By contrast, the second family comprising Atoepl6-1;7 and Atoepl6-1,8
included plants with weak Pchlide autofluorescence in the dark and normal greening. Each
family was tested with regard to the presence of PORA protein by Western-blotting and
each segregated into a PORA-containing and PORA-free line. Collectively, these studies
resulted in the identification of four independent Atoepl6-1 knock-out mutants that were
named Atoepl6-1;5, Atoepl6-1,6, Atoepl6-1,7 and Atoepl6-1;8. Because all four mutants
contained only one detectable T-DNA fragment on Southern-blot, we suppose that other,
small mutations undetectable by DNA gel blot hybridization may be present in some of the
mutants and responsible for the different phenotypes obtained. It has been observed that T-
DNA insertion lines tend to partially loose their DNA insertions, giving rise to small DNA

rearrangements at the original insertion site (see below). These exogenic mutations may be
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implicated in revealing bleaching (hiding greening) or in revealing greening (hiding
bleaching). However, the complementation assays demonstrated a cell death rescue of
mutant Atoep6-1;6 and disproved that these exogenic mutations are responsible for the cell

death phenotype.

Mutant Atoepl6-1;5 exhibited the strongest phenotype. It lacked PORA protein and
overaccumulated Pchlide in the dark. /n vitro and in vivo import data demonstrated that
plastids isolated from mutant Afoep16-1;5 could not import the transA-DHFR and transA-
GFP model precursors to the same extent as wild-type seedlings. In fact, import of these
precursors was largely impaired and was in most experiments undetectable, explaining why

etiolated Atoep16-1,5 seedlings did not accumulate PORA in vivo.

After a detailed analysis of the in vivo states of Pchlide by low temperature spectroscopy
only photoinactive Pchlide-F631 was found, whereas photoactive Pchlide-F655 was
missing. Photoactive Pchlide-F655 has been generally considered to be the major Pchlide
form that leads to the formation of Chlide during greening (Litvin et al., 1993). Photoactive
Pchlide-F655 is thought to be due to the unique properties of PORA bound with Pchlide b
and NADPH to form ternary complexes that further assemble with PORB—Pchlide a-
NADPH into larger LHPP complexes. As shown previously, LHPP is involved in light-
harvesting and energy dissipation during greening (Reinbothe et al., 1999, 2003 a+b). Since
neither Pchlide-F655 nor PORA were detectable in mutant Atoep6-1;5, we suppose that
operational larger PORA:PORB supracomplexes were absent in the dark. The lack of these
complexes would explain why mutant Afoep6-1;5, similar to Pollmann’s mutant Afoep16-
1, rapidly died during greening. Indeed tetrazolium staining unravelled that an average of
only 35% of 5 d-old, dark-grown seedlings remained viable after 4 h of irradiation at 125
umol/m?s. Most likely, free, non-protein bound Pchlide molecules in the bulk of Pchlide-
F631 acted as photosensitizer and produced singlet oxygen. DanePy measurements
confirmed mass generation of singlet oxygen in irradiated Atoepl6-1,5 seedlings, similar to
that observed in irradiated flu seedlings. Taken together, we conclude that mutant Atoep16-
1;5 1s virtually identical to mutant Atoepl6-1 described previously by Pollmann et al.
(2007). However, it must be noted that Pollmann’s Atoepl6-1 and Atoepl6-1;5 mutants
were obtained from the offspring of independent homozygous plants that had been

backcrossed twice and once, respectively.
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Mutant Atoepl6-1,6 displayed a weaker cell death phenotype than mutant Afoepl6-1;5. It
accumulated high amounts of red-fluorescing Pchlide in the dark and bleached after
subsequent exposure to high white light. However, cell death progression seemed to be
delayed if compared with that measured for Atoepl6-1;5 seedlings. Tetrazolium staining
identified a greater percentage of seedlings that survived after 4 h of illumination of 5 d-old
etiolated plants, increasing up to 60%, when compared to Atoepl6-1,;5 mutant seedlings of
the same age. In spite of this conditional cell death phenotype, PORA protein was
detectable in Afoep16-1,6 plants. However, low temperature spectroscopic analysis revealed
only the presence of photoinactive Pchlide-F631 and low, in most cases undetectable levels
of photoactive Pchlide-F655. Thus, the majority of the pigment was present in a free form,
not bound to POR proteins in mutant Atoepl6-1;6. Similar to mutant Afoepl6-1;5, most of
the incoming light could not be harvested in the normal manner and provoked singlet
oxygen production from excited pigment molecules. Direct proof for this interpretation is
provided by the DanePy measurements that demonstrated singlet oxygen generation in
irradiated Atoep16-1,6 seedlings. However, the fluorescence quenching of DanePy and thus
produced singlet oxygen levels were lower than those observed for irradiated Atoep16-1;5
and flu seedlings. The trace amounts of photoactive Pchlide-F655 present in etiolated

Atoep16-1;6 seedlings may be the cause of this lowered rate of singlet oxygen release.

Import and crosslinking studies demonstrated that transA-DHFR entered both Pchlide-free
and Pchlide-containing mutant plastids. This result suggests that import did not require the
presence of Pchlide. In vitro and in planta import assays additionally showed that pPORA
is likely taken up by the plastids via a default import pathway involving TOC75. As shown
previously, multiple versions of the TOC machinery exist that differ by an interchange of
receptor and regulatory components and exhibit different precursor specificities (Jarvis et

al., 1998; Bauer et al., 2000; Ivanova et al., 2004).

Mutant Atoep16-1;7 did not show a cell death phenotype. In dark-grown seedlings, no red
fluorescing Pchlide molecules were found and the fluorescence levels were as low as those
in the wild-type. Astonishingly, no PORA protein could be detected on Western blots.
However, during low-temperature fluorescence spectroscopy we found drastically reduced
amounts of photoinactive Pchlide-F631. Although no photoactive Pchlide-F655 was
detected, the plants greened normally. It is likely that mutant Atoep16-1,7 synthesized Chl
by a pathway that was previously attributed to the action of PORB (Lebedev et al., 1995).
This LHPP-independent route was discovered in the det340 mutant of Arabidopsis that does
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not accumulate PORA because of constitutive activation of phytochrome signaling in the
dark (Lebedev et al., 1995). In contrast to det340, however, we did not observe an increased
sensibility of etiolated Atoepl6-1,7 seedlings to high light intensities. This result may be
explained by the rather low level of Pchlide F-631 in planta, allowing the establishment of a
Pchlide-to-PORB homeostasis that permits normal greening. Unlike Afoepl6-1;7, det340
contains ca. 12-15-fold increased levels of Pchlide-F631 in vivo (Lebedev et al., 1995). Last
but not least, it cannot be excluded that the ROS-quenching mechanisms were differentially
expressed in irradiated Afoepl6-1;7 and det340 seedlings. According to numerous studies,
various compounds operate in the photoprotection mechanisms of chloroplasts, such as
carotenoids, ascorbate and vitamins B6 and E (a-tocopherol), (Ehrenshaft et al., 1999;

Wagner et al., 2004; Danon et al., 2005; Laloi et al., 2007).

Mutant Atoepl6-1,8 is similar to the mutant isolated by Philippar et al. (2007). Mutant
Atoepl6-1;8 contained wild-type levels of PORA and Pchlide-F655. These findings
strongly suggest that functional LHPP complexes were present and prevented
photooxidative damages during greening. How such complexes may be established is
unclear, given that our in vitro and in vivo import data demonstrated a default pathway not
involving the PTC complex described previously (Reinbothe et al., 2004 a+b). Crosslinking
studies showed that transA-DHFR enters the plastids in a TOC75-mediated manner. It is
tempting to speculate that there may be some, as yet unknown mechanisms to assemble
PTC52 with TOC and TIC components and build PTC-like complexes in the plastid
envelopes. As mentioned in the Introduction (§1), PTC52 is part of a small gene family of

proteins, including PAO, CAO and TICS5S5, that share conserved and unique domains.

4.3 Is the lack of AtOEP16-1 protein responsible for
photobleaching?

From a purely simplistic view, one could argue that the conditional cell death phenotype
observed in mutants Atoep16-1; 5 and Atoep16-1,6 is unrelated to the absence of AtOEP16-
1. In line with such interpretation would be the identification of mutants Afoepl6-1,7 and
Atoepl6-1;8 that did not show any phenotype. To illuminate this issue, complementation

studies were carried out for mutant Atoepl6-1;6. Using several independent transformants
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we could show that re-expressing AtOEP16-1 protein depresses the accumulation of free
Pchlide molecules in the dark and restores normal greening. These results confirm that the
photobleaching phenotype is indeed linked to the Afoepl6-1 mutation. From the in vitro
import and crosslinking as well as low temperature data we assume that reintroducing
AtOEP16-1 protein might restore the substrate-dependent import of pPORA, LHPP
assembly and the establishment of photoactive Pchlide-F655 that together allowed normal
greening. However, this conclusion needs to be verified in further work. In addition to
complementation assays, the RNAi approach could be also important for phenotypical
studies, since no other Arabidopsis mutants of AtOEP16-1 gene are available apart from the

SALK Institute and other public resources.

What are the reasons for the suppression of the cell death phenotype in mutants Afoepl6-
1;7 and Atoepl6-1;8?7 We assume that additional mutations may be present in mutants
Atoepl6-1;7 and Atoepl6-1,8 that affected the establishment of the cell death phenotype. It
has been observed that T-DNA lines containing multiple insertions tend to loose some or all
of their foreign DNAs in subsequent generations. DNA arrangements provoked by the
insertion and loss of such supplementary T-DNA copies (Latham et al., 2006) could be the
reason for the complex genetic background observed in mutants Atoepl6-1;7 and Atoep16-
1;8. For example, when mutant Atoepl6-1,7 was crossed with flu a resulting double mutant
flu:Atoep16-1;7 regained the conditional cell death phenotype (see Figure A.3 enclosed in
the appendix A). This finding is reminiscent of results reported for a suppressor of flu which
contains a second-site mutation in the HY/ gene encoding heme oxygenase (Goslings et al.,
2004). In the isolated suppressor, heme overproduction led to a depression of Pchlide
synthesis at the level of glutamyl-tRNA reductase (Meskauskiene et al., 2001) and thereby
prevented cell death initiation (Gosslings et al., 2004). However, the identity of these
additional mutations in Atoepl6-1,7 and Atoepl6-1,;8 mutants, remains to be determined by
map-based cloning and whole-genome sequencing approaches. Until more detailed studies
are performed, we still cannot entirely exclude that such second-site mutations provoked

cell death properties in Afoepl6-1 mutant background.

Obviously, there are different plastid import pathways for pPORA whose operation is
dependent on plant developmental state and age. One pathway operates in the cotyledons of
dark-grown seedlings (Reinbothe et al., 1995; Kim and Apel, 2004; Schemenewitz et al.,
2007). This pathway is Pchlide-dependent and involves the PTC complex. The second
pathway is operational in light-adapted plants. It takes place independently on Pchlide and
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involves the TOC and TIC machineries (Reinbothe et al., 1995; Kim and Apel, 2004;

Schemenewitz et al., 2007).

Biochemical evidence suggests that cytosolic HSP70 and 14:3:3 proteins may be key
players in regulating the targeting of pPORA to these different pathways. In etiolated
seedlings, no HSP70 and 14:3:3 protein complexes bind and direct the precursor to the TOC
and TIC machineries (Schemenewitz et al., 2007). By contrast, binding of HSP70 and
14:3:3 proteins to the mature region of pPORA provoked a substrate-independent import
pathway of pPORA in vitro (Schemenewitz et al., 2007). The operation of this pathway
could be responsible for the Pchlide-independent import of pPORA into the chloroplasts of
leaf mesophyll cells described by Kim and Apel (2004).

Evidence for the existence of a third import pathway for pPORA can be deduced from the
results of the present study. We used transA-DHFR precursor proteins to demonstrate
Pchlide-independent import of these model precursors. Plastids isolated from mutants
Atoep16-1;6 and Atoepl6-1;8 imported the chimeric precursors presumably via a TOC75-
dependent route. Because neither model precursor contains the 14:3:3 recognition motif that
is normally present in the mature region of the PORA polypeptide, the import pathway
followed in mutants Atoepl6-1,6 and Atoep16-1,;8 cannot rely on the presence of respective
guidance complexes consisting of HSP70 and 14:3:3 proteins (May and Soll, 2000;
Schemenewitz et al., 2007). However, Qbadou et al. (2006) have shown that there is a
second type of targeting complex comprising HSP990 that could be involved in directing
pPORA to the TOC and TIC import machineries. We are likely to support the hypothesis
that second site mutations in the regulatory circuits that establish the functional protein
import complexes in the envelope membranes and control the activity of cytosolic targeting
factors, which guide the precursors to the “correct” import machinery, could be responsible
for the operation of altered plastid import pathways of pPORA in mutant Atoepl6-1;6 and
Atoepl6-1,8.
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4.4 Are the cell death regulatory mechanisms in mutants

Atoepl6-1;5 and 1;6 the same as in flu?

Mutants Atoep16-1,5 and Atoepl6-1;6 show a conditional cell death phenotype that is very
similar to that of flu plants. We therefore asked whether cell death regulation operating in
Atoep16-1;6 would be comparable to the singlet oxygen-dependent pathway reported for
the flu mutant (Meskauskiene et al., 2001; op den Camp et al., 2004; Wagner et al., 2004;
Danon et al., 2005). As outlined in the Introduction (§ 1), FLU is a nucleus-encoded protein
that plays a key role during the negative feedback control of Chl biosynthesis in the dark,
regulating the accumulation of Pchlide in Arabidopsis and other angiosperms. Inactivation
of flu causes growth arrest and/or cell death, depending on the amount of singlet oxygen
produced from free, photoexcitable Pchlide molecules. While etiolated Atoepl6-1;5 and
Atoep16-1;6 seedlings share similar cell death symptoms with flu seedlings after irradiation,
no growth inhibition was observed for mature green Atoepl6-1;5 and Atoepl6-1,6 plants.
Similar to flu, etiolated Atoep16-1;5 and Atoepl6-1;6 seedlings accumulated high amounts
of Pchlide in the dark. The excess of Pchlide was not present in a functional, PORA-bound
state and acted as a photosensitizer after subsequent illumination, generating singlet oxygen.
DanePy fluorescence quenching demonstrated that mutant Atoepl6-1;5 generates similar
amounts of singlet oxygen as flu, while in mutant Atoepl6-1;6 lower levels of singlet
oxygen were formed. These differences may explain why mutant Afoep6-1,6 had a weaker

phenotype than mutant Afoep16-1;5.

In irradiated flu seedlings, singlet oxygen was proposed to act primarily as cytotoxin. By
contrast, singlet oxygen liberated in light-adapted flu plants that had been subjected to a
non-permissive 8 h dark-to-white light shift was suggested to function as a signal which
activates changes in gene expression (see Kim et al., 2008, for review). Transcriptome
profiling analyses identified genes that were up-regulated or down-regulated by singlet
oxygen. Among them were stress response genes such as BONZAIl and EDSI that have
documented roles in defence against biotic and abiotic cues, as well as genes encoding key
enzymes of ethylene and jasmonates synthesis and signalling. By contrast, genes that were
down-regulated in response to singlet oxygen comprised genes encoding components of the

photosynthetic apparatus (op den Camp et al., 2003).
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A major clue for understanding the differences in cell death regulation between Atoep16-
1,6 and flu plants was provided by the in vitro and in vivo protein synthesis experiments. /n
vitro translation did not reveal gross alterations in the pattern of translatable messengers in
dark-grown seedlings after 2 h of illumination. In all four Afoepl6-1;5-8 mutant types,
indistinguishable messenger products were found and no stress messengers accumulated in
Atoepl6-1;5 and 1,6 that at first glance may be expected if these mutants followed the same
cell death pathway as flu plants. Nevertheless, in vivo labelling of proteins identified
differences of how the four Atoepl6-1;5-8 mutant types responded to illumination. While
all four mutants began synthesizing photosynthetic proteins during the early hours (4 h) of
greening, only mutants Atoepl6-1;7 and Atoepl6-1,;8 pursued translating photosynthetic
proteins. Mutants Atoepl6-1;5 and Atoepl6-1;6 were unable to do so and ceased protein
synthesis after 24 h. Polysome profiling studies unveiled that mutants Afoepl6-1;5 and
Atoepl6-1;6 are unable to recruit stress messengers for translation. In fact, no A0S
transcripts used as a model messenger were detectable in the analyzed polysomal fractions.
By contrast, light-adapted flu plants efficiently translated the AOS messenger, as indicated
by the preferential polysomal binding of this transcript versus photosynthetic transcripts
after the non-permissive dark-to-light shift. Thus, the normal early reprogramming of
translation detected for flu plants was abrogated in Atoepl6-1,;6 plants. Nevertheless, at
later stages of the singlet oxygen-dependent response, protein synthesis declined to similar
extents in flu and Atoepl6-1.6 plants. In the flu orthologous mutant of barley, fig?’? that was
used as a reference, the same early as well as later effects on translation, were observed (see

Appendix B).

Until recently it was unresolved whether there is one cell death pathway that is activated by
porphyrin excitation and singlet oxygen production or whether there are more. Our results
clearly show that there must be more than one pathway and that the early and late effects on
translation are separable. Thus, Afoepl6-1;6 and flu plants, which are virtually identical
with regard to their phenotypic properties (Pchlide overproduction, presence of PORA),

represent exciting new tools to step into these mechanisms in more details.
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4.5 Reduced carotenoid content leads to enhanced light sensitivity

in irradiated Atoep16-1;5 and Atoepl6-1;6 seedlings

Carotenoids are bound to LHC proteins and act as powerful quenchers of both excited
triplet states of porphyrins (Chl, Pchlide, others) as well as singlet oxygen. We therefore
analyzed the actual composition and concentration of carotenoids in mutants Afoepl6-1;5
and Atoepl6-1;6 (photobleaching mutants) and compared them with those in mutants
Atoepl6-1;7 and Atoepl6-1;8 (non-photobleaching mutants). This approach appeared to be
especially promising because mutants Atoepl6-1;5 and Atoepl6-1;6 cannot synthesize

photosynthethic proteins upon persisting light stress.

Our HPLC analyses showed that high white light stress leads to drastic reductions in the
viola, B-carotene and lutein contents in irradiated Atoepl6-1;5 and Atoepl6-1;6 versus
Atoepl16-1;5 and Atoepl6-1,6 seedlings. Mutants Atoepl6-1;5 and 1,6 accumulated higher
levels of zea when compared to mutants Afoepl6-1;7, 1,8 and the wild-type. Nevertheless,
the amount of synthesized zea seemed insufficient to compensate for the loss of viola, lutein
and B-carotene levels in irradiated Afoepl6-1;5 and 1;6 seedlings such that no

photoprotection occurred.

There are several possibilities to explain these results. Since B-carotene normally binds to
PSII core complexes and xantophylls to LHC proteins in PSII-LHCII supercomplexes, the
process of photosynthesis and Chl synthesis may be drastically disturbed in mutants
Atoepl6-1;5 and 1;6 under high light stress. Accordingly to Dall Osto et al. (2007), a-
branch (lutein) and B-branch (zea, viola and neo) xanthophylls play different and
complementary roles in antenna protein assembly and in the mechanisms of
photoprotection. It was reported that a lack of lutein increases the sensitivity to light (Dall
Osto et al., 2006) and even if it is present, it is not able alone to sustain single oxygen
scavenging, thus causing rapid bleaching of Chl bound to LHC proteins. Since xanthophylls
are needed for the folding of LHC proteins in vitro (Plumley et al., 1987), it may be highly
possible that a strong decrease in their availability in mutants Atoepl6-1;5 and Atoep16-1;6
led to a decreased content in LHC proteins. Reduction in LHC proteins could prevent
assembly of functional light-harvesting complexes, as a result of which pigment bleaching
would occur. Protein denaturation and other hazardous effects caused by singlet oxygen

would trigger cell death. The fact that mutants Atoepl6-1;7 and Atoepl6-1;8 greened
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normally and were well protected against photooxidative damage may be in part explained
by the work of Croce et al., 1999 on the in vitro reconstitution of recombinant LHC
proteins. The authors showed that the resistance to photobleaching of reconstituted LHC
proteins was maximal in the presence of more than a single type of xanthophyll species,
particularly by combinations of lutein and violaxanthin. Consistent with such interpretation
would be the higher levels of these two xanthophylls in mutants Afoepl6-1,;7 and Atoep16-
1;8 versus wild-type plants. In addition, increased levels of B-carotene were found in
mutants Afoepl6-1;7 and Atoepl6-1;8, when compared with mutants Atoepl6-1;5 and
Atoepl6-1;6, that could contribute to the stabilization of PSII core complexes. Taken
together, our HPLC analyses underscore that drastic metabolic changes occur in response to
light in etiolated Arabidopsis seedlings and that these are differentially affected in the

Atoep16-1;5-8 mutants. Also, similar effects have been observed in the flu orthologue,

tigdl 2

seedlings to singlet oxygen that now can be further dissected by metabolomics approaches.

, (see Appendix B), suggesting a common metabolic response of etiolated angiosperm
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In summary, the results presented in this work show that AtOEP16-1 plays an important
role in the photoprotection mechanism of etiolated Arabidopsis plants. For the moment, we
cannot exclude that second site mutations present in Atoep6-1 mutants could also prevent
greening. On the other hand, complementation studies suggest that the absence of
AtOEP16-1 results in a conditional cell death phenotype which is linked to the absence of
functional PORA protein. PORA is normally part of larger complexes dubbed LHPP in the
prolamellar bodies of etioplasts. These complexes are involved in light trapping and light
energy dissipation. If these processes are disturbed, as found in mutants Atoepl6-1
described by Pollmann (2007), Atoep16-1;5 and Atoepl6-1,6, seedling bleaching and cell
death occur. Despite the fact that some default import pathways are activated in mutant
Atoep16-1;6, probably no functional LHPP complexes can be formed. It could be that
suppressor mutations are present in mutants Atoepl6-1;7 and Atoepl6-1;8 that prevented
photooxidative damage. While mutant Atoepl6-1;7 accumulates drastically reduced levels
of Pchlide and presumably greens by an entirely PORB-dependent pathway and without
PORA, mutant Atoep16-1,8 is seemingly unaffected in the import and assembly process of
pPORA. In this mutant, normal levels of PORA and photoactive Pchlide-F655 are present,
permitting normal greening. However, the targeting pathway of pPORA did not involve the
PTC complex and led to the default import of pPORA through a third, as yet,
uncharacterized, Pchlide-independent pathway. It is attractive to hypothesize that the
suppressor mutation(s) presumably present in Afoepl6-1,8 affected the targeting pathway of
pPORA to the different import pathways. Post-import pigment binding by an as-yet
undetermined mechanism, then would be needed to allow for the formation of LHPP or
LHPP-like structures permitting normal seedling greening. Nevertheless, not the entirely
normal greening process is suggested by our HPLC profiling experiments which unveiled
altered compositions and levels of carotenoids in mutant Atoepl6-1;8. On the other hand,
more detailed gene expression and polysome profiling studies revealed that cell death
regulation in Atoep16-1;6 is not identical to that observed in flu plants. Mutant Atoep16-1,6
appears to be defective in translating total proteins in the early hours of the singlet oxygen
response. Nevertheless, mutants Atoepl6-1;6 and flu share the same late, singlet oxygen-
dependent depression of translation which leads to ribosome decay. These two responses
can now be dissected by other tools, such as transcriptomics, proteomics and metabolomics

approaches.
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« Implications de la protéine OEP16 dans la photoprotéction

d’Arabidopsis thaliana lors du stress lumineux »

6.1 Introduction

Les plantes sont exposées en permanence a une large variété de facteurs de stress dans leur
environnement naturel. De maniére remarquable, ces stress abiotiques (déficit hydrique,
chaleur, fortes intensités de lumiere, UV) et biotiques (pathogeénes: bactériens et
fongiques ; insectes) causent de profonds changements dans I'expression des génes du plaste
et du noyau. Ils provoquent de plus une chlorose qui implique des perturbations de
'appareil photosynthétique ainsi que du métabolisme de la chlorophylle. Au cours de la
germination des Angiospermes, les plantules étiolées sont particulieérement sensibles a un
exces d'énergie lumineuse. C'est en effet le moment ou elles ont besoin de basculer d'un

métabolisme hétérotrophe, en 1'absence de chlorophylle, a une croissance phototrophe.

Lorsque les plantes germent a 1'obscurité ou dans la pénombre, leurs plastes doivent faire
face au double défi de récolter le peu de lumiere disponible et de se préparer a une
exposition brutale a une lumiere intense. Les proplastes se différencient alors en étioplastes
avant de devenir, a la lumicre, des chloroplastes. La premiére étape vers la différenciation
en chloroplastes est dépendante de la lumiére et d’une enzyme: la NADPH
protochlorophyllide oxydoréductase (POR). Des travaux antérieurs de Reinbothe et al.
(1995) ont montré qu’il existe deux isoformes de la POR, appelées PORA et PORB. Elles
sont associées sous forme d’un supra-complexe avec le NADPH, leurs pigments —
protochlorphyllide a (Pchlide @) et Pchlide b (les précurseurs des chlorophylles a et b,
respectivement) — et avec des lipides du corps prolamellaire. L’organisation de ce supra-
complexe permet aux jeunes plantes de collecter I’énergie lumineuse et, en méme temps,
d'éponger ’exceés d’énergie. Ce nouveau complexe collecteur de lumiére est appel¢é LHPP
pour Light Harvesting POR Protochlorophyllide (Reinbothe et al., 1999). L’analyse
approfondie de la structure du LHPP, ainsi que de son role pendant la skotomorphogenése
(développement a 1’obscurit¢) ou lors de la transition vers la photomorphogenese
(développement a la lumiére), sont en cours d’étude, a I’aide d’approches biochimiques et

génétiques.
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Les protéines PORA et PORB sont codées par des génes nucléaires et traduites dans le
cytosol avant d’étre importées dans les plastes afin de s’y assembler en oligomeres.
Récemment, il a été mis en évidence un systéme original d’importation de PORA au sein du
chloroplaste : le PTC (Protochlorophyllide dependant Translocon Complex ; Reinbothe et
al., 2004a, 2004b). Ce systéme, qui traverse a la fois les membranes externe et interne de
I’enveloppe du plaste, est dépendant de la présence de Pchlide b, substrat de PORA.
Plusieurs approches biochimiques conjointes ont permis d’identifier les protéines majeures
du complexe PTC. Certaines sont spécifiques de ce translocon, en particulier PTC52, qui
présente une activité Pchlide a oxygénase in vitro, et PTC16/OEP16, une protéine de 16
kDa qui forme un canal hydrophile dans la membrane externe du plaste. Cette derni¢re a

fait ’objet de ce travail de these et les résultats obtenus seront résumés dans cette partie.

6.2 Le fond génétique complexe du mutant Afoep16-1 (chapitre
3.1)

6.2.1 Identification du mutant Atoepl6-1 chez A.thaliana (chapitre 3.1.1.)

La protéine OEP16 appartient a une famille de transporteurs d'acides aminés présente chez
les bactéries libres et chez leurs descendants endosymbiotiques, mitochondriaux et
chloroplastiques (Rassow et al., 1999). Il a été démontré que I’OEP16 des chloroplastes de
petit pois forme un canal hydrophile dans la membrane externe permettant le transport des
acides aminés (Pohlmeyer ef al., 1997 ; Steinkamp et al., 2000). La protéine PTC16 de 16
kDa de ’orge a, par la suite, été mise en évidence dans I’enveloppe externe du plaste par
pontage chimique. Celle-ci interagit avec le précurseur de PORA (pPORA) au cours de son
import post-traductionnel (Reinbothe et al., 2004 a+b). La purification de la protéine et le
séquencage des peptides dérivés ont permis de montrer que cette protéine d'orge est
l'orthologue d'OEP16 chez Arabidopsis (Reinbothe et al., 2004 a+b). Ces résultats
¢largissent donc la fonction proposée pour OEP16 a la translocation de macromolécules

spécifiques.

156



Chez Arabidopsis, on distingue 4 génes qui codent OEP16 : AtOEP16-1 a AtOEP16-4
(Reinbothe et al., 2004; Philippar et al., 2007). Des quatre OEP16, AtOEP16-1
(At2g28900) présente la meilleure identité (52%) avec la séquence de la protéine OEP16 de
I’orge (HvOepl6-1)). AtOEP16-1 contient 6 exons et 5 introns. Une approche de génétique
inverse a été utilisée pour isoler Atoepl6-1 (At2g28900), mutant dépourvu de protéine

OEPI6-1.

Nous avons mis en évidence que le mutant KO Afoepl6-1 montre un phénotype létal
conditionnel lors de la germination en condition d'étiolement (Pollmann et al., 2007), qui
ressemble au phénotype d’un autre mutant: fluorescent (flu) (Meskauskiene et al., 2001).
L’observation au microscope a épifluorescence des cotylédons de plantules étiolées a révélé
une hyper accumulation de Pchlide dans Afoepl6-1 par rapport au sauvage. Les plantes
Atoepl6-1 cultivées a la lumicre continuent de se développer normalement et ressemblent
au sauvage. Par ailleurs, des plantes Atoepl6-1, cultivées a 1’obscurité pendant 5 jours puis
exposées a une lumiere forte, blanchissent et meurent. Ce phénomene s’explique par le fait
que D’excitation de Pchlide libre (non liée a la protéine PORA) entraine la formation
d’oxygene singulet, qui déclenche un programme de mort cellulaire (PCD). Outre I’absence
de protéine PORA chez le mutant Atoepl6-1, nous avons démontré par des essais d’import
in vivo, que les chloroplastes dépourvus d’AtOEP16-1 sont capable d’importer uniquement
transB-GFP (le peptide de transit de la protéine pPORB; transB; fusion¢ avec la GFP), alors
que les chloroplastes sauvages peuvent importer, en plus de transB-GFP, un transgéne
transA-GFP (le peptide de transit de la protéine pPORA; transA; fusioné avec la protéine

Green Fluorescent Protein).

6.2.2 Re-criblage du stock d’origine de mutant Afoepl6-1 de la collection
SALK (chapitre 3.1.2)

Contrairement aux résultats obtenus par notre laboratoire (Pollmann et al., 2007), 1’étude du
mutant Afoepl6-1, menée par Philippar et collaborateurs (2007), n’a pas révelé de
phénotype de photoblanchiment. Les auteurs ont par ailleurs détecté la présence de PORA

dans le mutant, suggéerant I’existence d’un fond génétique complexe chez ce dernier.

Suite & ces divergences, nous avons re-criblé le stock d’origine du mutant Afoepl6-1

disponible dans la collection de I’Institut SALK. Des analyses de descendance nous ont
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permis d’isoler 4 lignées de mutants Azoepl6-1 présentant des combinaisons différentes de
phénotypes de photoblanchiment et de présence/absence de protéine PORA. Nous avons
nomm¢é ces lignées Atoepl6-1;5, Atoepl6-1;6, Atoepl6-1;7 et Atoepl6-1,8. A I’obscurité,
les cotylédons des lignées Atoep16-1,5 et Atoep16-1,;6 accumulent des quantités élevées de
Pchlide, comme I’indique I’augmentation spécifique de la fluorescence rouge. Au contraire,
les mutants Atoepl6-1;7 et Atoepl6-1,8 présentent un niveau de fluorescence de la Pchlide
comparable au sauvage. Quand les plantes étiolées sont exposées a une lumicre forte, les
mutants Atoepl6-1;5 et Atoepl6-1;6 blanchissent alors que les mutants Atoepl6-1;7 et
Atoepl6-1;8 peuvent verdir normalement. Les expériences d’immunoblotting ont montré
que les mutants Atoepl6-1;5 et Atoepl6-1;7 sont dépourvus de protéine PORA, alors qu’on
détecte cette protéine chez les mutants Atoepl6-1,6 et Atoepl6-1,8.

Malgré ces différences, les 4 lignées sont dépourvues de protéine AtOEP16 et contiennent
une seule insertion de I’ADN-T (ADN de Transfert). Cette derniére est composée de deux
ADN-T en position « head-to-tail » introduits dans le locus AtOEP16-1. De plus, les
analyses de séquencage ont réveélé que ni le géne FLU ni PORA ne sont affectés par des

mutations ponctuelles chez les 4 mutants Atoep16-1,5-8.

6.3 Caractérisation physiologique des quatre mutants Azoep16-

1;5-8 (chapitre 3.2)

6.3.1 Analyses de fluorescence de la Pchlide a basse température chez les

mutants Atoep16-1 ;5-8 (chapitre 3.2.1)

L’augmentation excessive de la fluorescence de la Pchlide chez les mutants Afoepl6-1 ;5 et
Atoepl6-1 ;6 suggére la présence de Pchlide libre, non liée aux protéines POR, qui ne peut
pas étre convertie en Chlide, et qui par conséquent devient source de production d’oxygene
singulet qui déclenche la mort cellulaire. Nous avons effectu¢ des analyses
spectroscopiques a basse température afin d’identifier 1’état fonctionnel des pigments in
planta. Chez le sauvage, deux formes de Pchlide, chacune possédant un spectre spécifique,
peuvent étre détectées. Il s’agit de la Pchlide-F655, aussi appelée forme photo-active, et la

Pchlide-F631, une forme photo-inactive (Lebedev and Timko, 1998). La Pchlide-F655 peut
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étre converti en Chlide en 1 msec de flash de lumiére blanche. Sa présence indique la
formation de complexes LHPP au sein des corps prolamellaires des étioplastes (Reinbothe
et al., 1999 and 2003). La Pchlide-F631 comprend les molécules de Pchlide libre et celles
contenues dans les complexes PORA-Pchlide b (Reinbothe et al., 1999 and 2003).

Les analyses de fluorescence a basse température ont révélé que les mutants Atoepl6-1,5-8
ont un ratio Pchlide-F655 / Pchlide-F631 différent du type sauvage. Nous avons détecté une
quantité largement supérieure de Pchlide-F631 chez le mutant Atoepl6-1;5 par rapport au
sauvage, alors que la Pchlide-F655 n’a pas été détectée chez ce mutant. En comparant les
spectres des mutants Afoepl6-1;6 étiolés avec ceux du sauvage, nous avons observé des
quantités €levées de Pchlide-F631 et des niveaux réduits de Pchlide-F655 chez le mutant.
Chez le mutant Atoepl6-1;7, nous n’avons détecté que des traces de la Pchlide-F631.
Contrairement aux spectres de la Pchlide détectés chez les mutants Atoepl6-1,5-7, ceux du
mutant Atoepl6-1;8 sont similaires au sauvage avec les deux formes de Pchlide (photo-

active et photo-inactive).

L’ensemble de ces résultats suggerent que la lignée nommée Atoepl6-1,5 dans la présente
étude correspond a la lignée Atoep6-1 initialement identifiée par Pollmann et al. (2007), et
que la lignée nommée Atoep16-1;8 correspond a celle décrite par Philippar et collaborateurs

(2007).

6.3.2 Viabilité des plantules Azoepl6-1;5-8 (chapitre 3.2.2.2)

La viabilité des mutants Afoepl6-1,5-8 a ét€¢ mise en évidence par coloration au tetrazolium
(TTC) des plantules développées a I’obscurité pendant 5j et ensuite exposées a une lumicre
forte pendant 30 min, 2h et 4h. Cette coloration permet de distinguer les plantules viables

qui sont colorés en rouge et les plantules ayant des cellules mortes qui ne se colorent pas.

Apres plusieurs tests, effectués sur une centaine de plantules de type sauvage et de chaque
lignée mutante (expérience réalisée en triplicat), nous avons démontré que le mutant
Atoepl6-1;5 posséde un phénotype de photoblanchiment plus sévére que le mutant
Atoepl6-1;6. La mort cellulaire chez le mutant Atoepl6-1;5 se manifeste le plus rapidement
(apreés 4h d’illumination, seulement 35% des plantules étiolées restent viables, alors que
60% de plantules viables sont retrouvées chez le mutant Afoepl6-1;6). Cependant, les

plantules les plus résistantes au stress lumineux sont celles des lignées non-
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photoblanchissantes : Atoepl6-1;7 et Atoepl6-1;8, chez lesquelles la viabilité est

respectivement de 95% et de 86%, apres 4h de stress lumineux.

6.3.3 La production d’oxygéne singulet chez les plantules Azoep16-1 ;5-8
(chapitre 3.2.3)

Les observations de plantules étiolées agées de 5j au microscope, sous lumiére bleue, ont
montré une forte fluorescence rouge de la Pchlide chez les mutants Afoep16-1,5 et Atoepl6-
1,6, suggérant la présence de molécules libres de Pchlide, non liées aux protéines POR.
Puisque I’illumination des tétrapyrroles libres entraine la formation d’oxygeéne singulet
(Wagner et al., 2004), nous avons mesuré¢ la production de cette espeéce réactive de
I’oxygéne chez les mutants Atoepl6-1,5-8 par des mesures de fluorescence DanePy (Hideg
et al., 1998). Les mutants Atoep16-1,5 et Atoepl6-1,6 produisent des quantités importantes
d’oxygene singulet, ce qui se manifeste par une réduction de la fluorescence DanePy par
rapport au sauvage. Cette réduction de la fluorescence chez le mutant Atoepl6-1;5 est
comparable avec celle retrouvée chez le mutant f/u. Chez le sauvage et les mutants Atoep16-
1;7 ou Atoepl6-1;8, aucune réduction de la fluorescence DanePy n’est détectable, ce qui

indique I’absence de la formation d’oxygene singulet.

6.3.4 L’import des protéines dans les chloroplastes des mutants Azoepl6-

1;5-8 (chapitre 3.2.4)

Dans ce chapitre, nous avons mis en évidence par des études d’import in vitro et in vivo,
que les mutants Afoepl6-1;5-8 sont affectés dans I’import de la protéine PORA via le
complexe PTC. Les mutants Atoepl6-1,5 et Atoepl6-1;7, chez lesquels nous ne détectons
pas de protéine PORA, ne sont pas capables d’importer la protéine PORA dans les plastes.
Dans les essais de « crosslinking » avec le transA-DHFR, nous avons mis en évidence
qu’aucun produit n ‘est formé chez ces mutants. Dans les études d’import in vivo avec
transA-GFP nous avons observé que la fluorescence de la GFP est largement restreinte au
cytosol et seulement des traces de transA-GFP sont détectables a I’intérieur des plastes. En
revanche, les mutants Afoepl6-1;6 et Atoepl6-1;8 qui expriment la protéine PORA,
importent la protéine transA-DHFR a I’intérieur des plastes. Néanmoins, ce transport ne se

déroule pas via le complexe PTC, préalablement décrit et retrouvé chez le sauvage
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(Reinbothe et al., 2004), mais via une protéine de 75 kDa, faisant partie du complexe TOC.
Les études d’import in vitro ont confirmé I’import de transA-GFP dans les plastes.
Ensemble de ces études démontre pourquoi la protéine PORA n’est pas retrouvée chez les

mutants Afoepl6-1;5 et Atoepl6-1;7.

6.3.5 La mutation Atoepl6-1 est-elle responsable du phénotype de
photoblanchiment (chapitre 3.2.5) ?

Parmi les quatre lignées Atoepl6-1, nous avons identifi¢ deux familles qui répondent
différemment au stress lumineux. Une famille comprend les mutants Atoepl6-1;5 et
Atoepl6-1;6 qui montrent un phénotype létal conditionnel, et 1’autre famille comprend
Atoepl6-1;7 et Atoepl6-1,8 qui verdissent normalement. Ces observations nous amenent a
la question suivante : « la mutation du gene AtOEP16-1 est-elle effectivement la cause du
photoblanchiment ? ». Afin d’y répondre, nous avons entreprit un test de complémentation

du mutant Atoep16-1.

L’étude du mutant Afoepl6-1,6 possédant un transgene 35S-OEP16 a démontré que les
plantes complémentées peuvent devenir résistantes a I’effet néfaste de la lumicere forte et
ressemblent au sauvage. Ce résultat confirme que 1’absence de la protéine AtOEP16-1 est la
cause du photoblanchiment en conditions de stress lumineux. De plus, des fusions
traductionnelles entre les protéines GFP et YFP et les extrémités N-terminales ou C-
terminales d’AtOEP16-1, respectivement, ont été¢ introduites dans les plantes mutantes
Atoepl6-1,6, L’observation, au microscope confocal, des cellules des plantes transformées
avec le transgéne GFP-AtOEP16-1 a révélé une localisation plastidiale d’AtOEP16-1 et une
restauration du verdissement normal. En revanche, nous n’avons trouvé aucune restauration
du phénotype de photoblanchiement chez le mutant Afoep16-1;6 transformé avec la fusion
AtOEP16-1-YFP. L’observation au microscope confocal a révélé une fluorescence au
niveau de 1’enveloppe des chloroplastes suggérant que le transgene AtOEP16-1-YFP ne

peut pas étre importé a I’intérieur des plastes.
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6.4 Identification de la traduction en tant que cible de ’action de
I’oxygéne singulet chez les mutants Atoepl6-1;5-8, flu and
tig""? (chapitre 3.3)

Suite a la complexité inattendue du fond génétique des mutants SALK Atoepl6-1, nous
avons effectué¢ des études pour identifier les relais conduisant au phénomeéne de mort
cellulaire programmeée, provoquée par le stress lumineux. Les modifications de la traduction

dans ce type de stress ont fait 1’objet d’une attention particuliere.

Les comparaisons des produits messagers traduits in vitro aprés 2h de stress lumineux sur
les mutants Atoep16-1,5-8 étiolés pendant 5j, n’ont révélé aucune différence majeure entre
les lignées. Contrairement aux observations reportées pour le mutant flu, la régulation de
I’expression des génes lors du stress lumineux est probablement effectuée au niveau post-

traductionnel et non au niveau transcriptionel, comme cela était trouvé pour le mutant f7u.

Des radiomarquages des protéines in vivo ont été effectués pour les différentes lignées
d’Atoep16-1 étiolées pendant 5) et exposées a la lumiere durant périodes de longueurs
différentes. Ces analyses ont révélé que les profils de polypeptides, synthétisés lors des
premiéres 4h de stress lumineux, sont similaires pour les quatre mutants Afoep16-1;5-8. Au
contraire, quand le stress lumineux est prolongé jusqu’a 24h, nous avons observé un arrét
total de la synthése des protéines chez les mutants photoblanchissants Atoepl6-1;5 et
Atoepl6-1;6 ; alors que la synthese protéique se déroule normalement chez les mutants
verdissants Atoepl6-1;7 et Atoepl6-1;8. Ainsi, nous n’avons pas détecté de synthése des
protéines photosynthétiques lors du stress lumineux chez les mutants Afoepl6-1;5 et
Atoepl6-1;6 (ayant un phénotype conditionnel 1€tal), contrairement a ce que I’on pourrait
attendre si la régulation de la mort cellulaire se déroule de la méme maniere que chez le

mutant f7u.

Puisque le phénotype du mutant Atoepl6-1;6 ressemble a celui du mutant flu en ce qui
concerne la présence de la protéine PORA, nous avons comparé la synthése des protéines
chez ces deux mutants, soumis a un stress lumineux similaire a celui décrit par op den
Camp et al. (2004). Des analyses de profils de polysomes et des protéines associées ont été
effectuées chez des plantes Atoepl6-1,6, flu ou sauvages préalablement cultivées pendant

14j sous lumiere continue, transférées a I’obscurité pendant 8h, puis ré-illuminées pendant

162



4h ou 24h. Nos expériences ont confirmé que la synthése des protéines de stress,
accompagnée d’une réduction de la synthese générale des protéines, se déroule pendant les
premieres heures du stress lumineux chez le mutant flu. Contrairement a ce dernier, le
mutant Atoepl6-1;6 ne synthétise pas de protéines de stress au cours des 4h de ré-
illumination, et son profil protéique est similaire a celui du sauvage. Cependant, aprés 24h
de ré-illumination, nous avons détecté une réduction significative de la synthese protéique
chez les deux mutants flu et Atoepl6-1;6. Ces résultats suggerent que flu et Atoepl6-1;6
reprogramment différemment la traduction seulement pendant les premiéres heures du

stress lumineux.

Afin de comprendre plus en détails les mécanismes du contrdle traductionnel pendant le

di2 di2

stress lumineux, nous avons étudié le mutant tigrina ) de I’orge (von Wettstein et

(tig
al., 1974) duquel le géne muté est orthologue de flu chez Arabidopsis (Lee et al., 2003).
L’utilisation de 1’orge représente des avantages en biochimie par rapport a Arabidopsis en
raison de la quantité plus importante de biomasse. De plus, le séquencage de son génome
est en cours et beaucoup de mutants déja disponibles pourront permettre I’identification de

nouvelles fonctions, liées a ’action des especes réactives de 1’oxygene et au controle de la

mort cellulaire.

Des radiomarquages de protéines in vivo effectuées chez des plantes tig”?

d’abord étiolées
puis illuminées, ainsi que des analyses par électrophorése 2D, nous ont permis de découvrir
que les régulations de la traduction des protéines de stress et de celles impliquées dans la
photosynthése sont inverses. Les analyses d’immunoblotting nous ont permis d’identifier
les protéines spécifiques impliquées dans ces régulations. Parmi les protéines
photosynthétiques dont la synthése est diminuée lors du stress lumineux se trouvent les
protéines du photosysteme II (PSII) : D1, D2, Rubisco, LHCII, PsbO, PsbE. En revanche,
les protéines de stress dont la synthése est augmentée lors du stress lumineux sont JIP23 ou
AOS. Elles sont impliquées dans la biosynthése de 1’acide jasmonique ou dans les réponses
de défense pendant I’infection par des pathogenes, respectivement. Des expériences de
traduction in vitro nous ont permis d’identifier les ARN messagers de LHCII comme cible
de régulation au niveau transcriptionnel, la Rubisco étant régulée majoritairement au niveau
post-traductionnel. L’analyse de fractions polysomales et de leurs transcrits associés dans

di2

les mutants #ig" “ étiolés et illuminés pendant des périodes de durées variables, a clairement

démontré que I’initiation de la traduction fait également 1’objet de ce type de régulation.
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6.5 Conclusions générales

Nos résultats montrent que la protéine AtOEPI6-1 joue un role important dans les
mécanismes de photoprotéction de plantes d’Arabidopsis développées a I’obscurité. Son
absence conduit a la sensibilité de ces plantes au stress lumineux et provoque un phénotype
conditionnel létal que nous attribuons a 1’absence de la protéine PORA fonctionnelle dans
les complexes LHPP. PORA fait partie des complexes LHPP qui coopérent au sein des
corps prolamellaires des étioplastes. Ces complexes sont impliqués dans la capture de la
lumiere ainsi que dans la dissipation de I’excés de I’énergie lumineuse. Si ces complexes
sont perturbés, comme c’est le cas dans les mutants Atoepl6-1 (initialement décrit par
Pollmann et al (2007)), Atoepl6-1;5 et Atoepl6-1,6, les plantules blanchissent, ce qui
conduit a la mort cellulaire. Malgré ’existence d’une voie alternative pour 1’import de
PORA trouvé chez Atoepl6-1;6, les complexes fonctionnels LHPP ne peuvent pas étre
formés. Nos données suggerent qu’il existe des mutations supplémentaires qui empéchent la
révélation de ce phénotype et de la mort cellulaire chez les mutants Afoepl6-1;7 et
Atoepl6-1;8. Le mutant Atoepl6-1;7 présente une faible accumulation de Pchlide a
I’obscurité et verdit probablement grace a la présence de la protéine PORB. Par ailleurs, le
mutant Afoepl6-1;8 est affecté dans I’'import de pPORA via le complexe PTC, mais
contient toutefois la protéine PORA ainsi que de la Pchlide photo-active F-655. Nous
supposons qu’une autre mutation suppressive existe chez ce mutant, affectant la voie
d’import de pPORA via le complexe PTC. L’import de pPORA se produirait de maniere
alternative, par le biais d’une, troisiéme voie, indépendante de la Pchlide. Cette nouvelle
voie d’import permettrait, dans ce mutant, 1’assemblage des complexes LHPP qui
permettent le verdissement. Nos études détaillées de Afoepl6-1,6 ont révélé I’existence de
mécanismes de régulation de la mort cellulaire différents de ceux identifiés chez le mutant
flu. Le mutant Atoep16-1,;6 semble étre affecté dans la traduction des protéines de stress lors
des premiers heures de formation de 1’oxygeéne singulet pendant le stress lumineux.
Cependant, les mutants Atoepl6-1;6 et flu présentent les mémes effets d’arrét de la
traduction pendant le stress de long terme. L’étude de ces deux types de réponses, par des
approches combinées de transcriptomique, protéomique et métabolomique, fournira un

éclairage nouveau sur la régulation de la mort cellulaire chez les plantes.
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A. 1 Primer list

Table A.1. A list of primers used in this study.

Name Gene Sequence (5’ to 3’ end) Utilization
AtOEP16-F AtOEP16 5>~ AACGAACTGAGAAGCGGTTGC genotyping
AtOEP16-R AtOEP16 5>~ ATCCACCGTTAAAAGCCCCTT genotyping
AtFLU-F AtFLU 5°- TCCCTTTCCTTGTCGCTCCTT genotyping
AFLU-R AtFLU 5>~ ATTTGACATAGCCGGGCATCA genotyping
AtPORA-F AtPORA 5~ GATAATGGCGTGCAGAGACTT genotyping
AtPORA-R AtPORA 5>~ GAATCAGCCAAAACACAACTACTAA genotyping
Genotyping of Atoep16-1
LBal T-DNA (Salk)  [5’- TGGTTCACGTAGTGGGCCATCG and flu mutants, T-DNA
probe for Southern-blot on
Atoepl6-1
s Gateway cloning of
OEP16 Fgw AtOEPI16 5’- AAAAAGCAGGCTTCCGGAGGTCGGCCATGCCTTCAAGCACATTCTC | Ol One 0
s Gateway cloning of
OEP16 Rgw AtOEPI16 5°- AGAAAGCTGGGTGACTAGTATGATCAGTAGAAATAATGATTGTT AOEPI6.1 oDNA
OEP16 Rgw no Stop | AtOEPI6 5~ AGAAAGCTGGGTGACTAGTGTAGAAATAATGATTGTTAACGAA Gateway cloning of

AtOEP16-1 cDNA

Gateway cloning of

AttB1 Gateway adapter  [5’- GGGGACAAGTTTGTACAAAAAAGCAGGCT AtOEPI6.1 cDNA
s Gateway cloning of
AttB2 Gateway adapter [5’- GGGGACCACTTTGTACAAGAAAGCTGGGT AtOEP16.1 cDNA
35S F 35S promoter 5’>- CGCACAATCCCACTATCCTT genotyping
MI13 R 35S terminator  [5’- GGAAACAGCTATGACCATG
YFPR YFP 5°’- GCTGAACTTGTGGCCGTTTA genotyping
NPTIL-F Kanamycin 5’- CGGTTCTTTTTGTCAAGACC I-DNA probe, Southern-blot
resistance on Atoep16-1
NPTILR Kanamycin 5'- CAATATCACGGGTAGCCAAC [[-DNA probe, Southern-blot
resistance on Atoep16-1
LBGTI-F 5°- ACTTAATAACACATTGCGGACG [-DNA probe, Southern-blot
on Atoepl6-1
transit peptide Precursor molecules for
TransA-F of the 5’-GAGAGAGGATCCCCAAGCTCACCGTCATCCATGGCT S .
crosslinking and import assays
pPORA
transit peptide Precursor molecules for
TransA-R of the 5’-TATGCCGGATCCGCTCGGCGACGCGGTCGA ursor -
crosslinking and import assays
pPORA
transit peptide Precursor molecules for
TransB-F of the 5’-TATGAGAGAGGATCCTGCTCGCCGGCTCAGATGGCT ursor -
crosslinking and import assays
pPORA
transit peptide Precursor molecules for
TransB-R of the 5’-TATGAGAGAGGATCCGGCCGGCGACGCCGGGGTTGC ursor -
pPORA crosslinking and import assays|
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A. 2. Overexpression and purification of 6His-tag-AtOEP16-1

protein
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Figure A.2.1. Overexpression of 6His-tag-AtOEP16-1 protein.

Pilot expression of 6His-tag-AtOEP16-1 protein in E.coli BL21-"™ bacteria grown in LB medium at 37°C
with shaking until the ODgq reached 0,6 (ty) and continued for 2 h and 4 h with the addition of L-arabinose
into the culture medium (t,I, t4I) or not (t,, ty). M: protein marker.
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Figure A.2.2. Purification of 6His-tag-AtOEP16-1 recombinant protein.

Purification of recombinant fusion protein 6His-tag-AtOEP16-1 using the procedure of batch purification
under denaturing conditions based on a nickel-chelating resin Ni-NTA (adapted from the protocol of the
QIAexpressionist-Qiagen). 20ug of proteins of each purification step was loaded per each vial on 15%
polyacrylamide SDS gel stained with Blue Coomassie. M: protein marker, L: lysis extract, F/T: flow-
through, L1 and L2: subsequent washings with L solution, D1-D4: subsequent washings with D solution,
E1-E4: subsequent elutionss with E solution. 6His-tag-AtOEP16-1 as a single band of increased intensity
was finally cut and sent to Interchim enterprise for rabbit immunization and collection of produced antisera.
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A. 3. Phenotypic analysis of double mutant Atoep16-1;7/flu

Atoepl16-1;7 Atoep16-1;7/flu

r+—gQ0

Figure A.3. Phenotypic analysis of flu, Atoepl6-1;7 and Atoepl6-1;7/flu double
mutants.
Phenotypic analysis of seedlings of Atoepl6-1;7, flu and a double mutant Atoep!6-1;7/flu, grown for 5 d in
the dark (D), after a non-permissive dark-to-light shift for 24h (D—L). Note the red Pchlide fluorescence
under blue light shown in the upper panels and seedlings phenotypes observed under white light presented in
the lower panels.
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A.4. In vitro import of transA-DHFR and transB-DHFR into
isolated Atoep16-1 mutant plastids.

Atoepl6-1;5 Atoepl6-1:6 Atoeplo-1;7 Atoepl6-1.8
5-ALA + o+ - - oo . e - =t o4 o= -
Thi - + = %+ i - + = + -+ -+ = 4+ = %

12 3 45 6 7 8 9 10 1112 13 14 15 112 13 14 15

Precursor

mature

Precursor
mature

Figure A.4. In vitro-import of *S-transA-DHFR (A) and **S-transB-DHFR (B) into
chloroplasts isolated from the 4 different Azoepl6-1 mutants.

A-
=

Import was studied with Percoll/sucrose-purified chloroplasts that had been fed S-aminolevulinic
acid (5-ALA) to induce intraplastidic Pchlide synthesis or mock-incubated with phosphate buffer.
All import assays were conducted in the dark for 15 min and contained 2.5 mM Mg-ATP and 0.1
mM Mg-GTP. After import, the assays were treated with (+) or without (-) thermolysin (Thl)(Cline
et al., 1984). Proteins were precipitated with trichloroacetic acid. After SDS-PAGE, the gel was
subjected to autoradiography. Note that a fraction of **S-transA-DHFR is artificially processed at
time point zero.
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The plastid envelope of higher plant chloroplasts is a focal point of
plant metabolism. It is involved in numerous pathways, including
tetrapyrrole biosynthesis and protein translocation. Chloroplasts
need to import a large number of proteins from the cytosol because
most are encoded in the nucleus. Here we report that a loss-of-
function mutation in the outer plastid envelope 16-kDa protein
(oep16) gene causes a conditional seedling lethal phenotype re-
lated to defects in import and assembly of NADPH:protochloro-
phyllide (Pchlide) oxidoreductase A. In the isolated knockout mu-
tant of Arabidopsis thaliana, excess Pchlide accumulated in the
dark operated as photosensitizer and provoked cell death during
greening. Our results highlight the essential role of the substrate-
dependent plastid import pathway of precursor Pchlide oxi-
doreductase A for seedling survival and the avoidance of devel-
opmentally programmed porphyria in higher plants.

cell death | greening | plastid biogenesis | protein translocation

I n plants, light provides an important environmental signal and
trigger for the production of photosynthetically active chloro-
plasts (1, 2). In dark-grown angiosperms, plastid development is
arrested at a state that leads only to the formation of so-called
etioplasts. These organelles are devoid of chlorophyll and are
incapable of photosynthetic function. Once dark-grown plants
break through the soil after germination and reach the sunlight,
they begin to synthesize chlorophyll and assemble the photosyn-
thetic apparatus. The synthesis of chlorophyll from protochlo-
rophyllide (Pchlide) is, in angiosperms, a light-dependent reac-
tion and an essential step for the establishment of
photosynthetically active chloroplasts. In barley, it is catalyzed by
two closely related light-activated enzymes, NADPH:Pchlide
oxidoreductases A and B (PORA and PORB) (3), which form
supramolecular light-harvesting structures designated LHPP in
the prolamellar body of etioplasts (4, 5). Dark-stable PORA:
PORB-Pchlide-NADPH supracomplexes are poised such that
absorption of a photon by Pchlide » bound to PORA leads to
energy transfer onto PORB-bound Pchlide a and its subsequent
reduction, resulting in the formation of Chlide a (4, 5). Like
other free tetrapyrroles, Pchlide not bound to POR could
operate as a photosensitizer (6-8). Angiosperm plants, there-
fore, have evolved efficient mechanisms to keep the level of these
potentially phototoxic compounds low and thereby avoid por-
phyrias (9-12). One such mechanism is feedback control of
Pchlide synthesis by heme and Pchlide (10, 11). Another factor
is the fluorescent (FLU) protein, which depresses Pchlide syn-
thesis in darkness (12). After LHPP’s dissociation, which is
induced by light and correlates with the dispersal of the prola-
mellar body (13), PORA gains activity as a Pchlide b-reducing
enzyme such that another part of the light energy is quenched in
a nonhazardous way (4, 5).

Being encoded in the nucleus, PORA and PORB are synthe-
sized as larger precursors (pPORA and pPORB) and are
imported into the plastids through specific protein translocon
complexes in the outer and inner envelope membranes (14-18).

www.pnas.org/cgi/doi/10.1073/pnas.0610934104
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Whereas pPORB enters the plastids via the general protein
import apparatus comprising the presequence receptor TOC159
and translocation channel protein TOC75 (17, 18), pPORA uses
a Pchlide-dependent translocon named the PTC complex, which
is distinctive from the general protein import site (14, 17).
Among the identified PTC proteins was a 16-kDa protein related
to a group of amino acid and preprotein transporters found in
free-living bacteria and endosymbiotic mitochondria and chlo-
roplasts (14, 17). Several lines of evidence verified that the
identified barley PTCI6 gene is an ortholog of the previously
characterized pea and Arabidopsis OEP16 (At2g28900)
gene (17).

In the present work a reverse genetic approach was taken to
dissect the function of the Arabidopsis OEP16 (At2g28900) gene
in planta. Using a knockout line of Arabidopsis thaliana that is
deficient in the OEP16 gene we demonstrate that PTC16/OEP16
is involved in pPOR A import. Interestingly, dark-grown Afoep16
plants resembled etiolated flu plants and accumulated free
Pchlide. After a dark-to-light shift, this pigment operated as
photosensitizer and caused rapid bleaching and cell death. Our
results underscore the essential role of the substrate-dependent
import pathway of pPPORA, which couples protein translocation
to pigment biosynthesis in the plastid envelope, for Pchlide
homoeostasis and cell viability during seedling de-etiolation.

Results and Discussion

At2g28900 (AtOEP16) contains six exons and five introns (Fig.
14), and we used reverse genetics to determine its role in
Arabidopsis. A respective Arabidopsis mutant was obtained from
the Salk Institute Genomic Analysis Laboratory collection (19)
carrying a T-DNA insertion SALK_024018 that disrupts the
AtOEPI6 locus (Fig. 1 A and C). Sequencing of the T-DNA/
AtOEPI6 junction established that the insertion disrupted the
gene 6 bp upstream of the 3’ end of exon 2. We refer to this line
as Atoepl16-1 throughout the rest of the article. DNA gel blot
analyses yielded a single T-DNA hybridizing band in genomic
DNA isolated from light-grown homozygous Atoepl16-1 plants
that had been digested with two different restriction enzymes
(Fig. 1B), demonstrating that Afoepl6-1 contained a single
T-DNA insertion in the genome. Expression studies showed that
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Fig. 1. Description of the Atoep76-1 T-DNA insertion line
(SALK_024018.50.90.X). (A) Diagram of the Atoep16-1:1 gene and respective
T-DNA insertion. 5" and 3’ untranslated regions are in red, exons are in ochre,
and introns are in violet. The 4.5-kb T-DNA insertion (not drawn to scale) is
shown in turquoise. R, F, and Lba1 mark primers used for PCR analyses. (B) DNA
gel blot analysis of the Atoep16-1 line. Genomic DNA (10 ng) from homozy-
gous Atoep16-1 or wild-type plants was digested with EcoRl and BamHlI,
respectively, and the filter-bound DNA fragments were hybridized to a DNA
probe corresponding to the kanamycin-resistance gene of the T-DNA using
standard procedures. (C) Confirmation of the T-DNA insertion by PCR using
the following primers. (a) Lba1, 5'-ATGGTTCACGTAGTGGGCCATCG-3’; R (re-
verse primer), 5-ATCCACCGTTAAAAGCCCCTT-3'; F, (forward primer), 5'-
AACGAACTGAGAAGCGGTTGC-3'. (b) Primers specific for the adenine phos-
phoryl transferase gene of wild-type and Atoep16-1 plants. (D) Western blot
analysis of OEP16 protein expression in chloroplasts of Atoep76-1 and wild-
type plants. Protein was prepared from isolated chloroplasts and subjected to
Western blotting using antisera against OEP16 and the 75- and 110-kDa
proteins of the outer and inner envelope membrane translocases of chloro-
plasts TOC75 and TIC110, respectively.

neither OEPI6 transcript nor OEP16 protein was detectable in
Atoepl6-1 plants, and thus the mutant was null with respect to
the Atoep16-1:1 gene (Fig. 1D).

Depending on the growth conditions, Atoepl6-1 seedlings
exhibited different phenotypes (Fig. 2). If grown in darkness and
exposed to white light, the mutant rapidly bleached and finally
died (Fig. 2B). In plants kept under continuous white light right
from the beginning of germination, no phenotype was detect-
able, and the plants looked like the wild type (Fig. 2, compare
C and F). Etiolated Atoep16-1 plants examined under blue light
with a Leica MZ12 fluorescence microscope showed a strong red
fluorescence indicative of the presence of free porphyrin pig-
ments in darkness (Fig. 24, compare with the wild type shown
in D). These results were reminiscent of findings reported for the
flu mutant of Arabidopsis that contains elevated levels of red-
fluorescing Pchlide in darkness (12). Pchlide is present in a free
form in etiolated flu plants, which triggers singlet oxygen for-
mation and cell death upon illumination (12). When dark-grown
Atoepl6-1 seedlings were exposed to white light, very similar
defects were observed, including bleaching and cell death (Fig.
2 B versus E). However, the time courses shown in Fig. 2G
revealed some differences in cell death progression (Fig. 2G).
We assumed that this difference may be reflective of the actual
level and/or composition of free porphyrin pigment(s) in
Atoepl6-1 versus flu plants. Pigment analyses (20) indeed showed
that whereas flu plants accumulate ~8.5-fold-higher levels of
total Pchlide than wild-type plants, Afoepl16-1 plants contained
only ~4.5-fold-higher pigment levels. Interestingly, the compo-
sition of pigments was also altered in Atoepl6-1 versus flu and
wild-type plants (Fig. 2H). Whereas Atoepl6-1 plants accumu-
lated Pchlide a, flu plants contained elevated levels of Pchlide b
[Fig. 2H; for details of pigment identification, see supporting
information (SI) Fig. §].

2020 | www.pnas.org/cgi/doi/10.1073/pnas.0610934104
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Fig. 2. Growth-dependent cell death phenotype of the Atoep76-1 mutant.
(A-F) Atoep16-1 (A-C) and wild-type (D-F) plants were grown in the dark (A
and D) under a nonpermissive dark-to-light shift (B and E) or under permissive
continuous white light (C and F) and inspected under a microscope. Accumu-
lation of free, red-fluorescing Pchlide was monitored under blue light (400-
500 nm) (A and D). Free, excited Pchlide molecules present in etiolated
Atoep16-1(A) but notin wild-type (D) plants caused photooxidative damages,
as a result of which the seedlings died (B versus E, respectively). (G) Seedling
survival rates of wild-type (open circles), Atoep16-1 (triangles), and flu (filled
circles) plants during a nonpermissive dark-to-light shift. Of a number of 300
seedlings in three independent experiments, the indicated percentages sur-
vived, whereas the remainder died as a result of pigment-sensitized photooxi-
dation. (H) Pigmentaccumulationin etiolated wild-type (gray line), Atoep16-1
(blue line), and flu (red line) plants. The different peaks were identified as
Pchlide b (peak eluting at 12.5 min) and Pchlide a (peak eluting at 15 min) by
using synthetic standards and absorbance measurements as well as mass
spectrometry (Sl Fig. 8).

OEP16 is a transmembrane channel protein of the outer
plastid envelope membrane implicated in amino acid (21) and/or
polypeptide transport (17). When we performed radioisotope-
labeling studies with '“C-glutamate, '“C-glutamine, and '“C-
glycine, and isolated chloroplasts and etioplasts (22), no differ-
ence in amino acid uptake was found for Atoepl6-1 versus
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Fig. 3. Amino acid uptake into Atoep76-1 and wild-type chloroplasts. (A)
Isolated chloroplasts were incubated with '“C-glutamate for various time
intervals, and uptake of radioactivity was determined. (B) After labeling
isolated chloroplasts with [3°S]methionine for 5 min (lanes 1 and 2) or 20 min
(data not shown), protein was extracted and precipitated with trichloroacetic
acid, separated by SDS/PAGE, and detected by either autoradiography (lanes
1 and 2) or Coomassie staining (lanes 3 and 4). LSU and SSU, large and small
subunits of ribulose-1,5-bisphosphate carboxylase/oxygenase; CAB, chloro-
phyll a/b-binding protein of photosystem II.
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Fig. 4. In vitro import of 3>S precursors into plastids isolated from Atoep16-1
and wild-type seedlings. (A) Import of 3°S-pPORA into etioplasts of Atoep16-1
and wild-type plants. The incubations were performed in the presence of 2 mM
Mg-ATP. The autoradiograms show precursor (P) and mature (m) protein levelsin
plastids treated with (+) or without (—) thermolysin (Thl). Std defines input
translation standards. (B) As in A, but showing import data of 3°S-pPORA for
5-ALA-pretreated, Pchlide-containing, and mock-incubated Atoep16-1 chloro-
plasts. (C and D) Time courses of import of 35S-pPORA (C) and 35S-pPORB (D) into
5-ALA-treated, Pchlide-containing wild-type (filled circles and filled triangles)
and Atoep16-1 (open circles and open triangles) chloroplasts. Precursor and
mature proteins are marked by open and filled circles as well as open and filled
triangles, respectively. Quantification of radioactivity in protein was done with a
Phosphorimager. (E) Quantitative import data for the small subunit precursor of
ribulose-1,5-bisphosphate carboxylase/oxygenase (pSSU), precursor ferredoxin
(pFd), and the chlorophyll a/b-binding protein precursor of photosystem II
(pCAB). Light and dark gray columns refer to precursor and mature protein levels
after 15-min import reactions into 5-ALA-treated, Pchlide-containing chloro-
plasts of wild-type (a) and Atoep16 (b) plants. (F) Cross-linking of 5,5'-dithiobis(2-
nitrobenzoic acid) (DTNB)-activated 3°S-transA-DHFR, consisting of the Pchlide-
responsive transit peptide of pPORA (transA) and a DHFR reporter protein of
mouse, to isolated 5-ALA-pretreated, Pchlide-containing wild-type (lanes 1-3)
and Atoep16-1 (lanes 4-6) chloroplasts, obtained at 2 mM Mg-ATP and 0.1 mM
Mg-GTP. CL47 defines 47-kDa products established between Cys-80 in the DHFR
domain of the 31-kDa precursor (P) and Cys-71 in OEP16, and m stands for the
imported, mature, 25-kDa DHFR (lane 2). Lane 3 shows a respective immunopre-
cipitation using OEP16 antiserum. Lanes 5 and 6 depict cross-link products and
immunoprecipitates corresponding to those in lanes 2 and 3, respectively, for
Atoep16chloroplasts. Inlanes 1 and 4 are shown input translation standards (Std).
Note the lack of CL47 and imported, mature DHFR in Atoep16 chloroplasts.

wild-type plants (Fig. 34 and data not shown). Also, no large
differences were apparent in the patterns of plastid-encoded,
[**S]methionine-labeled (23) proteins (Fig. 3B). Furthermore,
the red fluorescence phenotype in darkness implies that Afoep16
plants were not impaired in glutamate- and 5-aminolevulinic acid
(5-ALA)-dependent Pchlide synthesis. If OEP16 would be in-
volved in amino acid uptake, an inhibition, but not an elevation,
of glutamate-dependent synthesis of 5-ALA and Pchlide should
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Fig.5. Transient expression and plastid import of TransA-GFP in Arabidopsis
leaf epidermis cells of Atoep16-1 and wild-type plants. DNA for transA-GFP,
encoding transA and the GFP, was transformed into leaf epidermis cells of
Arabidopsis wild-type and atoep16 plants. After 24 h in darkness, GFP (A and
D) and chlorophyll (B and E) fluorescences were monitored between 505-530
nm and 575-650 nm, respectively, by using an excitation wavelength of 488
nm. (C) Merge of A and B. (F) Merge of D and E. As subcellular localization
controls, the naked GFP moiety lacking a transit peptide attached to it (not
imported into either atoep16 or wild-type plastids) and transB-GFP (imported
into both plastid types) were used (data not shown).

have occurred in etiolated Atoep16-1 plants, which was obviously
not observed (see Fig. 2). We thus concluded that Atoep16-1 was
not affected in bulk amino acid uptake into isolated plastids.

Alternatively, OEP16 could be involved in polypeptide trans-
port (17). This idea was tested by performing in vitro import
experiments (24). Fig. 4 shows that no differences in import of
the precursors to the small subunit of ribulose-1,5-bisphosphate
carboxylase/oxygenase (pSSU), ferredoxin (pFd), the light-
harvesting chlorophyll a/b binding protein LHCII (pCAB), as
well as pPORB were detectable for isolated etioplasts and
chloroplasts of Atoep16-1 and wild-type plants. Similar amounts
of the different tested precursors were taken up and processed
to mature size (Fig. 4 D and E). Only import of pPORA was
blocked in vitro, as evidenced by the unaltered precursor levels
and the concomitant lack of the mature POR A in etioplasts from
Atoepl6-1 versus wild-type plants (Fig. 44). Likewise, no import
was detectable with 5-ALA-treated, Pchlide-containing
Atoepl6-1 as compared with wild-type chloroplasts (Fig. 4 B and
C). Chemical cross-linking (17) using a chimeric protein that
consisted of the transit peptide of pPORA (transA) and a
cytosolic dihydrofolate reductase (DHFR) reporter protein of
mouse revealed that the precursor was able to bind Atoepl6-1
plastids; nevertheless, the precursor could not enter a productive
import pathway (Fig. 4F). Transient assays in leaf epidermis cells
expressing transit peptide fusions of pPORA (transA) with GFP
(transA-GFP) indeed confirmed the import defect of Afoepl6
plants (Fig. 5).

That knockout in the Atoepl6-1:1 gene did not pleiotropically
affect all of the different cytosolic precursors that need to be taken
up by the plastid compartment is further supported by the growth
rescue of Atoep16-1 plants in continuous white light (compare Fig.
2C). Like pSSU, pFd, pCAB, and pPORB, the enzymes that are
involved in 5-ALA synthesis and subsequent steps of Pchlide
production were also obviously not affected by the lack of the
OEP16 protein. Otherwise, no excess pigment would have accu-
mulated in dark-grown Afoep16-1 plants. All enzymes of the C5
pathway leading to chlorophyll are nucleus-encoded and imported
posttranslationally from the cytoplasm (1).

Protein gel blot analyses showed a lack of PORA and PORA-
containing larger LHPP complexes in Atoep16-1 versus wild-type
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Fig. 6. POR expression in etiolated Atoep16-1 and wild-type seedlings. (A)
PORA and PORB protein levels in Atoep16-1 and wild-type etioplasts deter-
mined by SDS/PAGE and Western blotting. (B) Detection of light-dissociable
PORA:PORB-Pchlide-NADPH supracomplexes indicative of LHPP in solubilized
membrane fractions of Atoep76-1 and wild-type etioplasts before (a) and
after (b) a 1-msec flash of white light. Protein detection was made by nonde-
naturing, analytical PAGE (NA-PAGE) and blue light (BL)-induced pigment
autofluorescence (Left) and protein gel blot (Blot) analysis (Right) using a POR
antiserum. (C) Transmission electron micrographs of Atoep16-1 and wild-type
etioplasts. Black dots represent plastoglobules formed in excess in Atoep16-1
versus wild-type etioplasts.

plants (Fig. 6 A and B). Electron microscopy highlighted a
complete lack of the prolamellar body in Atoep16-1 as compared
with wild-type etioplasts (Fig. 6C). Together, these findings
conclusively showed that PORA, as part of larger complexes in
the prolamellar body, played an essential role for plant survival

PLASTID

Mg-Proto IX  Heme

Pcthde

Sa
Pchlide b
PORA
NADPH

&~
Pchlide a
PORB &

NADPH

pPORB ey
NUCLEAR GENES

Fig.7. Working model of pPORA import, LHPP assembly, and FLU-mediated
regulation of Chl biosynthesis. Yellow circles and pentagons illustrate PORA-
Pchlide b-NADPH and PORB-Pchlide a-NADPH ternary complexes, respectively.
The ochre box highlights Oep16 as part of the Ptc complex. Proto IX, proto-
porphyrin IX.
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during seedling de-etiolation and greening. Free Pchlide not
bound to the PORA, by contrast, operated as photosensitizer
and, by triplet-triplet interchange, provoked singlet oxygen
production and cell death. Similar observations have been made
for photobleached flu plants (12). In a sense, these findings are
reminiscent of genetically inherited porphyrias in humans where
perturbations in heme metabolism trigger cell death, including
nuclear condensation, chromatin separation, DNA breakdown,
and release of cytochrome ¢ from mitochondria into the cytosol
(25). However, porphyrin-dependent, plastid-dependent cell
death in plants also exhibits unique properties, as illustrated by
recent work of Wagner et al. (26) on the executer mutant of
Arabidopsis.

Our results suggest the working model described in Fig. 7,
explaining the possible interaction of OEP16, PORA, and FLU
during greening. Accordingly, PORA-Pchlide »-NADPH ter-
nary complexes not assembled into PORA:PORB suprastruc-
tures after import through OEP16 could provide the link to the
FLU protein and help fine-tune the size of the prolamellar body.
In wild-type plants, PORA would sense the amount of Pchlide,
and once enough LHPP is made, excess PORA-Pchlide b-
NADPH ternary complexes could bind to and block the activity
of the FLU protein, thereby inhibiting glutamyl-tRNA reduc-
tase. By contrast, this negative feedback would no longer operate
in the OEP16-deficient Atoepl16-1 mutant line because of the
lack of imported PORA. It is clear that the intimate interaction
of all players is required for successful greening. Any change in
Pchlide homoeostasis has deleterious effects on plant growth.

Materials and Methods

Plant Growth. Seeds of the Afoepl6 line (SALK_024018) were
obtained from the Salk Institute Genomic Analysis Laboratory
collection (19). Seeds were germinated on half-concentrated
Murashige—Skoog—agar medium on Petri dishes for 4.5 days. To
trigger photooxidative damages, dark-grown seedlings were ex-
posed to white light at 125 wE-m~2. Alternatively, seeds were
germinated on soil and grown to maturity in continuous white
light.

Pigment Measurements. High-performance liquid chromatogra-
phy of acetone-extracted pigments was carried out by using a C18
reverse-phase silica gel column (Hypersil ODS, 5 pwm; Shandon
HPLC, Chreshire, U.K.) and synthetic Pchlides a and b as
standards (5, 20). Pigments were detected and quantified at 455
nm, the Soret band of Pchlide b (5, 20).

Analysis of Amino Acid Uptake into Isolated Plastids. Uptake of 14C
amino acids into isolated chloroplasts was monitored by using
the filter paper disk method of Mans and Novelli (22). Pulse-
labeling of chloroplast protein with [3S]methionine (1.87 MBq
per 50-ul assay, 37 TBg/mmol; Amersham Pharmacia, Uppsala,
Sweden) was carried out according to Mullet et al. (23). Protein
was extracted with trichloroacetic acid, depleted of chlorophyll,
and washed and run on 10-20% SDS/polyacrylamide gradients
(27). Protein detection was made by Coomassie staining and
autoradiography or by Western blotting (28).

Protein Import Assay in Vitro and in Planta. Protein import into
isolated Arabidopsis chloroplasts and etioplasts was studied as
described by using cDNA-encoded, wheat germ-translated 33S
precursors (24). Briefly, 3°S precursors were synthesized from
corresponding cDNA clones by coupled transcription/translation
and incubated with isolated, energy-depleted Arabidopsis plas-
tids from wild-type and Atoepl6-1 plants. Plastids were treated
with thermolysin (29) after import to degrade unimported
precursors. Chemical cross-linking of 5,5'-dithiobis(2-
nitrobenzoic acid)-derivatized 33S-transA-DHFR, consisting of
the transit peptide of pPORA (transA) and a cytosolic dihydro-
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folate reductase (DHFR) reporter protein of mouse, was carried
out as described (17).

TransA-GFP derivatives were produced as described in S/
Methods. Transient expression of TransA-GFP derivatives in
Arabidopsis leaf epidermis cells was performed after ballistic
bombardment by using a pneumatic particle inflow gun accord-
ing to Finer et al. (30). The conditions of bombardment were
adjusted to helium pressure of 6.5 bar, at a 12-cm target distance,
with a disperse grid at 7 cm, using 1 wm of gold microcarriers
(Bio-Rad, Hercules, CA). After bombardment, the plantlets
were kept under sterile conditions and incubated for 24 h in
darkness. Confocal laser scanning microscopy was carried out by
using a LSM 510 Meta microscope (Zeiss, Jena, Germany) with
krypton/argon laser excitation at 488 nm and an emission
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Sci USA 92:3254-3258.
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wavelength window from 505 to 530 nm. LSM 510 Meta software
release 3.2 (Zeiss, Oberkochen, Germany) and Photoshop 7
(Adobe Systems, San Jose, CA) were used for image acquisition
and processing. Nondenaturing, analytical PAGE was carried
out as described (31).

Miscellaneous. Electron microscopy was carried out by using
ultrathin sections of leaf tissues prepared from etiolated plants
using a Zeiss 109 electron microscope.
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Correction for “Site-directed spin labeling of a genetically en-
coded unnatural amino acid,” by Mark R. Fleissner, Eric M.
Brustad, Tamas Kalai, Christian Altenbach, Duilio Cascio,
Francis B. Peters, Kdlman Hideg, Peter G. Schultz, and Wayne
L. Hubbell, which appeared in issue 51, December 22, 2009, of
Proc Natl Acad Sci USA (106:21637-21642; first published De-
cember 7, 2009; 10.1073/pnas.0912009106).

The authors request that Sebastian Peuker be added to the
author list between Kalméan Hideg and Peter G. Schultz and be
credited with designing research and performing research. The
online version has been corrected. The corrected author and
affiliation lines, author contributions, and related footnotes
appear below.
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Altenbach®, Duilio Cascio®, Francis B. Peters®, Kilmdn Hideg®,
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“Jules Stein Eye Institute and Department of Chemistry and Bio-
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Scripps Research Institute, La Jolla, CA 92037; “Institute of Organic
and Medicinal Chemistry, University of Pécs, H-7624 Pécs, Hungary;
UCLA-DOE Institute for Genomics and Proteomics, University of
California, Los Angeles, CA 90095-1570; and ‘CAESAR Research
Center, Ludwig-Erhard-Allee 2, 53175 Bonn, Germany

Author contributions: M.R.F., EEM.B., S.P., P.G.S., and W.L.H. designed research; M.R.F.,
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Correction for “Onset of frictional slip by domain nucleation in
adsorbed monolayers,” by Marco Reguzzoni, Mauro Ferrario,
Stefano Zapperi, and Maria Clelia Righi, which appeared in issue
4, January 26, 2010, of Proc Natl Acad Sci USA (107:1311-1316;
first published December 24, 2009; 10.1073/pnas.0909993107).
The authors note that, due to a printer’s error, the affiliation for
Stefano Zapperi appeared incorrectly. It should have appeared as
Institute for Scientific Interchange Foundation. The corrected affili-
ation line appears below. Additionally, the authors note that equation
8 appeared incorrectly in part. The corrected equation appears below.

Consiglio Nazionale delle Ricerche, Istituto Nazionale per la
Fisica della Materia-S3 and Dipartimento di Fisica, Universita di
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Correction for “A plant porphyria related to defects in plastid
import of protochlorophyllide oxidoreductase A,” by Stephan
Pollmann, Armin Springer, Frank Buhr, Abder Lahroussi, Iga
Samol, Jean-Marc Bonneville, Gabrielle Tichtinsky, Diter von
Wettstein, Christiane Reinbothe, and Steffen Reinbothe, which
appeared in issue 6, February 6, 2007, of Proc Natl Acad Sci USA
(104:2019-2023; first published January 29, 2007; 10.1073/
pnas.0610934104).

The undersigned authors wish to note that: “We have been
associated with part of the experimental work described therein,
yet now disagree with the title and main conclusion of the article.
({) Among the backcrossed lines homozygous for oepl6-1
T-DNA insertion that we reanalyzed after publication, one did
not show a bleaching phenotype during de-etiolation. Another
line showed bleaching of etiolated seedlings upon light exposure,
yet displayed wildtype levels of the PORA protein by Western
blotting, in its processed form (e.g., mature, imported into
etioplasts). The flu-like bleaching phenotype in part of the de-
scent of this oep16-1 mutant stock therefore appears unlinked
with the lack of OEP16-1 expression or with a defect in PORA
import, in accordance with the recent report of Pudelski et al.
(2009) [PNAS 106:12201-12206]. (if) We were never granted
access to the complete set of original data, in particular to those
supporting Figs. 2G, 4 C and D, and 6B. Therefore, we wonder
about the quality of the underlying work and have expressed
doubts concerning what is concluded from these pictures. It must
also be made clear that the flu mutant used is not a published
allele but contains a T-DNA insertion (SALK_002383) and
displays a weak phenotype.”

Jean-Marc Bonneville
Gabrielle Tichtinsky
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Wettstein, Christiane Reinbothe, and Steffen Reinbothe, which
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(104:2019-2023; first published January 29, 2007; 10.1073/
pnas.0610934104).
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Singlet oxygen-dependent translational control in the
tigrina-d. 12 mutant of barley
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The tigrina (tig)-d.12 mutant of barley is impaired in the negative
control limiting excess protochlorophyllide (Pchlide) accumulation in
the dark. Upon illumination, Pchlide operates as photosensitizer and
triggers singlet oxygen production and cell death. Here, we show that
both Pchlide and singlet oxygen operate as signals that control gene
expression and metabolite accumulation in tig-d.12 plants. In vivo
labeling, Northern blotting, polysome profiling, and protein gel blot
analyses revealed a selective suppression of synthesis of the small and
large subunits of ribulose-1,5-bisphosphate carboxylase/oxygenase
(RBCSs and RBCLs), the major light-harvesting chlorophyll a/b-binding
protein of photosystem Il (LHCB2), as well as other chlorophyll-
binding proteins, in response to singlet oxygen. In part, these effects
were caused by an arrest in translation initiation of photosynthetic
transcripts at 80S cytoplasmic ribosomes. The observed changes in
translation correlated with a decline in the phosphorylation level of
ribosomal protein S6. At later stages, ribosome dissociation occurred.
Together, our results identify translation as a major target of singlet
oxygen-dependent growth control and cell death in higher plants.

cell death | photooxidative stress | ribosome structure | S6 phosphorylation |
ribosome dissociation

he biosynthesis of chlorophyll (Chl) is a light-dependent

reaction in angiosperms (1). Several independent mecha-
nisms regulate the activity of the C5 pathway leading to Chl. The
first regulatory circuit operates at the level of 5-aminolevulinic
acid (5-ALA) synthesis. Expression of key enzymes of 5-ALA
synthesis is depressed in dark-grown plants (2, 3). Moreover, a
negative feedback loop exerted by heme and protochlorophyllide
(Pchlide) at the level of glutamyl-tRNA reductase (4, 5) reduces
5-ALA synthesis in the dark. Another factor was recently
identified to be the FLUORESCENT (FLU) protein (6).

The tigrina (tig)-d.12 locus of barley is orthologous to the flu
locus in Arabidopsis thaliana (7, 8). The tig-d.12 is a conditional
cell death mutant. When tig-d.12 plants are grown in continuous
white light, they are fully viable and do not show any signs of
damage. However, tig-d.12 seedlings develop transverse-striped
leaves with green and white sectors under alternate light/dark
cycles. Free Pchlide synthesized in the dark operates as photo-
sensitizer and, by triplet-triplet interchange, provokes singlet
oxygen production and photooxidative damages during subse-
quent light periods, whereas the pigment is continuously con-
verted to chlorophyllide by virtue of the NADPH:protochloro-
phyllide oxidoreductase in leaf sectors emerging during the light
period (7). Similarly, etiolated tig-d.12 seedlings accumulate
excessive amounts of Pchlide and die rapidly when illuminated
(7). Cell death triggered in flu and, presumably, also in tig-d.12
plants is a combined effect of the cytotoxic properties of singlet
oxygen and the operation of a genetic pathway involving the
EXECUTER I and EXECUTER 2 genes (9, 10). Transcription of
singlet oxygen-responsive genes has been reported previously
(11). Whether translation also may contribute to singlet oxygen-
triggered growth control and cell death was thus far undeter-
mined, and this motivated us to perform the current study. In
animals and humans, translation is a major target for cell size and

13112-13117 | PNAS | August4,2009 | vol. 106 | no.31 204

growth control as well as programmed cell death and apoptosis
(12-14). In the present work, we report on changes in transcript
accumulation, translation, and metabolite profiles in tig-d.12
plants in response to singlet oxygen.

Results
Pchlide-Dependent and Singlet Oxygen-Dependent Changes in Protein
Synthesis in tig-d.12 and Wild-Type Plants. Seedlings of tig-d.12 and
wild-type were grown in the dark for 5 days and exposed to white
light of approximately 125 micro-Einsteins (=125 uE) m 2sec !
for variable periods. To see whether or not tig-d.12 plants would
respond to illumination with the generation of singlet oxygen,
DanePy measurements were carried out (15-17). The DanePy
reagent is a dansyl-based singlet oxygen sensor whose green
fluorescence is quenched upon reacting with singlet oxygen. Fig.
1 shows that irradiation of etiolated tig-d.12 plants gave rise to
generation of singlet oxygen. Singlet oxygen production was
linear for at least 1 h in #ig-d.12 plants, and then it reached a
plateau. The linear relationship between singlet oxygen gener-
ation and time in the early period of irradiation excluded the
possibility that the nitroxide radicals formed from DanePy were
partly reduced and transformed into inactive states in the
samples (17). At later stages, DanePy may be converted into an
inactive state or disintegrate spontaneously. On the other hand,
singlet oxygen production may cease because of the destruction
of Pchlide operating as a photosensitizer. It has been reported
that photooxidative stress easily leads to a rapid pigment bleach-
ing (18). In wild-type seedlings, no singlet oxygen production was
measurable over the time course of the experiment (Fig. 1).
Next, pulse labeling of protein with [**S]methionine was
carried out for 2 h before seedling harvest. Fig. 2 shows that
already in the dark, differences occurred in the polypeptide
patterns of wild-type and fig-d.712 plants. Reductions in the
synthesis and accumulation were observed for the large and
small subunits of ribulose-1,5-bisphosphate carboxylase/
oxygenase (RBCL and RBCS gene products). These differences
were further enhanced upon illumination. After 2 h of irradia-
tion, a number of proteins were synthesized in tig-d.12 plants that
were weakly labeled in wild-type plants (Fig. 2). Protein gel blot
analyses revealed that Chl-binding proteins, such as LHCB2, D1,
and D2, which encode major components of photosystem 11, did
not accumulate in irradiated fig-d.12 seedlings (Fig. 3). By
contrast, stress-induced proteins, such as allene oxide synthase
(AOS), a key enzyme of jasmonic acid (JA) biosynthesis, and
other, major jasmonate-induced proteins, such as JIPS (thionin)
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Fig. 1. Singlet oxygen production in dark-grown tig-d.12 and wild-type seed-
lings after irradiation. The tig-d.72 and wild-type seedlings were grown in the
dark for 5 days. Then, DanePy was applied to the leaf tissues by infiltration. For
estimation of singlet oxygen levels on an equal leaf surface area, singlet oxygen
trapping was measured as relative fluorescence quenching at the 532-nm emis-
sion maximum of DanePy. The curves show fluorescence quenching in leaf tissues
of irradiated tig-d.12 (O) and wild-type (M) seedlings.

and JIP23, were present both in tig-d.12 and wild-type plants,
although their amounts were different after 12 h of greening
(Fig. 3). When etiolated tig-d.12 seedlings were exposed to white
light for periods longer than 24 h, total protein synthesis dropped
to undetectable levels (data not shown).

Metabolite Profiles of tig-d.12 and Wild-Type Plants. In order to gain
insight into singlet oxygen-dependent changes in gene expres-
sion, a metabolite-profiling approach was taken. Methanol ex-
tracts were prepared from tig-d.12 and wild-type plants and
subjected to ultraperformance liquid chromatography/
electrospray ionization/quadrupole time-of-flight mass spec-
trometry (UPLC-ESI-QTOF-MS) analyses. This profiling ap-
proach is capable of resolving several hundred to a few thousand
features (mass-retention time pairs)—i.e., metabolites or their
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Fig. 3. Western blot analysis of abundant photosynthetic proteins in etio-
lated tig-d.72 and wild-type plants after different lengths of irradiation with
white light of 125 wuE m~2 sec™'. RBCL and RBCS, large and small subunits of
ribulose-1,5-bisphosphate carboxylase/oxygenase, respectively; PSBO and
PSBE, O and E subunits of photosystem Il, respectively; LHCB2, light-harvesting
chlorophyll a/b-binding protein 2 of photosystem II; D1 and D2, reaction
center polypeptides of photosystem II; JIP23, jasmonate-induced 23-kDa pro-
tein; AOS, allene oxide synthase.

mass fragments—in one run (19-21). Studies carried out for A4.
thaliana have shown that this method can resolve known classes
of Arabidopsis secondary metabolites, such as indole-derived
compounds (e.g., indole acetic acid derivatives), degradation
products of glucosinolates (sulfinyl nitriles and isothiocyanates),
phenylpropanoids (sinapoylmalate), and flavonoids, as well as
their glycosides (e.g., kaempferol-3-O-a-L-rhamnopyranosid-7-
O-a-L-rhamnopyranosid) (19). The individual metabolite pro-

D+2hL D
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A W o pocgee

Fig. 2. Pchlide- and singlet oxygen-dependent changes in the protein patterns of etiolated and irradiated tig-d.72 and wild-type plants. (A) Pattern of
Coomassie-stained proteins in dark-grown tig-d.72 and wild-type seedlings (D) and in etiolated tig-d.72 and wild-type seedlings that had been exposed to white
light of 125 uE m 2 sec ' for 2 h before harvest (D + 2h L). For comparison, the pattern of proteins is shown for tig-d.72 and wild-type seedlings that had been
cultivated in continuous white light for 5 days (cL). (B) Asin A, but depicting the patterns of [3*S]methionine-labeled proteins. Positions of molecular mass markers
are highlighted. RBCL and RBCS designate the large and small subunits of ribulose-1,5-bisphosphate carboxylase/oxygenase; LHCB2 designates the light-
harvesting chlorophyll a/b-binding protein 2 of photosystem II.
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Fig.4. Compilation of changes in the metabolite levels of etiolated tig-d.72
and wild-type seedlings after irradiation. PCA (scores plot) of the metabolite
profiles obtained in the positive ionization mode, illustrating the overall
metabolic differences between tig-d712 and wild-type plants, depending on
the light conditions.

files obtained for barley wild-type and fig-d.12 plants were
compared by principal component analysis (PCA), a data re-
duction and visualization technique (22). Fig. 4 and Fig. S1
depict the overall similarity/dissimilarity of the respective enti-
ties for etiolated, irradiated, and light-grown tig-d.12 and wild-
type seedlings. A pairwise orthogonal partial least-squares to
latent structures analysis of fig-d.12 and wild-type samples
allowed the identification of markers that significantly contrib-
ute to the separation of the groups (cL, D, and 2-h L). The entries
were sorted according to their covariance (magnitude) and
correlation (reliability) (23). In summary, the metabolite profiles
of tig-d.12 plants grown under continuous light closely resembled
those of the corresponding wild-type plants. However, marked
differences occurred between dark-grown tig-d.12 and wild-type
plants. These differences were further pronounced when etio-
lated tig-d.12 and wild-type seedlings were irradiated.

Depression of Nucleus-Encoded Photosynthetic Transcripts in tig-d.12
Versus Wild-Type Plants. To assess whether the observed large
differences in the in vivo-labeling pattern of proteins in tig-d.12
versus wild-type plants were caused by corresponding changes of
their respective mRNAs, in vitro translation experiments were
carried out. A rabbit reticulocyte lysate was programmed with
mRNA prepared from etiolated tig-d.12 and wild-type plants
that had been exposed to white light for 2 h. Fig. 54 shows that
this approach did not reveal gross differences in the patterns of
translatable mRNAs for irradiated #ig-d.12 and wild-type plants.
Northern blot analyses showed that RBCS mRNA was reduced
in amount in mutant compared with wild-type plants both in the
dark and after illumination (Fig. 5B). In either case, this
reduction in RBCS synthesis was much lower than that measured
in vivo (compare with Fig. 2). LHCB2 transcript levels were
drastically reduced and were in most experiments below the limit
of detection, and no LHCB2 protein accumulated in irradiated
tig-d.12 seedlings (Figs. 3 and 5). When light-grown fig-d.12
plants were subjected to a nonpermissive 12-h dark to 12-h light
shift, reductions in the synthesis of RBCS and LHCB?2 similar to
those reported for etiolated plants were observed, whereas only
little changes were detectable in the pattern of in vitro-
translatable mRNAs (Fig. S2). DanePy measurements con-
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Fig.5. mRNAlevelsin etiolated tig-d.72 and wild-type plants after a 2-h light
shift. (A) Patterns of polypeptides translated in a rabbit reticulocyte lysate
from RNA of 2-h irradiated tig-d.72 and wild-type plants. RBCL and RBCS mark
the large and small subunits of ribulose-1,5-bisphosphate carboxylase/
oxygenase, respectively. (B) Northern blot analysis of RBCS and LHCB2 tran-
script levels in dark-grown and irradiated tig-d.72 and wild-type plants after
different periods of illumination. The lower part shows the ethidium bromide
(EtBr)-stained 28S rRNA used as loading control.

firmed singlet oxygen production in response to the 12-h dark to
12-h light shift (Fig. S3).

Polysome Binding of Stress and Defense Versus Photosynthetic Mes-
sengers in tig-d.12 and Wild-Type Plants. The drastic reduction in
RBCS synthesis in vivo and only moderate reduction in the level
of its respective messenger in vitro in #ig-d.12 seedlings subjected
to nonpermissive dark-to-light shifts suggested a posttranscrip-
tional mode of control. To explore this possibility, polysomes
were isolated from etiolated and illuminated tig-d.12 and wild-
type plants and were subjected to sucrose density gradient
centrifugation. Ribonucleoprotein (RNP) material contained in
the different fractions was recovered by ethanol precipitation
and used for Northern blot hybridization and in vitro translation.
In parallel, RBCS, AOS, thionin, and actin protein levels present
in the different polysomal fractions were quantified by Western
blotting using large-scale polysome preparations. Thionins are
small fungitoxic proteins localized in the plant cell wall that
accumulate in etiolated plants and reappear in illuminated plants
in response to pathogens and adverse conditions (24). AOS
encodes a key enzyme of JA biosynthesis; its expression is
induced after abiotic and biotic stress (summarized in ref. 25).

Fig. 64 shows absorbance profiles of RNP material that had been
extracted from etiolated fig-d.12 and wild-type plants after 2 h of
irradiation. Based on the absorbance readings, no major difference
was apparent in the polysome profiles. However, upon analyzing
individual polysomal fractions by Western blotting, a massive
reduction in polysome binding of RBCS transcripts was found for
tig-d.12 seedlings. RBCS transcripts, in fact, were confined to
smaller polysomes in irradiated fig-d.12 plants compared with
wild-type seedlings (Fig. 6B). This result suggested a depression in
translation initiation to occur in tig-d.12 plants in response to singlet
oxygen. Similarly, RBCS transcript binding to polysomes was re-
duced in 4.5-day-old, light-grown t#ig-d.I2 plants that had been
subjected to a 12-h dark to 12-h light shift (Fig. S4). This effect
correlated with the observed drop in RBCS synthesis but was at
variance with the unchanged level of translatable RBCS mRNA in
vitro (Fig. S2). Both etiolated and light-adapted tig-d.12 seedlings
reacted to nonpermissive conditions causing singlet oxygen pro-
duction with similar dissociations of their 80S cytoplasmic poly-
somes into the respective ribosomal subunits when the illumination
period was extended to 24 h (Fig. 7 and Fig. S5).
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Fig. 6. Polysome profiles of dark-grown tig-d.72 and wild-type plants after a
2-h white light exposure. RNP material was extracted fromirradiated tig-d.72 and
wild-type seedlings and resolved on sucrose gradients. (A) Absorbance readings
at 254 nm of polysomes (fractions 3—-8) and the 40S and 60S ribosomal subunits
(fractions 1 and 2). A 5-fold decrease in full-scale absorbance is indicated by a
break in the absorbance tracing of each profile. Dashed lines represent baselines.
The top of the gradients is to the left. Note that absorbance at the top of the
gradient is not included because of the high absorbance of Triton X-100.
(B) Western blot used to determine RBCS, THIONIN, and ACTIN protein levels
in the different polysomal fractions. The P/T ratios are given.

S6 Dephosphorylation in tig-d.12 and Wild-Type Plants. Ribosomal
protein S6 is a major mediator of translational control and
changes its phosphorylation state under a variety of adverse
conditions in animals and plants (26-28). To determine
whether singlet oxygen may trigger changes in S6 phosphor-
ylation, pulse-labeling studies were carried out with [3?P]phos-
phate. Leaf tissues were incubated with [3?P]phosphate; then,
ribosomes were isolated, and their phosphoprotein pattern was
analyzed by 1D and 2D SDS/PAGE. Fig. 8 shows the phosphory-
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Fig. 7. Polysome profiles of dark-grown tig-d.12 and wild-type plants after
a 24-h white light shift. RNP material was extracted from irradiated tig-d.72 and
wild-type seedlings and resolved in sucrose gradients. (A) Absorbance tracings at
254 nm of polysomes (fractions 3-8) and the 40S and 60S ribosomal subunits
(fractions 1 and 2). A 2.5-fold decrease in full-scale absorbance is indicated by a
break in the absorbance tracing of each profile. Dashed lines represent baselines.
The top of the gradients is to the left. Note that absorbance at the top of the
gradient is not included because of the high absorbance of Triton X-100. (B)
Northern blot analysis used to determine RBCS and THIONIN transcript levels in
the different polysomal fractions. P/T ratios are indicated.
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Fig.8. Ribosomal protein S6 dephosphorylation in irradiated tig-d72 plants.
(A) 1D pattern of 32P-labeled proteins present in total ribosomes (Total) and in
large (rLSU) and small (rSSU) ribosomal subunits isolated from 5-day-old, dark-
grown wild-type plants. (B) 2D pattern of ribosomal 32P-labeled proteins in
dark-grown wild-type seedlings (Bi) and tig-d.12 seedlings (Bii) after a 4-h period
of irradiation. The autoradiogram shows 32P-labeled proteins of the molecular
mass range boxed in A. Arrowheads mark ribosomal protein S6 isoforms. (C) S6
dephosphorylation in dark-grown tig-d.172 and wild-type (WT) plants after
various periods of irradiation (in hours) and in light-adapted plants before (cL)
and after a 12-h dark (LD) and subsequent 12-h light (LDL) shift.

lation status of ribosomal protein S6 for etiolated wild-type and
tig-d.12 plants after different periods of irradiation. The results
revealed a decline in the phosphorylation of S6 in fig-d.12 but not
wild-type plants (Fig. 8 B and C). When light-grown fig-d.12 seed-
lings were exposed to a 12-h dark to 12-h light shift, a similar decline
in the phosphorylation level of S6 became apparent (Fig. 8C, LDL).

Discussion

In the present work, changes occurring at the transcript, transla-
tional, and metabolite levels in response to Pchlide and singlet
oxygen were analyzed for the fig-d.12 mutant of barley. We show
that dark-grown tig-d.12 seedlings synthesize a pattern of polypep-
tides and metabolites that is distinct from that of wild-type plants.
Lower levels of RBCS and LHCB?2 transcripts were found on
Northern blots. It is likely that Pchlide operated as a signal that
affected the expression of nuclear genes. Also, other tetrapyrroles
have documented effects on transcription of nucleus-encoded genes
for plastid proteins (29-34).

Once illuminated, Pchlide accumulating in dark-grown fig-d.12
seedlings operated as a photosensitizer and provoked generation
of singlet oxygen. Both Pchlide synthesis and singlet oxygen
production appear to be confined to the plastid compartment in
irradiated fig-d.12 plants and flu (11) plants, suggesting the
presence of intermediates that leave the plastid to control gene
expression in the nucleocytoplasmic space. Given that the plastid
envelope is a site of Pchlide synthesis (35, 36), it seems likely that
membrane-derived signals, such as oxygenated fatty acid deriv-
atives, including JA (see below), function in the complex signal-
ing network controlling protein synthesis at 80S ribosomes. As
shown here, polysomes isolated from etiolated tig-d.12 plants that
had been irradiated for 2 h contained fewer RBCS transcripts than
polysomes from wild-type plants. These RBCS transcripts were
confined to smaller polysomes, suggesting a depression of transla-
tion initiation occurs in response to singlet oxygen. Because trans-
lation initiation is rate-limiting for protein synthesis under most
physiological conditions (37, 38), we exclude an effect of singlet
oxygen on translation elongation of RBCS transcripts in irradiated
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tig-d.12 plants. In line with this view, THIONIN and AOS transcripts
were equally distributed to small and large polysomes and gave rise
to protein.

Singlet oxygen is both a powerful cytotoxin and a potent signaling
compound (6, 9-11, 39, 40). Pioneering work performed by Apel
and coworkers (see ref. 41 for review) for the flu mutant has
provided valuable insights into the complexity of cell death regu-
lation by singlet oxygen and other reactive oxygen species. Tran-
scriptome analyses identified genes that differentially responded to
singlet oxygen and hydrogen peroxide (11, 42). Among the genes
specifically induced by singlet oxygen were those for ERF/AP2,
MYB, WRKY and other transcription factors, calmodulin-like
proteins, and the ENHANCED DISEASE SUSCEPTIBILITY 1
and BONZAI 1 proteins, 2 key components operating in defense
signaling and growth control (11, 43). Genes that were down-
regulated by singlet oxygen included those for components oper-
ating in auxin synthesis and transport, as well as constituents of the
photosynthetic apparatus (11).

The results presented in this work add to the understanding of
singlet oxygen action in higher plants and reveal its role in the
regulation of translation. We show that singlet oxygen can
provoke a rapid dephosphorylation of ribosomal protein S6.
Whether this is a direct effect caused by the cytotoxicity of
singlet oxygen or an indirect effect caused by the operation of
specific signaling pathways is unknown. Precedents for photo-
dynamic regulation of protein synthesis exist in the literature.
For example, Yang and Hoober (44) reported on a Ca?*-
dependent, 14-kDa surface protein in the bacterium Arthrobacter
photogonimos that was inactivated under photodynamic condi-
tions provoking the generation of singlet oxygen. The 14-kDa
protein operates as repressor of the light-inducible /ipA gene
(45). Removal of the 14-kDa protein constitutively activated lipA4
expression in the dark (44). For irradiated tig-d.12 plants, two
possible explanations of how singlet oxygen may act on trans-
lation are (i) inhibition of S6 and upstream TOR or NPDK1
kinases, or (if) activation of protein phosphatases dephospho-
rylating S6. Both reactions are prone to adverse conditions
(46-48) and may involve Ca?>" and calmodulin-like proteins to
be explored in future work.

A third, remarkable result of this study is the demonstration
of ribosome dissociation occurring in tig-d.12 plants in response
to singlet oxygen. This result is reminiscent of our previous
findings for leaf tissues of barley treated with the methyl ester of
JA, methyl jasmonate (49-51). Endogenous JA accumulates
under various stress conditions, such as heat shock, UV light
exposure, and desiccation, as well as in response to wounding and
bacterial and fungal pathogens (see ref. 25 for review). Singlet
oxygen rapidly activates the expression of JA biosynthetic genes,
such as those for lipoxygenase, AOS, and allene oxide cyclase,
and thereby boosts JA generation in flu plants (52, 53). It is
therefore attractive to suppose a role of JA in reprogramming
translation in response to singlet oxygen. Work is underway to
dissect the mechanism of singlet oxygen-dependent translational
control in higher plants.

Materials and Methods

Plant Growth. The tig-d.12 mutant has been described previously (7). Tig-d.12
and wild-type seeds were germinated on moist vermiculite under the follow-

1. von Wettstein D, Gough S, Kannangara CG (1995) Chlorophyll biosynthesis. Plant Cell
7:1039-1057.

2. Batschauer A, Apel K (1984) An inverse control by phytochrome of the expres-
sion of two nuclear genes in barley (Hordeum vulgare L.). Eur J Biochem 143:593—
597.

3. Huq E, et al. (2004) Phytochrome-interacting factor 1 is a critical bHLH regulator of
chlorophyll biosynthesis. Science 305:1937-1941.

4. Pontoppidan B, Kannangara CG (1994) Purification and partial characterisation of
barley glutamyl-tRNA(Glu) reductase, the enzyme that directs glutamate to chloro-
phyll biosynthesis. Eur J Biochem 225:529-537.
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ing conditions. In a first set of experiments, seedlings were grown in the dark
for 5 days and exposed to white light (125 uE m~2 sec™"), provoking singlet
oxygen production. In a second set of experiments, seedlings were germi-
nated for 4.5 days in continuous white light and subsequently subjected to a
12-h dark shift before being reilluminated. As controls, wild-type seedlings
were treated identically.

Singlet Oxygen Measurements. Singlet oxygen generation was measured with
the DanePy method developed by Hideg et al. (15) and Kalai et al. (16, 17).
Fluorescence emission spectroscopy was performed at an excitation wave-
length of 330 nm and collecting fluorescence emission between 515-550 nm
using a spectrometer (model LS50; Perkin—-Elmer).

Protein Analyses. Pulse labeling of protein was carried out with [33S]methionine
(37 TBg/mmol; Amersham-Pharmacia) for 2 h before seedling harvest. After
extraction, leaf protein was precipitated with trichloroacetic acid and subjected
to SDS/PAGE on 10-20% polyacrylamide gradients (46, 47). Inmunodetection of
electrophoretically resolved proteins (54) was carried out by using an enhanced
chemiluminescene system (Amersham-Pharmacia) and the indicated antisera
that were obtained from Agrisera.

RNA Analyses. Total RNA was prepared from leaf segments by phenol/
chloroform/isoamyl alcohol extraction (49). After precipitation with lithium
chloride, high-molecular mass RNAs were translated into polypeptides in a
rabbit reticulocyte system or wheat germ system. Assays for 1D and 2D
polyacrylamide gel electrophoresis contained 11.2 MBq L-[3*S]methionine (37
TBg mmol~'; Amersham-Pharmacia). For Northern blotting, RNA was sepa-
rated on agarose gels and transferred onto nitrocellulose membranes (BA-45;
Schleicher and Schuell) before being hybridized with [32P]dATP-labeled and
[32P]dCTP-labeled cDNA probes under high-stringency conditions (49).

Polysome Isolation and Analysis. Polysomes were isolated by Mg?* precipita-
tion and sucrose density gradient centrifugation as described previously (49).
Details on the buffers and conditions used can be found in the S/ Methods.
After centrifugation at 60,000 rpm in a Beckman Spinco L75 centrifuge, rotor
Ti 60, for 1 h at 4 °C, the gradient was harvested from bottom to top in a
modified Beckman harvesting device, with continuous monitoring of the
absorbance at 254 nm (2138 Uvicord S; LKB). After integration of the areas
below the curves, the ratio of polysomes to total ribosome (P/T) was calculated
as follows: (area of polysomes)/(area of polysomes + ribosomal subunits +
monosomes). From the arbitrarily defined gradient fractions, each corre-
sponding to 10 drops (=0.35 mL), the RNAs were recovered by ethanol
precipitation and subsequently used for Northern blot hybridization or in
vitro translation (see above). In parallel assays, protein was extracted from the
polysomal fractions with trichloroacetic acid and washed extensively with
ethanol and diethyl ether. All of these operations were performed at 4 °C.
Ribosomal protein phosphorylation was studied as described by Scharf and
Nover (46) and Nover and Scharf (47) by using [32P]phosphate as tracer. The 2D
electrophoresis of 32P-labeled ribosomal proteins included isoelectric focusing
in the first dimension and SDS/PAGE on 10-20% polyacrylamide gradients in
the second dimension. Basic ribosomal proteins were separated by the
Kaltschmidt-Wittmann technique that is described in ref. 46.

Metabolite Profiling. Plant material was essentially extracted as described
previously and subjected to UPLC-ESI-QTOF-MS analyses (19-21). Signals from
0.5 to 16 min within 80 to 1,000 Da were taken into account. Based on these
discriminatory markers (i.e., mass—retention time pairs), PCA and partial least-
squares to latent structures were performed.
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S| Methods

Polysome Isolation. For preparative assays, 500 g of leaf material
was used. For analytical assays, 25 g of leaf material was used.
Leaf material was ground under liquid nitrogen until a fine
powder was obtained. After resuspension in buffer A [S0 mM
TrissHCI (pH 8.0), 250 mM KCI, 10 mM MgCl,, 10 mM
B-mercaptoethanol, 10 pwg/mL cycloheximide, and 200 wg/mL
heparin], the thawed cell homogenate was filtered through 2
layers of filter gauze (120-wm and 70-wm mesh). The crude cell
extract was differentially centrifuged at 2,000; 4,000; and 12,000
rpm for 5 min each in a Sorvall RC-5B centrifuge using an HB6
rotor to remove cell debris and organelles. Triton X-100 was
added to the final supernatant [1% (vol/vol) final concentration].
The solution was either loaded onto a discontinuous sucrose step
gradient consisting of 2 mL of 2 M, 2 mL of 1.75 M, 2 mL of 1.5
M, 4 mL of 1.25 M, 6 mL of 1.0 M, 6 mL of 0.75 M, and 6 mL
of 0.5 M sucrose in buffer B [S0 mM Hepes/KOH (pH 8.5), 25
mM KCI, 10 mM MgCl,, 10 mM 2-mercaptoethanol, 10 pwg/mL
cycloheximide, and 500 wg/mL heparin) or was supplemented
with magnesium chloride (0.1 M final concentration) to precip-
itate ribonucleoprotein material.

Metabolite Profiling. For liquid chromatography (LC), 5 uL of
samples were separated on a BEH C18 column (2.1 X 100 mm,
1.7 pm) at 40 °C. The flow was set to 0.5 mL per minute, and
solvents were water (A) and acetonitrile (B), both acidified with
0.1% formic acid. The gradient was as follows: 1 min 95% A,

Khandal et al. www.pnas.org/cgi/content/short/0903522106 210

from 1 to 16 min a linear gradient to 95% B, 95% B for 3 min,
linear gradient to 95% A in 2 min, and finally 1 min 95% A.

The mass spectrometer was operated in both ESI V+ and V—
mode. Source settings were as follows: capillary: 2.5 kV, sam-
pling cone 30, extraction cone 30, ion guide 3.3, source temper-
ature 120 °C, cone gas flow 10 L/h, desolvation gas flow 1,000
L/h. The MS acquisition was performed from 80 to 1,000 Da with
a scan time of 0.3 s and an interscan delay of 0.05 s. For accurate
mass measurement, a reference compound was infused [locks-
pray, (D-Ala-2) leucine enkephalin, (M*H™*) = 570.2928 Da, 2
ng/ul, 5 L per minute], and the sample cone voltage was
adjusted to yield approximately 800 counts per second for the
lockspray. The lockspray was measured every 1 s for 0.4 s. MS
acquisition in the negative mode was performed analogously
with the following settings: capillary —2.5 kV, sampling cone 50,
extraction cone 6, ion guide 3, source temperature 100 °C, cone
gas flow 10 L/h, and desolvation gas flow 1,000 L/h. Runs were
recorded and reviewed by using the MassLynx 4.1 software
(Waters Corporation). For statistical analysis, the MarkerLynx
XS (Waters Corporation) package was used.

Chemicals. Biochanin A, p-anisic acid, N-(3-indolylacetyl)-L-
valine (IAA-Val), and rutin were obtained in highest available
purity from SigmaAldrich, whereas formic acid was at LC-MS
grade. Methanol and acetonitrile for metabolite extraction and
LC were B&J LC-MS grade solvents (Honeywell). Water from
a Milli-Q ultrapure water purification system (Millipore) was
used for all experiments.
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Fig.S1. Compilation of changes in the metabolite levels of etiolated tig-d. 12 and wild-type seedlings after irradiation. As in Fig. 4, but showing the PCA (scores
plot) of the metabolite profiles obtained in the negative ionization mode. Note the metabolic differences in tig-d.72 and wild-type plants depending on light
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Fig.S2. Invivo (A) and invitro (B) protein synthesis in tig-d.72 and wild-type seedlings that had been grown in continuous white light for 4.5 days and subjected
to a 12-h dark (12 h D) to 12-h light (12 h L) shift. RBCL and RBCS designate the large and small subunits, respectively, of ribulose-1,5-bisphosphate
carboxylase/oxygenase. Note the depression of RBCL and RBCS synthesis in vivo and the unchanged levels of either protein after in vitro translation in a rabbit
reticulocyte system.
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Fig.S3. Singlet oxygen production in light-grown tig-d.72 and wild-type seedlings after a 12-h dark (12 h D) to 12-h light (12 h L) shift. (A) Fluorescence spectra
of DanePy after its infiltration into the leaves of darkened plants (black curve) and subsequent exposure to white light for 30 min (gray curve) and 60 min (blue
curve). (B) Time course of singlet oxygen evolution in irradiated tig-d.72 () and wild-type (M) plants after the nonpermissive dark-to-light shift.
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Fig. S4. Polysome profiles of RNP material isolated from 4.5-day-old tig-d.72 and wild-type seedlings after a nonpermissive 12-h dark (12 h D) to 12-h light (12
h L) shift. (A) Absorbance tracings at 254 nm of polysomes (fractions 3-8) and the 40S and 60S ribosomal subunits (fractions 1 and 2). A 2.5-fold decrease in
full-scale absorbance is indicated by a break in the absorbance tracing of each profile. Dashed lines represent baselines. The top of the gradients is to the left.
Note that absorbance at the top of the gradient is not included because of the high absorbance of Triton X-100. (B) Northern blot to detect RBCS and THIONIN
transcripts amongst the different polysomal messengers. (C) Western blot of LHCB2 in the different polysomal fractions.
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Plants are continuously challenged by a variety of abiotic and biotic cues.
To deter feeding insects, nematodes and fungal and bacterial pathogens,
plants have evolved a plethora of defence strategies. A central player in
many of these defence responses is jasmonic acid. It is the aim of this mini-
review to summarize recent findings that highlight the role of jasmonic acid
during programmed cell death, plant defence and leaf senescence.

Introduction

Oxygenated fatty acid-derivatives (oxylipins) are cen-
tral players in a variety of physiological processes in
plants and animals. Jasmonic acid (JA), in particular,
accomplishes unique roles in plant developmental pro-
cesses and defence. It has been shown to regulate
flower development, embryogenesis, seed germination,
fruit ripening and leaf senescence [1-3]. JA is also
involved in wound responses and defence [4-7].
Pioneering work from Zenk’s group has shown that

Abbreviations

several fungal pathogens and elicitors promote
JA accumulation in cell cultures of Petroselinum hor-
tense, Eschscholtzia californica, Rauvolfia canescens and
Glycine max [8,9]. This observation was extended and
confirmed for numerous other plant species [10,11].
Interestingly, JA also accumulates when plants are
subjected to UV light [12] or elevated temperature [13],
underscoring the central role of JA in the deterrence of
both biotic and abiotic cues.

CC, coiled-coiled; Chl, chlorophyll; Chlide, chlorophyllide; cis-(+)-OPDA, cis-(+)-12-oxo-phytodienoic acid; JA, jasmonic acid; JIP, jasmonate-
induced protein; LRR, leucine-rich repeat; Me-JA, methyl ester of JA; miRNA, micro RNA; PCD, programmed cell death; Pchlide,
protochlorophyllide; RIP, ribosome-inactivating protein; ROS, reactive oxygen species; SA, salicylic acid; TIR, Toll and interleukin-1 receptor.
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Recent work has shown that JA is also synthesized
in response to singlet oxygen. Singlet oxygen is one
prominent form of reactive oxygen species (ROS) that
is generated during oxygenic photosynthesis [14,15].
Excited chlorophyll (Chl) molecules in the reaction
centres interact with molecular oxygen and, by triplet—
triplet interchange, provoke singlet oxygen production.
The same mechanism can be elicited by the cyclic,
light-absorbing precursors and degradation products
of Chl that operate as photosensitizers. Hallmark work
performed by Apel and co-workers has led to the dis-
covery of a singlet oxygen-dependent signalling net-
work, that controls growth and cell viability, in which
JA and its biosynthetic precursor cis-(+)-12-oxo-phy-
todienoic acid (cis-(+)-OPDA) are involved.

Discovery of the flu mutant and singlet
oxygen-signalling leading to JA

Chl as a component of the photosynthetic machinery
absorbs light energy and mediates energy transfer in
the course of photosynthesis [16]. However, under
unfavourable environmental conditions, excited Chl
(or other porphyrin) molecules may interact directly
with oxygen to give rise to highly reactive singlet oxy-
gen [17,18]. Like other types of ROS, singlet oxygen
has detrimental effects for the plant. To avoid the neg-
ative effects of ROS, higher plants have evolved mech-
anisms so that, under normal growth conditions, an
equilibrium is established between the production and
scavenging of ROS [19]. Moreover, the biosynthetic
pathway leading to Chl is tightly controlled [16,20,21].
When angiosperms grow under dark conditions, Chl
biosynthesis halts at the stage of protochlorophyllide
(Pchlide), the immediate precursor of chlorophyllide
(Chlide). Once a threshold level of Pchlide has been
reached, 5-aminolevulinic acid synthesis is shut off.
Only after illumination, is Pchlide converted to Chlide
and the block in S-aminolevulinic acid synthesis
released [22]. Feedback control of 5-aminolevulinic acid
synthesis has been attributed to heme and Pchlide
[23,24].

A mutant of Arabidopsis thaliana, termed fluorescent
(flu), which is impaired in this feedback control was
isolated and characterized [25]. The FLU protein inter-
acts with glutamyl-tRNA reductase [26,27] and this
interaction is impaired in flu plants [25]. The flu muta-
tion consequently results in the accumulation of exces-
sive levels of free Pchlide molecules in etiolated
seedlings and plants grown under light/dark cycles,
where the pigment is resynthesized at the end of the
dark period [25]. Once illuminated, these free Pchlide
molecules are excited, leading to the production of sin-

JA and cell death

glet oxygen that causes damage to membrane struc-
tures and changes in the gene expression pattern.

Steps in the flu- and singlet
oxygen-dependent signalling pathway

Two major effects have been observed for flu plants
subjected to nonpermissive dark-to-light shifts in which
JA may be involved: growth inhibition and cell death
[28]. When flu seedlings were germinated in alternate
dark-light cycles, they displayed a miniature pheno-
type (Fig. 1). By contrast, etiolated plants died when
illuminated. Cell death also occurred in mature plants
after an 8 h dark shift and subsequent irradiation [28].
To explain these results, cytotoxic singlet oxygen
effects including lipid peroxydation and membrane
destruction, and the operation of specific, genetically
determined signalling cascades have been proposed
[28-31] (for a review see Ref. [32]). Transcriptome anal-
yses identified a large number of genes that differen-
tially respond to singlet oxygen [28]. Among the genes
that were downregulated by singlet oxygen were those
for photosynthetic proteins [28]. Genes that were up-
regulated by singlet oxygen include BONZAI (BON) 1
and BONI-ASSOCIATED PROTEIN (BAP) 1, the
ENHANCED DISEASE SUSCEPTIBILITY (EDS) 1
gene, and genes encoding enzymes involved in the bio-
synthesis of ethylene and JA, two key components of
stress signalling in higher plants [1-3,33]. op den Camp
et al. [28] found that singlet oxygen gives rise to
13-hydro(pero)xy octadecatrienoic acid accumulation
in mature flu plants. 13-Hydro(pero)xy octadecatrie-
noic acid is an intermediate in the biosynthetic path-
way of JA (see Fig. 1 of the accompanying minireview
by Bottcher & Pollmann). Przybyla et al. [34] later
reported that irradiated flu plants produce large
amounts of JA and OPDA and suggested that JA may
be required for cell death propagation/manifestation,
whereas OPDA would counteract the establishment of
the cell death phenotype (see below). Wagner et al.
[30] and Kim et al. [31] demonstrated that cell death
execution is suppressed in the executer (exe) I and
exe2 mutants of A. thaliana, but only if low levels of
singlet oxygen accumulate and trigger limited cytotoxic
effects. EXECUTER 1 and 2 are membrane proteins
of chloroplasts of unknown function [30,31].

EDSI is a central player in the disease response to
a variety of pathogens [35] (Fig. 2). Race-specific
pathogen resistance is mediated by an interaction
between a plant disease resistance (R) gene and its
corresponding pathogen avirulence (Avr) gene [36].
The gene-for-gene interaction triggers defence
responses, such as the hypersensitive response, to
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restrict pathogen growth and reproduction [37]. A
number of R genes have been cloned and character-
ized at the molecular level. They mostly encode five
families of proteins, with R proteins in the largest
family containing nucleotide-binding sites (NB) and
leucine-rich repeat (LRR) domains [38,39]. The N-ter-
mini of these proteins display either Toll and interleu-
kin-1 receptor-like (TIR) type or coiled-coiled (CC)
type structures [38,39].

EDSI and PHYTOALEXIN DEFICIENT4 (PAD4)
are required for the function of TIR-NB-LRR pro-
teins, whereas NONRACE-SPECIFIC DISEASE
RESISTANCE!] (NDRI) is normally required for the
CC-NB-LRR proteins; exceptions to this rule have
been reported [35]. In addition to their roles in R-gene-
mediated defence responses, EDSI, PAD4, and NDRI
act as amplifiers of cell death [40,41].

EDSI1 and PAD4 interact during defence [42,43], but
EDSI also forms complexes with the SENESCENCE-
ASSOCIATED GENE (SAG) 101 product [44]. EDSI,
PAD4 and SAGI101 share the presence of conserved
domains in their C-terminal halves, but unlike EDSI1
and PAD4, SAGI101 does not possess the catalytic ser-
ine hydrolase triad [44]. It has been proposed that
SAGI101 may accomplish a defence regulatory function

4668

218

flu

Fig. 1. Singlet oxygen- and JA-dependent
signalling in the fluorescent (flu) mutant of
Arabidopsis thaliana. (A) Schematic view of
the tetrapyrrole pathway leading to chloro-
phyll and role of the FLU protein. GIuTR,
glutamyl-tRNA reductase, the target of

FLU; Pchlide, protochlorophyllide; POR,
NADPH:Pchlide oxidoreductase; Chi(ide),
chlorophyli(ide). The two models designated
‘a’ and 'b’ suggest that either the free pig-
ment or POR-bound Pchlide may provide
the signal for the feedback loop. (B) Pchlide-
sensitized singlet oxygen production, growth
control versus cell death, and the role of JA,
ethylene and SA (C) Miniature phenotype of
flu seedlings after growth in white light and
an overnight dark period, followed by culti-
vation in continuous white light. flu seeds
were a kind gift from K. Apel (The Boyce
Thompson Institute for Plant research,
Cornell University, USA).
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Fig. 2. Role of EDS1/PAD4/SAG101 and BON1/BAP1 + 2 in cell
death and plant pathogen resistance. Whereas EDS1, PAD4 and
SAG101 are positive regulators of cell death, BON1, BAP1 and
BAP2 operate as negative regulators. HR, hypersensitive response.
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that is partially redundant with PAD4 in both TIR—
NB-LRR-triggered, R-gene-mediated resistance and
basal resistance [44].

op den Camp et al. [28] found that BONI and BAPI
belong to the very early markers of singlet oxygen-medi-
ated signalling. At first glance, it is therefore somewhat
unexpected to find that BONI1, and also BAP1 and
BAP2, have been reported by other groups to operate as
negative regulators of cell death [45,46] (Fig. 2). BONI
belongs to the copine protein family that includes mem-
bers from protozoa to humans and regulates cell, organ
and body size. Copines consist of a so-called C2 N-ter-
minal domain that binds phospholipids [47] and
a so-called C-terminal A domain with presumed func-
tion as kinase [48]. In mice, one of the copine family
members, copine-N, is expressed in neurons, both in the
cell bodies and dendrites, and has been suggested to
establish a role in synaptic plasticity [49]. Loss-off-func-
tion bonl mutants in A. thaliana have enhanced disease
resistance and a dwarf phenotype that are developed in
a temperature- and humidity-dependent manner [50,51].
BONI interacts with BAP1 and BAP2, which seem to
accomplish redundant roles, as judged from yeast two-
hybrid system screens and overexpression studies [52].
However, unlike bapl, the bap2 loss-of-function mutant
had no apparent growth defects or increased disease
resistance. Nevertheless, it displayed an accelerated
hypersensitive response to avirulent bacterial pathogens
[52]. Deletion of both BAPI and BAP2 caused seedling
lethality that could be reverted by pad4 or edsl muta-
tions. Because overexpression of BAPI and BONI
inhibited cell death induced by several R genes, a func-
tion as a hub in different defence responses has been
proposed [52]. This view was corroborated by reports
that expressing BAPI or BAP2 in yeast attenuated cell
death induced by hydrogen peroxide [52].

BONI1 and BAP1/2 target SUPPRESSOR OF
NPRI, CONSTITUTIVE 1, SNCI, a TIR-NB-LRR
[53] (Fig. 2). Consequently, the bapl and bonl pheno-
types were reversed by loss-of-function mutations in
SNCI, but also by loss-of-function mutations in
EDSI, PAD4 and by nahG, encoding a salicylic acid
(SA)-degrading enzyme [45,46]. Together, these results
highlight the great complexity of interactions and
suggest that BONI and BAPI act as general negative
regulators of the R gene SNCI.

The BAPI and BONI genes must have additional
roles other than negatively regulating SNCI (Fig. 2).
This is illustrated by results on the overexpression of
BAPI in wild-type plants that conferred an enhanced
susceptibility to a virulent oomycete in a SNC/-indepen-
dent manner [46]. Furthermore, the loss of function of
all BONI family members including BONI, BON2 and
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BON3 provoked seedling lethality that was largely sup-
pressed by edsl, pad4, but not by sncl or nahG [54]). How
JA may interfere in this pathway is not yet resolved.

JA-dependent reprogramming of gene
expression

JA and its volatile methyl ester, Me-JA, exert two
major effects on gene expression in detached leaves of
barley and other species, and in whole plants: first,
they induce novel abundant proteins designated jasmo-
nat-induced proteins (JIPs); second, they repress the
synthesis of photosynthetic proteins [1,3,55-60]. Both
nuclear and plastid photosynthetic genes are repressed
under the control of JA. Within the chloroplast, rapid
Me-JA-induced changes in the processing pattern of
RBCL, encoding the large subunit of ribulose-1,5-bis-
phosphate carboxylase/oxygenase, are superimposed
by delayed effects on plastid transcription and RNA
stabilities [59]. Together, these effects lead to a rapid
cessation of ribulose-1,5-bisphosphate carboxylase/
oxygenase LSU synthesis and cause a drastic drop of
photosynthesis and carbon dioxide fixation rates.

Also, nuclear genes encoding photosynthetic proteins
are rapidly switched off by JA [55-58]. Although most
of their respective mRNAs remain abundant and func-
tional (as shown by northern hybridization and trans-
lation experiments in wheat germ extracts), they are no
longer translated into protein [56-58]. Polysome profil-
ing studies have revealed that polysomes isolated from
stressed or Me-JA-treated plants efficiently translate
stress messengers but not photosynthetic mRNAs
[57,58]. Changes in the phosphorylation status of ribo-
somal protein S6, which is a key player regulating
translation [61-63], are likely to contribute to this
effect. Such changes have been reported earlier for
other adverse conditions [64,65].

A terminal response of excised barley leaves to
Me-JA is the rapid dissociation of 80S ribosomes into
their subunits. This effect is caused by the interaction
of JIP60, a 60 kDa cytosolic protein [66], with 80S
plant ribosomes [67,68]. JIP60 shares amino acid
sequence homology to that of ribosome-inactivating
proteins (RIPs) found in bacteria and plants [69,70].
The N-terminal half of the novel barley RIP is related
to both type I and type II RIPs, which are exception-
ally potent inhibitors of eukaryotic protein synthesis
[71,72]. Both types of RIP catalytically cleave a con-
served N-glycosyl bond of a specific adenine nucleoside
residue in the 28S rRNA [73-76] such that elongation
factor II binding can no longer proceed during transla-
tion, causing a cessation of protein synthesis [77]. An
additional, C-terminal domain is present in JIP60
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[67,68] which was discovered to feature another
activity. This domain is related to eukaryotic initiation
factors of type elF4y [68] and is involved in sustaining
stress and defence protein synthesis in terminally staged
tissues where JIP60 is proteolytically processed (C Rein-
bothe, unpublished results). In contrast to barley and
other monocots, neither JIP60 nor any other RIP-
related genes are detectable in the genome of the model
plant A. thaliana. Nevertheless, A. thaliana responds to
stress with the same type of arrest of translation at 80S
ribosomes as found for barley plants [60], suggesting a
case of convergent evolution involving different pro-
teins.

It is remarkable to note that exactly the same early
and late effects on translation as those reported for
Me-JA have been observed for the flu-orthologue of
barley, designated tigrina-d.12 [78]. The fact that tigrina-
d.12, like flu, accumulates Pchlide when transferred from
light to darkness and uses the pigment as a photosensi-
tizer suggests that singlet oxygen-dependent JA produc-
tion may provide the signal to reprogramme translation
toward stress and defence protein synthesis in the early
stage and to shut-down protein synthesis in the terminal
stages preceding or correlating with cell death.

Implication of JA in cell death
regulation

Plant hormones such as ethylene, SA and JA play
important roles in cell death regulation. This is illus-
trated by studies on flu. It has been shown that in
mature green flu leaves only enzymatic lipid peroxyda-
tion contributes to OPDA and JA synthesis [34]. By
contrast, fractions of the unsaturated membrane fatty
acid o-linolenic acid and o-linoleic acid are converted
randomly and nonenzymatically to a variety of prod-
ucts when etiolated plants are irradiated [34]. Thus, in
this case, singlet oxygen exerts a cytotoxic effect that
superimposes its genetic effect. As mentioned previ-
ously, Przybyla et al. [34] proposed that cell death may
be controlled not only by JA, but also by some of the
intermediates of the oxylipin pathway giving rise to
JA. Antagonistic effects between JA and OPDA and
its C16 carbon skeleton homologue, dinor-OPDA, were
invoked to explain cell death control [34,79]. However,
the induction of several enzymes involved in ethylene
biosynthesis and SA action in illuminated flu plants
points to concurrent signalling pathways that are trig-
gered by singlet oxygen [28]. This was directly proven
by studies in which the actual levels of SA and/or eth-
ylene were manipulated pharmacologically or geneti-
cally [29,79]. It is also well known that SA depresses
JA signalling [80,81].
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In contrast to these studies suggesting a positive role
of JA in cell death control, JA has been implicated in
the containment of ROS-dependent lesion propagation
in response to ozone [82-85] (for a review see refs
[86,87]). For example, the JA-insensitive jarl [88] and
coil [89] (see minireview by Chini ez al. [89a]) mutants,
as well as the JA-deficient fad3—fad7—fadS triple
mutant [90] (see minireview by Boéttcher & Pollmann
[90a]) all showed an increased magnitude of ozone-
induced oxidative burst, SA accumulation and cell
death. Pretreatment of the ozone-sensitive accession
Cyi-O of A. thaliana with Me-JA abrogated ozone-
induced H,0, accumulation, SA production and
defence gene activation [82-84]. Furthermore, jarl
exhibited a transient spreading cell death phenotype
and a pattern of superoxide anion (O,") accumulation
similar to that observed in redl plants [82]. RCDI
defines a radical-induced cell death locus that mediates
ozone and O, sensitivity [82]. Treatment of Os-
exposed redl mutant plants with JA arrested spreading
cell death, suggesting a direct role for JA in lesion con-
tainment [82,83]. Similarly, pretreatment of tobacco
cells with JA diminished Os-dependent cellular damage
[82—84]. Tt has been proposed that lesion containment
by JA could be achieved through increased ethylene
receptor protein synthesis, thereby desensitizing plants
to ethylene and halting lesion spread [82-84]. However,
no evidence has been obtained for a role of the ethyl-
ene receptor LF-ETR (NR) in mediating ozone sensi-
tivity in tomato [91]. Thus, alternative scenarios must
be considered. Such scenarios were inspired by work
on mutants of A. thaliana that constitutively overex-
press the thionin (THI2.1) gene, called cer mutants
[92]. These mutants spontaneously form microlesions
[92] but do so by remarkably different mechanisms.
Whereas lesion formation in cet2 and cet4.1 plants
occurred independently of COIl-mediated JA signal(s)
and SA, that in cet3 required both COIl-mediated JA
signalling and SA [92]. In SA-depleted transgenic cet3
plants expressing the bacterial SA hydroxylase NahG,
THI2.1 expression was independent of lesion forma-
tion. In wild-type plants, NahG-dependent depletion
of SA levels, however, abolished hypersensitive
response-like cell death symptoms [92]. Taken together,
these results emphasize that signals other than SA, JA
and ethylene must be involved in the regulation of cell
death in cet plants [93,94].

JA action on mitochondria links
oxidative damage to cell death

Mitochondria play an active role in cell death regula-
tion in animals and plants (Fig. 3). Singlet oxygen-
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Fig. 3. Central role of JA in cell death regulation in plants. Animals respond to many external factors with a plethora of different cell death
pathways of which two are illustrated here: (a) the Ca?*/calmodulin-dependent, NADPH oxidase pathway triggering NF-B activation and
inflammatory processes; and (b) the activation of the mitochondrial pathway involving membrane permeability transition, release of cyto-
chrome ¢ and caspase activation. In plants, a plastid-derived pathway of cell death regulation exists that comprises singlet oxygen and JA
that activates specific downstream signalling cascades in the cytosol and in mitochondria. Singlet oxygen generation in chloroplasts in fact
triggers changes in gene expression such as the induction of BON1, BAP1 and BAPZ2 genes as well as downstream elements that ultimately
converge at the EXECUTERT and EXECUTERZ genes. Most of the intermediates in this pathway have not yet been identified and are there-

fore highlighted with a question mark here.

and JA-mediated cell death in irradiated flu plants is
likely to be a form of programmed cell death (PCD)
[29]. In many aspects it resembles PCD and apoptosis
in animals [95-99]. This includes cell condensation,
chromatin separation, cleavage of nuclear DNA and
the release of cytochrome ¢ from the mitochondria to
the cytosol. Entry into PCD is dependent upon de-
repression of proapoptotic signals in the mitochondrial
membrane [100-103]. Mitochondrial membrane perme-
ability transition and the subsequent release of cyto-
chrome ¢ are stimulated by various signals, including
(stress-induced) Ca®>" fluxes and increased ROS levels.
Conversely, loss of mitochondrial transmembrane
potential leads to mass generation of ROS and thereby
provides a powerful feed-forward loop. Intermediate
components include BCL-2-like proteins [104-106].
SA-dependent ROS production triggers an increase in
cytosolic Ca’>" [107,108] and inhibits mitochondrial
functions [109,110]. According to most recent studies,
JA itself is able to cause mitochondrial ROS produc-
tion and mitochondrial membrane permeability transi-
tion [111].

Zhang & Xing [111] studied ROS production, altera-
tions in mitochondrial dynamics and function, as well

as photosynthetic activity in response to Me-JA in
A. thaliana and obtained remarkable results. They
found that Me-JA is a powerful inducer of ROS,
which first accumulated in mitochondria in periods as
short as 1 h after the onset of Me-JA treatment and
was followed by a second burst, detectable after 3 h,
in chloroplasts. Serious alterations in mitochondrial
mobility and, most remarkably, a loss of mitochon-
drial transmembrane potential occurred. These effects
preceded the dramatic decline in photochemical effi-
ciency in chloroplasts [111]. Although the release of
cytochrome ¢ was not determined, it is likely that JA
triggered PCD and apoptosis in a way that is similar
to that in animals. Indeed, JA can provoke mitochon-
drial membrane permeability transition and the release
of cytochrome ¢ in animal cells [112]. In A549 human
lung adenocancer cells, Me-JA operates through the
induction of proapoptotic genes of the BCI-2, Bax and
Bcl-X families and activation of caspase 3 [113]. It is
currently being discussed whether other proapoptotic
signals may also contribute to JA-dependent cell death
regulation. For example, sphingosine is a well-known
proapoptotic molecule [114] that stimulates lysosomal
cathepsins B and D involved in the removal of the
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prodomains from caspases. Interestingly, the mycotox-
in and sphingosine analogue fumonisin-B1 is a power-
ful inducer of singlet oxygen-dependent PCD in
animals and plants [115,116]. Fumonisin-1-induced
PCD in plants requires SA, JA and ethylene, similar to
cell death triggered by singlet oxygen in flu plants [29].
However, an alternative pathway of sphingosine sig-
nalling may be inferred from studies on the accelerated
cell death (acd) 11 of A. thaliana [116]. ACDI11 oper-
ates in lipid transfer between membranes and is sup-
posed to negatively regulate PCD and defence in vivo.
Activation of PCD and defence pathways in acdll
plants required SA and EDS1 but was not dependent
on intact JA or ethylene signalling cascades [116,117],
once more emphasizing that multiple cell death path-
ways are present in higher plants.

Role of JA during leaf senescence

The methyl ester of JA, Me-JA, was discovered by its
senescence-promoting activity [118]. It induces rapid
Chl breakdown and plastid protein turnover [55-58].
The same effects are found also during natural senes-
cence, and three- to four-fold increases in the JA con-
tent [119] have been measured for A. thaliana
undergoing the senescence programme [120-122].
Transcription factors belonging to the TEOSINTE-
BRANCHED/CYCLOIDEA/PCF (TCP), WRKY and
NAM, ATAF and CUC (NAC) families control leaf
senescence and may provide the link to JA signalling
(Fig. 4). Members of the WRKY family share the pres-
ence of a 60 amino acid motif, the WRKY domain
[123]. Studies on A. thaliana led to the discovery of two
different WRKY proteins designated WRKY6 and

AtLOX2
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Cell cycle regulation (PCNA)
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Fig. 4. WRKY and TCP transcription factors control gene expres-
sion during senescence. Shown is the network of interactions that
positively and negatively regulate leaf senescence. Key targets of
control are highlighted. Note that this is a very simplistic cartoon
not drawn to comprehension that underscores the role of salicylic
acid (SA) and jasmonic acid (JA).
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WRKYS53 that differentially accumulate during leaf
senescence [123,124]. Targets of AtWRKY6 include cal-
modulin-response genes and different types of senes-
cence-associated and senescence-induced kinases, called
SARK and SIRK, respectively [125]. SARK and SIRK
share similar structures and consist of an extracellular
leucine-rich domain, a transmembrane domain, and a
Ser/Thr kinase domain. It has been proposed that both
proteins may be membrane-bound and that their activa-
tion during senescence may involve intra- and extra-
cellular signals such as plant hormones and light [126].
A WRKYS53 partner is EPITHIOSPECIFYING
SENESCENCE REGULATOR, ESR/ESP, which is
involved in senescence as well as pathogen defence [127].
WRKYS53 and ESR/ESP may exert antagonistic effects
during leaf senescence by sensing the JA/SA ratio. The
role of SA in leaf senescence has been established [128].
WRKYS53 expression is induced by SA, whereas
ESR/ESP expression is induced by JA. Both proteins
interact in the nucleus, providing a potential node for
SA- and JA-dependent signalling [127] (Fig. 4).

Another example of a transcription factor family
implicated in the control of leaf senescence is estab-
lished by the TCPs (Fig. 4). TCPs comprise two
groups in A. thaliana, designated class 1 and class 2
[129,130]. Whereas class 1 TCPs, such as TCP20, oper-
ate as positive regulators of growth, class 2 TCPs, such
as TB1 and CYC/DICH, function as negative regula-
tors [131,132]. Both types of TCPs bind to the pro-
moter motifs of genes that are essential for expression
of the cell-cycle regulator PCNA. For example,
p33T<"2 binds to GCCCR elements found in the pro-
moters of cyclin CYCBI;l and many ribosomal pro-
tein genes in vitro and in vivo [132]. It has been
suggested that organ growth rates and the shape in
aerial organs are regulated by the balance of positively
and negatively acting TCPs [133].

Interestingly, 5 of the 24 TCP genes in A. thaliana
are targets of micro (mi)RNAs [134] (Fig. 4). miRNAs
are ubiquitous regulators of various developmental
processes in plants and animals, and act at both the
transcriptional and post-transcriptional levels [135,136].
The class 2 TCP genes are represented by CINCIN-
NATA (CIN) and JAW-D [137]. CIN controls cell
division arrest in the peripheral region of the leaf. cin
mutants have de-repressed cell growth leading to crin-
kles and negative leaf curvature [138]. Reduced leaf size
is observed in A. thaliana and tomato plants in which
miR319 control of TCP genes is impaired [138]. It was
found that miR319-targeted TCP additionally controls
expression of AtLOX2, one of the key enzymes
involved in JA biosynthesis (see minireview by Bottcher
& Pollmann [90a]), both during natural and
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Fig. 5. Implication of ORE1 in cell death control in senescent
plants. ORE1 expression is low in young, non-senescent leaf tis-
sues because EIN2 supports high mi164 expression that targets
ORET1 transcripts for degradation. At the same time, overall expres-
sion of ORE1 is depressed by EIN2. In senescent leaves, by con-
trast, EIN2 depresses mi164 expression and thereby allows for
ORE1 transcript and protein accumulation. ORE1 may gain access
to senescence-associated gene (SAG) promoters by virtue of the
action of ORE9 that could target transcriptional repressors for deg-
radation by the 26S proteasome.

dark-induced senescence [133]. Another target of TCPs
appears to be WRKY 53 that is involved in the onset of
early senescence gene expression (see Fig. 4 and above).
Schommer ez al. [133] proposed that mi319-regulated
TCPs control leaf senescence by regulating not only JA
biosynthesis, but also a second, as-yet unidentified,
pathway inhibiting senescence in wild-type plants.

NAC transcription factors control leaf senescence
and cell death. Kim et al. [139] showed that the ore
[oresara (‘long-living’ in Korean)] / gene encodes such
transcription factor (Fig. 5). OREI is a nuclear gene
the expression of which increases during leaf senes-
cence by a complex mechanism involving miRNA164,
ETHYLENE-INSENSITIVE (EIN) 2-34 (a gene that
was originally isolated as ore3-1), and OREI [139].
ORE] transcript levels are low in non-senescent plants
because miRNA164 targets the messenger for degrada-
tion. At later stages of development, miRNA164
expression declines, allowing for ORE! mRNA accu-
mulation (Fig. 5). EIN2 controls miRNA164 expres-
sion, and miRNA164 expression is barely altered with
aging in the ein2-34 mutant. EIN2 also triggers ORE]
expression in an aging-dependent mode (Fig. 5). In
addition to its role in regulating age-dependent cell
death through changes in its expression level and that
of OREIl over the life span of leaves, miRNA164
seems to affect also other processes, including lateral
root development and organ boundary formation in
shoot meristem and flower development, because it
targets other NAC transcription factors [139].
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OREI and other transcription factors may bind to
the promoters of senescence-associated genes and acti-
vate them. However, it is not yet clear whether these
promoters are accessible at all stages of plant develop-
ment or may gain access specifically during the senes-
cence programme. Work performed on another ore
mutant, ore9, suggests a de-repressor model of gene
activation [140] (Fig. 5). ORE9 is an F-box protein
which is part of the Skpl-cullin/CDC53-F-box protein
complex [141,142]. F-box proteins have been identified
in plants and found to function in the regulation of
floral organ identity (UFO), JA-regulated defence
(COI1; see also minireview by Chini et al. [89a]), auxin
response (TIR1) and control of the circadian clock
(ZTL and FKF1) [89,143-146]. OREY is a likely E3
ubiquitin ligase that may target transcriptional repres-
sors for degradation [139]. E3 enzymes are involved in
selecting substrate proteins for ubiquitination and sub-
sequent degradation by the 26S proteasome under a
variety of conditions [147,148]. In addition to its role
in senescence, ORE9 participates in regulating pro-
cesses as diverse as photomorphogenesis [149], shoot
branching [150,151] and cell death [152]. For example,
ORE9 operates downstream of the ENHANCED DIS-
EASE RESISTANCE 1 (EDRI) gene [152]. EDRI
encodes a CTRI-like kinase that was previously
reported to function as a negative regulator of disease
resistance to the bacterium Pseudomonas syringae and
the ascomycete fungus Erysiphe cichoracearum and eth-
ylene-induced senescence [153]. The function of EDRI1
in plant disease resistance, stress responses, cell death
and ethylene signalling is largely unclear. The edrl-
mediated ethylene-induced senescence phenotype is
suppressed by mutations in EIN2, but not by muta-
tions in PAD4, EDSI or NPRI [152]. Together these
results suggest that EDRI1 functions at a point of
cross-talk between ethylene and SA signalling that
impinges on senescence and cell death.

Chl breakdown is a hallmark of natural and JA-
induced leaf senescence. It needs to be tightly
controlled to avoid photooxidative damage. It involves
the selective destabilization of the major light-harvest-
ing Chl a/b binding protein complexes associated with
photosystem I and photosystem II. Recently, a protein
was discovered that operates in regulating LHC stabi-
lity [154] (see also ref. 155 for a recent review on other
stay-green mutants). The STAYGREEN PROTEIN
from rice, SGR, is absent from mature leaves and is
induced specifically during leaf senescence [154]. Rice
mutants lacking SGR showed a greater longevity of
Chl both under natural and artificial senescence condi-
tions. Conversely, SGR overexpression triggered Chl
degradation in developing leaves [154]. Expression of
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the SGR homologue SGNI1 in A. thaliana is reduced in
mutants such as acd2, encoding pheophorbide a oxy-
genase [156], and acdl, encoding red Chl catabolite
reductase [157], suggesting the existence of retrograde
signalling pathways from senescing chloroplasts that
control LHC stability and the release of Chl. It has
been shown that plastids transmit information about
their structural and functional state to the cytosol and
nucleus and thereby trigger adaptive responses
[158-161]. Tetrapyrroles belong to the plastid signals
identified, but also ROS, redox compounds and plastid
constituents are implicated in retrograde signalling
during greening, senescence and pathogen defence
[162,163]. Although SGR and SGNI1 do not have sig-
nificant homologies to known proteins and do not
bind or convert Chl to other products [154], Genevesti-
gator database searches (https://www.genevestiga-
tor.ethz) [164] suggest their roles in floral organs,
during seed maturation, under nitrogen deprivation, in
response to osmotic stress and after pathogen attack.
It seems likely that SGNI may be expressed to avoid
the undesirable accumulation of free Chl molecules
that would operate as photosensitizers and trigger sin-
glet oxygen production and JA signalling.

Key enzymes of Chl breakdown are JA-responsive
such as chlorophyllase. In A. thaliana, two chlorophyl-
lase genes termed ArCLHI and AtCLH2 have been
identified [165] which respond differentially to JA and
ethylene as well as pathogens. AtCLHI was strongly
induced by Me-JA and the phytotoxin coronatine, a
structural analogue of JA-Ile from Pseudomonas sp.
[166], whereas AtCLH2 did not respond to Me-JA
[165,167]. Knockdown of AtCHLI by RNA interfer-
ence was reported to drastically affect plant resistance
to the bacterium Erwinia carotovora and the fungus
Alternaria brassiciola [168]. Although AtCHLI RNAIi
plants were resistant to E. carotovora, they showed
hypersensitivity to A. brassiciola [168]. It has been sug-
gested that, by virtue of its chlorophyllase activity, At-
CLH1 may score damages inflicted by bacterial and
fungal necrotrophs [168]. It is well known that JA
plays a role in the defence of nectrotrophs [169—-171].

An as yet unknown mechanism triggers the perfora-
tion/permeabilization of the plastid envelope in senes-
cent chloroplasts. It is not yet clear whether the
implicit membrane destruction is a requirement for
senescence progression or just a late consequence of
imbalanced fatty acid recycling by salvage reactions.
An active scenario is offered by studies on animal cells
in which an inducible membrane destruction mecha-
nism operates in the differentiation of reticulocytes
and keratinocytes. It involves the selective permeabili-
zation of the outer surroundings of mitochondria,
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peroxysomes and the endoplasmic reticulum by arachi-
donic-type 15-lipoxygenases [172,173]. We hypothesize
that some of the 13-LOX enzymes present in chlorop-
lasts [174-176] may play a similar role during senes-
cence and oxygenate o-linolenic acid such that JA
would be produced. In non-senescent plants, salvage
pathways would re-synthesize o-linolenic acid and
thereby avoid undesirable membrane damage. Under
senescence conditions, however, membrane fatty acid
peroxydation would predominate and initiate pro-
grammed organelle destruction. At the same time, JA-
dependent signalling would lead to defence gene acti-
vation and plant protection, allowing for undisturbed
nutrient relocation.

Conclusions

The aspects summarized in this minireview show that
JA plays many roles in plants, ranging from defence
factors to cell death regulators and, finally, promoters
of leaf senescence. The common link between these, at
first glance, unrelated processes could be the chloro-
plast where the first steps of JA biosynthesis take
place. Remarkably, components operating in photo-
synthesis participate in defence and cell death signal-
ling and may also be active in the senescence
programme. ROS, including singlet oxygen and H,0,,
as well as LSDI and EDSI-PAD4/SAGI01 appear to
be essential components in this signalling network
[14,177]. Pigment-sensitized singlet oxygen formation is
one source of plastid signalling involving JA-dependent
and JA-independent pathways. Nevertheless, porphy-
rins themselves can operate as cell death factors, even
in their unexcited states [178]. Major targets of singlet
oxygen, JA and porphyrin action are transcription and
translation as well as membrane-bound organelles such
as mitochondria and chloroplasts.
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Singlet oxygen is a prominent form of reactive oxygen
species in higher plants. It is easily formed from molecular
oxygen by triplet-triplet interchange with excited porphyrin
species. Evidence has been obtained from studies on the flu
mutant of Arabidopsis thaliana of a genetically determined
cell death pathway that involves differential changes at the
transcriptome level. Here we report on a different cell death
pathway that can be deduced from the analysis of oep16
mutants of A. thaliana. Pure lines of four independent
OEP16-deficient mutants with different cell death proper-
ties were isolated. Two of the mutants overproduced free
protochlorophyllide (Pchlide) in the dark because of defects
in import of NADPH:Pchlide oxidoreductase A (pPORA) and
died after illumination. The other two mutants avoided
excess Pchlide accumulation. Using pulse labeling and poly-
some profiling studies we show that translation is a major
site of cell death regulation in flu and oep16 plants. flu plants
respond to photooxidative stress triggered by singlet oxygen
by reprogramming their translation toward synthesis of key
enzymes involved in jasmonic acid synthesis and stress pro-
teins. In contrast, those oep16 mutants that were prone to
photooxidative damage were unable to respond in this way.
Together, our results show that translation is differentially
affected in the flu and oep16 mutants in response to singlet
oxygen.

Keywords: Chlorophyll biosynthesis e Porphyrin-regulated
plastid protein import e NADPH:protochlorophyllide oxidore-
ductase A (PORA) e Reactive oxygen species e Translation.

Abbreviations: DHFR, dihydrofolate reductase; DTNB, 5,5'-
dithiobis(2-nitro)benzoic acid; GFP, green fluorescent protein;
MS, Murashige and Skoog; Pchlide, protochlorophyllide;

pPORA, NADPH:protochlorophyllide oxidoreductase A pre-
cursor; ROS, reactive oxygen species.

Introduction =

Reactive oxygen species (ROS) are prominent by-products of
aerobic metabolism and potent signaling compounds. They are
involved in plant-pathogen interactions and also accumulate
in response to abiotic stress (Apel and Hirt 2003, Miller et al.
2008). Singlet oxygen is one form of ROS that has gained
wide interest because it is generated during photosynthesis
(Miihlenbock et al. 2008). On the other hand, a role for singlet
oxygen has been demonstrated for mutants that are impaired
in sequestering Chl and its precursor and degradation products
in a protein-bound form. This is illustrated by studies on the flu
mutant of Arabidopsis thaliana that is defective in the negative
feedback loop inhibiting excess protochlorophyllide (Pchlide)
synthesis in the dark (Meskauskiene et al. 2001). Etiolated flu
plants rapidly die when illuminated because of singlet oxygen
production (Meskauskiene et al. 2001). Light-adapted flu plants
respond to non-permissive dark to light shifts with a marked
growth inhibition and/or cell death, depending on the amount
of singlet oxygen produced by Pchlide operating as a photo-
sensitizer (op den Camp et al. 2004, Danon et al. 2005).

Two major effects have been proposed to explain the singlet
oxygen-mediated cell death phenotype of flu plants: a cytotoxic
effect including lipid peroxidations and membrane destruction,
and a genetic effect including specific signaling cascades
(op den Camp et al. 2004, Wagner et al. 2004, Danon et al.
2005; see Kim et al. 2008, Reinbothe et al. 2010, for a review).
Transcriptome analyses identified a large number of genes that
differentially respond to singlet oxygen (op den Camp et al.

Plant Cell Physiol. 52(1): 84-95 (2011) doi:10.1093/pcp/pcq176, available online at www.pcp.oxfordjournals.org
© The Author 2010. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists.
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2004). Genes that were up-regulated by singlet oxygen include
BONZAI1, the enhanced disease susceptibility (EDS) 1 gene,
and genes encoding enzymes involved in the biosynthesis of
ethylene and jasmonic acid, two key components of stress sig-
naling in higher plants (Wasternack 2007, Kendrick and Chang
2008, Reinbothe et al. 2009). On the other hand, genes encoding
components of the photosynthetic apparatus were rapidly
down-regulated in response to singlet oxygen (op den Camp
et al. 2004). Wagner et al. (2004) demonstrated that cell death
execution is suppressed in the executer 1 (exel) mutant of A.
thaliana, but only if low levels of singlet oxygen accumulate and
trigger limited cytotoxic effects. EXECUTER 1 is a membrane
protein of chloroplasts of unknown function (Wagner et al.
2004).

It is as yet undetermined how flu plants translate the rapid,
singlet oxygen-dependent changes at the transcriptome level
into protein synthesis. It is also unresolved whether there is one
cell death pathway that is activated by porphyrin excitation and
singlet oxygen production or whether there are more. In our
previous work, we described a conditional cell death mutant of
A. thaliana that is defective in the OEP16 gene (Pollmann et al.
2007). OEP16 forms a small gene family comprising three
members, designated AtOEP16-1 (At2g28900), AtOEP16-2
(At4g16160) and AtOEP16-4 (At3g62880), that are all plastid
proteins that lack a transit sequence (Murcha et al. 2007,
Drea et al. 2006). A fourth relative exists (AtOEP16-3; encoded
by At2g42210) that appears not to belong to this group and is,
unlike the other members, localized in mitochondria (Philippar
et al. 2007). AtOEP16-1 shows the highest protein sequence
identity (62%) to OEP16 from pea (Pohlmeyer et al. 1997,
Murcha et al. 2007) and to HVOEP16-1;1 from barley (52%),
which was identified as partner of the cytosolic precursor
of NADPH:protochlorophyllide oxidoreductase A (pPORA)
during its Pchlide-dependent plastid import (Reinbothe et al.
2004a, Reinbothe et al. 2004b). Two non-exclusive functions
currently being considered for the OEP16-1 protein in the
outer envelope of chloroplasts are (i) a voltage-gated, amino
acid-selective channel (Philippar et al. 2007) and (ii) an import
channel of pPORA (Reinbothe et al. 2004a, Reinbothe et al.
2004b). Knock-out mutants in A. thaliana for AtOEP16-1
(designated oep16-1;1, corresponding to At2g28900) have pro-
vided different results (Philippar et al. 2007, Pollmann et al.
2007). We found that the absence of OEP16 correlates with
the lack of import of pPORA, aberrant etioplast ultrastructures
and the accumulation of free, photoexcitable Pchlide molecules
that triggered cell death upon irradiation of dark-grown seed-
lings (Pollmann et al. 2007). In contrast, Philippar et al. (2007)
observed no import defects of pPORA, normal etioplast ultra-
structures and unimpaired greening.

The phenotype of the o0ep16-1;7 mutant we studied
(Pollmann et al. 2007) is very similar to that of flu plants
(Meskauskiene et al. 2001; op den Camp et al. 2004, Wagner
et al. 2004, Danon et al. 2005). We therefore compared the
molecular events leading to cell death in etiolated oep16-1;1
and flu plants after illumination, with a focus on translation as

OEP16-1 function in Arabidopsis

the site of active protein synthesis. For comparison, three add-
itional oep16-1 mutants were isolated from the original seed
stock provided by the Salk Institute that displayed different cell
death properties. Two of these mutants have phenotypes with
different singlet oxygen production and/or signaling patterns.
Together, our results provide evidence for the existence of a
second, flu-independent singlet oxygen-dependent cell death
pathway in 0ep16-1 plants.

Results

Identification of oep16-1 knock-out mutant plants

A PCR-based approach using previous primer combinations
(Philippar et al. 2007, Pollmann et al. 2007) was employed to
re-screen the original seed stock of the Salk Institute
(At2g28900, corresponding to SALK_018024) (Alonso et al.
2001) for oep16-1 knock-out plants (Fig. 1A). Several independ-
ent homozygous oep16-1 knock-out plants were obtained that
were backcrossed once with the wild type. Seeds from individ-
ual plants of the offspring of these crosses were propagated
further to establish seed stocks. Aliquots from these seed
stocks were sown on Murashige and Skoog (MS) medium
and germinated in the dark. After 5d, the seedlings were in-
spected under blue light using a microscope.

Some seedlings exhibited a strong red Pchlide fluorescence
while other seedlings were, like the wild type, not fluorescent
(Fig. 1B). Western blotting using isolated etioplasts and POR
antiserum showed that among the fluorescent seedlings two
subclasses of oep16-1 mutant plants were present: one subclass
lacking PORA, consistent with our previous findings (Pollmann
et al. 2007), and another subclass with wild-type PORA protein
levels (Fig. 1C, panel a). When etioplasts from seedlings that
had not shown pigment autofluorescence under blue light were
tested by Western blotting, the same segregation into
PORA-containing and PORA-free lines was observed (Fig. 1C,
panel a), leading all together to four types of oep16-1 mutant
plants that were designated oep16-1;5, 0ep16-1;6, 0oep16-1;7 and
0ep16-1;8, and characterized further. Western blotting con-
firmed that all four mutant types were devoid of OEP16 protein
(Fig. 1C, panel b). In Southern blot analyses, all four lines gave
rise to only a single T-DNA band (Fig. 1D).

Low temperature fluorescence analysis of
pigments in the different oep16-1 mutants

The red pigment fluorescence present in etiolated oep16-1;5
and o0ep16-1;,6 plants suggested the presence of free,
non-photoconvertible Pchlide molecules not bound to POR
in planta. In situ fluorescence spectroscopy at 77 K (Lebedev
et al. 1995) was used to determine the functional state of
Pchlide in the four different oep16-1 mutants. Pchlide normally
gives rise to two spectral pigment species: Pchlide-F631 and
Pchlide-F655 (Lebedev and Timko 1998). Pchlide-F655 has
been named photoactive Pchlide because it can be converted
into chlorophyllide upon a 1ms flash of white light (Lebedev
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Fig. 1 ldentification of oep16-1 mutants. (A) Schematic presentation of the OEP16-1 gene and T-DNA insertion. BsrGl marks the position of the
restriction sites used for the subsequent Southern blot analyses. (B) Phenotypic analysis of four different OEP16-1 mutants isolated from the SALK
seed stock, designated oep16-1;5-0ep16-1;8, and the wild type (WT) after growth in the dark for 5d (D), after a non-permissive dark to light shift
(D + 24 h L) and after growth in continuous white light (cL). The upper panels show fluorescence images after exciting dark-grown seedlings with
blue light (400-450 nm) and collecting the emitted fluorescence between 600 and 650 nm. The middle and lower panels depict seedling
phenotypes viewed under white light. (C) Western blot analysis of POR-related polypeptides (a) and OEP16 (b) in etioplasts of oep16-1
mutant seedlings. (D) Southern blot analysis to detect T-DNA insertions in the OEP16-1 gene in mutants oep16-1;5, oep16-1;6, oep16-1;7 and

0ep16-1;8. Positions of size markers are given in kbp.

and Timko 1998); its establishment is an indicator for the pres-
ence of functional PORA:PORB-pigment complexes in the pro-
lamellar body of etioplasts (Reinbothe et al. 1999, Reinbothe
et al. 2003, Buhr et al. 2008). These complexes are involved in
light trapping and energy dissipation once dark-grown seed-
lings break through the soil after germination (Reinbothe
et al. 1999, Reinbothe et al. 2003, Buhr etal. 2008).
Pchlide-F631, in contrast, is called photoinactive Pchlide be-
cause it cannot be converted immediately to chlorophyllide
(Lebedev and Timko 1998). Pchlide-F631 is a mixture of
PORA-bound Pchlide b and free, non-protein-bound Pchlide
molecules (Reinbothe et al. 1999, Reinbothe et al. 2003, Buhr
et al. 2008).

Fig. 2 shows that mutant o0ep16-1;5 contained large
amounts of Pchlide-F631 but no photoactive Pchlide-F655.
Etiolated seedlings of mutant 0ep16-1,6 contained lower
amounts of photoactive Pchlide and reduced levels of photo-
inactive Pchlide, if compared with mutant oep16-1;5. For
mutant oep16-1;7, a small amount of Pchlide-F631 was pre-
sent but no Pchlide-F655 was detected, whereas mutant
0ep16-1;8 contained both pigment species in ratios that were
similar to those in the wild type (Fig. 2). Taking into ac-
count previous findings, we concluded that mutant oep16-1;5

Fluorescence (relative units)

Wavelength (nm)

Fig. 2 Low temperature fluorescence analysis at 77K of pigments in
5-day-old, etiolated 0ep16-1;5, 0ep16-1;6, oep16-1;7 and oep16-1;8
seedlings. The excitation wavelength was at 440 nm. The two peaks
correspond to photoinactive Pchlide (Pchlide-F631) and photoactive
Pchlide (Pchlide-F655). For comparison, respective fluorescence
spectra are included for etiolated wild-type seedlings and seedlings
of line 0oep16-1;1 isolated by Pollmann et al. (2007). Spectral intensities
refer to an equal cotyledon surface area.
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may correspond to the line originally described by Pollmann
et al. (2007), which was obtained after two subsequent
backcrosses with wild-type plants, whereas mutant oep16-1,8
could be identical to the line identified by Philippar et al.
(2007).

Viability of oep16-1 mutant seedlings

Tetrazolium staining was used to assess seedling viability
(Nortin 1966). Seedlings of all four oep16-1 mutants and of
the wild type were grown in the dark for 5d and subsequently
exposed to white light. Whereas all mutant plants were similarly
viable in the dark, they responded differentially to illumination.
The microscopic images and established seedling survival
curves shown in Fig. 3A and B demonstrate that cell death
was a rapid event (tso = 4 h) in mutant oep16-1;5 and a delayed
event (tso = 8 h) in mutant oep16-1;6. Similar to wild-type seed-
lings, almost no cell death occurred in mutants oep16-1;7 and
oep16-1;8 (Fig. 3A, B).

The establishment of the cell death phenotype in mutants
0ep16-1;5 and oep16-1;6 is dependent on seedling age and the
growth conditions used. Consistent with results reported for
the pifi mutant of A. thaliana (Huq et al. 2004), younger
0ep16-1;5 and oep16-1;6 seedlings were less prone to cell
death upon illumination than older seedlings, presumably be-
cause of the lower levels of free, non-POR-bound Pchlide accu-
mulated (Supplementary Fig. S1C). The severity of the cell
death phenotype in 0ep16-1;5 and o0ep16-1;6 seedlings was

oep16-1;5

D+
4hL

oep16-1;6

OEP16-1 function in Arabidopsis

thus also dependent on the light intensity (Supplementary
Fig. S1A, B). Inclusion of sucrose in the growth medium partially
negated the high light effects (data not shown). We explain this
finding by the growth-promoting effect of the sugar and the
resulting greater capability of the seedlings to sustain a
semi-heterotrophic state once the nutrient reserves of the
seed have been consumed. On the other hand, sucrose has
been reported to affect the polysomal binding of transcripts
(Nicolai et al. 2006) as well as the structure and integrity of
membranes (Crowe and Crowe 1984). All of these effects
could allow for a better stress accommodation.

Singlet oxygen production in oep16-1 mutant
seedlings

The cell death phenotype in 0ep16-1;5 and 0ep16-1;6 seedlings
after irradiation suggested that free, non-photoconvertible
Pchlide molecules not bound to POR operated as a photosen-
sitizer and caused singlet oxygen production. To prove this
hypothesis, singlet oxygen measurements were performed
with the DanePy reagent which is a dansyl-based singlet
oxygen sensor undergoing quenching of its fluorescence upon
reacting with singlet oxygen (Hideg et al. 1998, Kalai et al.
2002). DanePy has a broad emission peak at around 530 nm.
Upon reacting with singlet oxygen, this peak is reduced, the
drop in the amount of fluorescence reflecting the amount of
singlet oxygen produced. Thus the greater the amount of fluor-
escence change, the greater the amount of singlet oxygen
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Fig. 3 Seedling viability test on the four types of oep16-1 mutants and the wild type (WT). (A) Tetrazolium staining of 5-day-old, etiolated
0ep16-1;5, 0ep16-1;6, 0ep16-1;7 and oep16-1,8 seedlings before (D) and after exposure to white light of approximately 75 HEm™2s™" for 4 h
(D + 4hL). (B) Seedling viability (in %) as a function of the time of irradiation.

g
:
3
=
£
c
£
€
q
c
=
c
g
E
-
c
T
ks
C
=
c
>
Z
c
g
£
c
=
E
=
o
8
Y
c
g
@
C
<
o
€
q
v
¢
c
Z
g
q
C
C
g
£
C
q
g
>
]
c
-
®

Plant Cell Physiol. 52(1): 84-95 (2011) doi:10.1093/pcp/pcq176 © The Author 2010.

235

87



1. Samol et al.

A B
WT

0.25— Oep16-1;8 < 0.1 Oep16-1;5
E Oep16-1;7
o Oep16-1;6
i 020 Oep16-1;5
©
[0
e ~~o0ep16-1,6
g 0.15— 0.05 —
(%]
o
o
3
c 0.10—]
(0]
(%]
©
Qo
(6]
@ —] oep16-1,8
q 0.05 0ep16-1;7 P

0 T — T T — T 0
425 475 525 575 625 0 30 60

Wavelength (nm)

Time of irradiation (min)

Fig. 4 Singlet oxygen evolution in dark-grown oep16-1, flu and wild-type seedlings after a 30 min white light shift. (A) DanePy fluorescence
emission spectra between 425 and 625 nm at an excitation wavelength of 330 nm obtained for oep16-1;5 (blue dotted line), oep16-1;6 (black solid
line), oep16-1;7 (black dashed line) and oep16-1;8 (black hatched line) vs. flu (blue solid line) and wild-type seedlings (red solid line). (B) Time
courses of DanePy fluorescence quenching in mutants oep16-1;5 (dotted line), oep16-1;6 (solid line), oep16-1;7 (dashed line) and oep16-1;8
(hatched line) vs. flu seedlings (blue solid line). Spectral intensities refer to an equal cotyledon surface area.

generated in the mutant seedlings. Fig. 4 shows DanePy fluor-
escence spectra derived from three independent experiments
each comprising 120 etiolated plants that had been infiltrated
with DanePy and subsequently exposed to white light of
125 uEm ™ *s™" for 30 min. As a reference, we used 5-day-old
flu plants that had been treated identically. Fig. 4 revealed that
mutants oep16-1;5 and oep16-1;6 produced significant amounts
of singlet oxygen, as evidenced by the quenching of DanePy
fluorescence that was collected between 425 and 625nm.
Kinetic measurements demonstrated that singlet oxygen pro-
duction in mutant oep16-1;5 was almost indistinguishable from
that in flu, whereas that in 0ep16-1;6 was slightly lower (Fig. 4A,
B). In wild-type seedlings and seedlings of mutant oep16-1;7,
there was little DanePy fluorescence quenching, indicative of
the generation of a very tiny amount of singlet oxygen. In
0ep16-1;8 seedlings, some minor decrease in DanePy fluores-
cence was observed in two out of three independent experi-
ments, suggesting that some low amounts of singlet oxygen
accumulated.

Chloroplast protein import

The finding that mutant oep16-1;6 did not contain wild-type
levels of Pchlide-F655, despite the presence of PORA, sug-
gested that import of pPORA may not proceed via the
Pchlide-dependent translocon complex described previously
(Reinbothe et al. 2004a, Reinbothe et al. 2004b) but may pro-
ceed via another import machinery. To test this hypothesis,
in vitro import and cross-linking experiments were carried
out (Schemenewitz et al. 2007). **S-labeled transA—-DHFR pre-
cursor molecules, consisting of the first 67 N-terminal amino

acids of pPORA (henceforth referred to as transA) and a cyto-
solic dihydrofolate reductase (DHFR) reporter protein of
mouse, were activated with 5,5 -dithiobis(2-nitro)benzoic acid
(DTNB) (Schemenewitz et al. 2007). Then the precursor was
added to chloroplasts that had been isolated from 14-day-old,
light-grown o0ep16-1;6 plants and energy depleted. Import was
assessed under standard conditions in the dark in the presence
of 2.5 mM Mg-ATP and 0.1 mM Mg-GTP with chloroplasts that
lacked Pchlide (Schemenewitz et al. 2007).

Fig. 5 demonstrates that a significant fraction of
[*>S]transA-DHFR was imported into Pchlide-free chloroplasts
of mutant oep16-1;6. Cross-linking gave rise to an ~110 kDa
product that consisted of transA—DHFR and TOC75, as demon-
strated by immunoprecipitations (data not shown, but see
accompanying paper by Samol et al. 2011). Similar to the plas-
tids from mutant oep16-1;6, a fraction of transA-DHFR was
taken up and processed via a TOC75-dependent pathway by
chloroplasts isolated from mutant oep16-1;8. In contrast, dras-
tically less precursor import was detectable for chloroplasts of
mutants oep16-1;5 and oep16-1;7, and higher molecular mass
cross-linked products were not detected (Fig. 5). The presence
or absence of Pchlide produced by 5-aminolevulinic acid
pre-treatment of isolated chloroplasts did not affect this
result (Supplementary Fig. S2A). All four types of mutant plas-
tids imported indistinguishable levels of a precursor consisting
of the transit peptide of pPORB (transB) and the DHFR
(Supplementary Fig. S2B).

To support further the hypothesis that chloroplasts from
line 0ep16-1;6 take up transA—DHFR by a Pchlide-independent
pathway not involving the previously characterized Pchlide-
dependent translocon complex (PTG Reinbothe et al. 2004a,
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Fig. 5 Invitro import and cross-linking of DTNB-activated

[**S]transA-DHFR  determined for chloroplasts isolated from
wild-type and oep16 mutant plants. The autoradiogram shows pre-
cursor (P) and mature (m) proteins as well as cross-linked products
(CLP1 and CLP2) at time zero (lanes 1, 3, 5, 7 and 9) and after 15 min of
import (lanes 2, 4, 6, 8 and 10). CLP1 is caused by the formation of a
disulfide bond between transA-DHFR and OEP16; this product is only
detectable for wild-type chloroplasts. CLP2 resulted from formation of
a disulfide bond between transA-DHFR and TOC75; this CLP is found
for chloroplasts from mutants oep16-1,6 and oep16-1;8.

Reinbothe et al. 2004b), transient expression and import stu-
dies were conducted as described (Finer et al. 1992, Reinbothe
et al. 2008). After ballistic bombardment of leaf pavement cells
of wild-type and mutant A. thaliana plants, the localization of
expressed transA-green fluorescent protein (GFP) was fol-
lowed by confocal laser scanning microscopy. Fig. 6 depicts
fluorescence images for all of the four oep16-1 mutants
described in this study and also shows the respective controls
obtained for wild-type plants and seedlings of the oep16-1;1
mutant described by Pollmann et al. (2007). According to the
results, mutants oep16-1;5 and oep16-1;7 imported only small
amounts of transA—GFP into their plastids, whereas mutants
0ep16-1;6 and o0ep16-1;8 imported significant levels of the pre-
cursor. Confirming previous findings (Pollmann et al. 2007,
Reinbothe et al. 2008), the plastids from wild-type plants
imported transA-GFP well, whereas the plastids from the
0ep16-1;1 mutant were import incompetent.

Protein synthesis during greening and in response
to photooxidative stress

op den Camp et al. (2004) have shown that mature flu plants
accumulate a large number of stress-responsive transcripts

OEP16-1 function in Arabidopsis

after non-permissive dark to light shifts. At the same time,
irradiated flu plants rapidly depress photosynthetic gene ex-
pression (op den Camp et al. 2004). Whether similar changes
would occur in 0ep16 plants belonging to the genotypes 1,5 and
1,6 was obviously undetermined and motivated us to perform
the following experiments. Pulse labeling of proteins was carried
out with [**S]methionine in 5-day-old dark-grown seedlings
that had been irradiated for 4 or 24h. Furthermore, total
RNA was extracted from dark-grown and 2 h-irradiated plants
and used for in vitro translation and Northern hybridization.
When the patterns of polypeptides synthesized in a wheat germ
lysate were compared for the four different oep16 mutants, no
major differences were found. No new polypeptide species were
detected in mutants nor were any detectably absent (Fig. 7A
and Supplementary S3A), as would be expected if oep16-1;5 and
0ep16-1;6 followed the same cell death pathway as flu (op den
Camp et al. 2004).

Fig. 7B and Supplementary Figs. S3B and S4 show that all
four oep16 mutants synthesized very similar protein patterns in
the dark but responded differentially to illumination. Seedlings
of mutants oep16-1;5 and 0ep16-1;6 began synthesizing photo-
synthetic proteins after a few hours of illumination but stopped
translating these proteins after approximately 24 h of illumin-
ation. Instead of accumulating Chl, the seedlings died (cf. Figs. 1
and 3). In contrast, seedlings of mutants oep16-1,7 and
0ep16-1;8 carried on translating photosynthetic proteins at
the later stages of light exposure (Fig. 7B) and greened normally
(cf. Figs. 1 and 3). Remarkably, no synthesis of mass stress
proteins was detectable in the cotyledons of plants from
mutants oep16-1;5 and oep16-1;6 (Fig. 7B) that would have
occurred if cell death triggered in these oep16-1 mutant types
followed the same course as in flu plants (Supplementary Fig.
S3B).

Mutant oep16-1;6 phenotypically strongly resembles the flu
mutant isolated by Meskauskine et al. (2009). Like flu, mutant
0ep16-1;6 contains normal levels of PORA protein but over-
accumulates free photoexcitable Pchlide molecules in the
dark that cause singlet oxygen production and cell death
upon illumination. However, in marked contrast to flu, etiol-
ated 0ep16-1;6 seedlings do not synthesize stress proteins
upon illumination (Supplementary Fig. S3). In order to charac-
terize the differences between o0ep16-1,6 and flu further,
light-adapted, mature plants were used. Plants were grown
for 14d in continuous white light; then the plants were trans-
ferred to darkness for 8 h and re-illuminated for variable peri-
ods. According to previous work on flu (op den Camp, 2004,
Wagner et al. 2004, Danon et al. 2005), such treatment was
expected to activate the genetic component of singlet
oxygen-dependent signaling but without provoking cytotoxic
effects. Pulse labeling and polysome profiling experiments
revealed that flu plants indeed react to singlet oxygen produc-
tion with the rapid synthesis of stress proteins and the selective
depression of synthesis of photosynthetic proteins (Fig. 8A,
panel a). After 24h, a drastic decrease in protein synthesis
was observed in illuminated flu plants (Fig. 8B) which
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oep16-1:5 oep16-1;6

oep16-1;8 oep16-1;1

Fig. 6 In vivo import of transA—GFP into plastids of mutants oep16-1;5 (A), 0ep16-1;6 (B), 0oep16-1;7 (C) and 0ep16-1;8 (D) as well as plastids from
the wild-type (WT) (E) and mutant oep16-1;1 described by Pollmann et al. (2007) (F) after ballistic transformation of leaf pavement cells of A.
thaliana. GFP fluorescence was collected between 505 and 530 nm, using an excitation wavelength of 488 nm.
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Fig. 7 Protein expression in the different oep16-1 mutants. (A) Pattern of proteins synthesized in a wheat germ lysate with RNA from mutants
0ep16-1;5, 0ep16-1;6, 0ep16-1;7 and oep16-1;8 after growth in the dark for 5 d and exposure to white light for 2 h. (B) Patterns of >*S-labeled total
proteins in wild-type seedlings and seedlings of mutants oep16-1;5, oep16-1;6, oep16-1;7 and 0ep16-1;8 in the dark (0 h) and after 4h and 24 h,
respectively, of exposure to white light of 125 lE m ™2 s™". After extraction and SDS-PAGE, proteins were detected by autoradiography. RBCL and
LHCB2 mark the large subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase and the major light-harvesting chlorophyll a/b-binding
protein of PSII.
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PLANT & CELL PHYSIOLOGY

A Fraction Fraction B
1 2 3 4 5 6 78 1 2 3 4 5 6 7 8 WT flu 1:6
a — —— A — b - AOS
- - - LHCB2
- RBCS
c d AOS
- s .. -, HCB2
RBCS

Fig. 8 Protein synthesis in leaf tissues of 14-day-old light-grown wild-type, flu and oep16-1,6 plants after transfer to darkness for 8 h and
subsequent illumination. (A) Polysomal synthesis of light-harvesting chlorophyll a/b-binding protein of PSIl (LHCB2) and the small subunit of
ribulose-1,5-bisphosphate carboxylase/oxygenase (RBCS), as well as allene oxide synthase (AOS) in flu (a and b), wild-type (c) and oep16-1;6 (d)
plants detected 4 h (a, c and d) and 24 h (b) after the non-permissive dark to light shift. Fraction 1 contained the 40S ribosomal subunit, fraction 2
contained the 60S ribosomal subunit, and fractions 3-8 contained cytoplasmic polysomes of increasing size. Protein from each of the different
fractions was separated by SDS-PAGE and subjected to Western blotting using the indicated antisera. (B) Patterns of **S-labeled total leaf
proteins in wild-type, flu and 0ep16-1;6 plants detected 24 h after the non-permissive dark to light shift.

correlated with a decay of cytoplasmic polysomes (Fig. 8A,
panel b). In marked contrast to flu, oep16-1;6 plants reacted
to non-permissive dark to light shifts with no early synthesis of
stress proteins (Fig. 8A, panel d), although protein synthesis
later declined to an even greater extent than in flu plants
(Fig. 8B). Together, these findings highlighted that only the
early reprogramming of translation in response to singlet
oxygen is different in flu and oep16-1;6 plants.

Discussion =

In the present work, two major questions were addressed. What
is the reason for completely different phenotypes described for
two o0ep16-1 knock-out mutants derived from the T-DNA in-
sertion SALK_024018 (Philippar et al. 2007, Pollmann et al.
2007)? Is the cell death regulation in the oep16-1 mutant we
identified (Pollmann et al. 2007) comparable with the singlet
oxygen-dependent pathway reported for the flu mutant
(Meskauskiene et al. 2001, op den Camp et al. 2004, Wagner
et al. 2004, Danon et al. 2005)?

We discovered that the original seed stock provided by the
Salk Institute contains several independent knock-out mutants.
Four OEP16-1-deficient mutants were discovered that all
showed a single T-DNA insertion on Southern blots.
Obviously, these mutants are different from those described
recently by Pudelski et al. (2009) containing additional
T-DNA insertions. Presumably because of the prior backcrosses,
mutants oep16-1;5-0ep16-1;8 were homozygous for the oep16-1

locus and did not contain additional T-DNA fragments on
Southern blots. Mutants oep16-1;,5-0ep16-1;8 suffered or did
not suffer from photooxidative damage under high light con-
ditions and contained or lacked PORA. Mutant oep16-1;5 had
the strongest phenotype. It lacked PORA and rapidly died upon
non-permissive dark to light shifts. PORA’s function is to bind
Pchlide and to assemble with PORB into larger POR:Pchlide
complexes involved in light harvesting and energy dissipation
during greening (Reinbothe et al. 1999, Reinbothe et al. 2003,
Buhr et al. 2008), explaining its phenotype. The characteristics
of mutant oep16-1;5 are virtually identical to those of mutant
0ep16-1;1 isolated by Pollmann et al. (2007).

Mutant oep16-1;6 displayed a weaker phenotype. Despite
the presence of PORA, almost no Pchlide-F655 was found.
Import and cross-linking studies demonstrated that transA-
DHFR entered both Pchlide-free and Pchlide-containing
mutant plastids. However, the precursor did not seem to inter-
act with the pigment and also it did not establish larger com-
plexes with PORB in etioplasts. Otherwise, Pchlide-F655 should
have accumulated to the same extent as in wild-type plants,
which was not the case. In vitro and in planta import assays
showed that pPORA is likely to enter the plastids via an import
pathway involving TOC75. As shown previously, multiple ver-
sions of the TOC machinery exist that differ by an interchange
of receptor and regulatory components and exhibit different
precursor specificities (Jarvis et al. 1998, Bauer et al. 2000,
Ivanova et al. 2004). It is attractive to hypothesize about the
presence of an exogenic, presumably point or footprint muta-
tion outside the AtOEP16-1 gene. It has been reported that
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T-DNA insertion lines often contain multiple T-DNA copies of
which some or all are lost in subsequent generations, provoking
secondary effects (Latham et al. 2006). We hypothesize that the
‘hidden” mutation in 0ep16-1,6 may affect the composition
and/or activity of the plastid envelope protein translocon com-
plexes or the state of cytosolic targeting factors involved in
import. Evidence has been obtained for the operation of differ-
ent cytosolic targeting pathways of nucleus-encoded plastid
precursors involving 14-3-3, HSP70 and HSP90 proteins (May
and Soll 2000, Qbadou et al. 2006, Schemenewitz et al. 2007)
that could be prone to modifications in mutant oep16-16.

Mutant oep16-1;7 did not show a cell death phenotype. Even
without detectable levels of PORA, etiolated seedlings greened
normally. The level of Pchlide-F631 was drastically reduced in
this mutant as compared with wild-type seedlings. It has pre-
viously been shown by Lebedev et al. (1995) that greening in
the absence of PORA can occur via a pathway involving only
PORB. This pathway is likely to operate in line oep16-1;7.
Mutant oep16-1;8 is similar to the line isolated by Philippar
et al. (2007). It contained normal levels of PORA and wild-type
levels of Pchlide-F655. Upon illumination, etiolated oep16-1;8
mutant seedlings greened like the wild-type and without any
sign of photooxidative damage. It is likely that in this line an
additional suppressor mutation is present that affected the cell
death phenotype. DNA arrangements provoked by the inser-
tion and loss of multiple T-DNA copies (Latham et al. 2006)
may be the reason for the complex genetic background
observed in mutant oep16-1;8. The identity of these mutations
remains to be determined by map-based cloning and
whole-genome sequencing approaches.

FLU is an important regulator of Pchlide accumulation in A.
thaliana and other angiosperms (Meskauskiene et al. 2001, op
den Camp et al. 2004, Wagner et al. 2004, Danon et al. 2005).
Its absence causes cell death (Meskauskiene et al. 2001, op den
Camp et al. 2004, Wagner et al. 2004, Danon et al. 2005). To
what extent flu would be involved in controlling cell death in
mutants oep16-1;5 and 0ep16-1;6 was as yet undermined, and is
explored in the second part of the present study. flu plants
respond to non-permissive dark to light shifts with growth
arrest and/or cell death (Meskauskiene et al. 2001, op den
Camp et al. 2004, Wagner et al. 2004, Danon et al. 2005).
While etiolated oep16-1;5 and 0ep16-1;6 seedlings share similar
cell death symptoms with flu seedlings, no growth inhibition
was observed for mature green plants. In etiolated plants one
might attribute cell death to the cytotoxic effect of singlet
oxygen. This explanation, however, does not seem very likely
for light-adapted plants. A major clue for understanding the
differences in cell death regulation in oep16-1;6 and flu plants
was provided by the pulse labeling and polysome profiling
studies which revealed a lack of stress protein synthesis both
for etiolated and light-adapted o0ep16-1,6 plants after
non-permissive dark to light shifts. In either case, the normal
reprogramming of translation detected for flu plants and lead-
ing to stress protein synthesis was abrogated. Nevertheless, at
later stages of the singlet oxygen-dependent stress response,

protein synthesis declined to similar extents in flu and
0ep16-1;6 plants. In the flu orthologous mutant of barley, tigrina
d12, the same early as well as later effects on translation have
been observed as reported here for flu plants (Khandal et al.
2009). Our results show that both effects are separable, imply-
ing two different mechanisms of translational control in which
singlet oxygen is involved. The flu and oep16-1;6 plants, which
are virtually identical with regard to their phenotypic properties
(Pchlide overproduction and presence of PORA), therefore rep-
resent tools to explore these mechanisms.

Materials and Methods

Plant growth

Seeds of the oep16-1 mutant (At2g28900; SALK_024018) and
flu mutant (At3g14110; SALK_002383) were obtained from the
Salk Institute Genomic Analysis Laboratory collection (Alonso
et al. 2001) and germinated in the dark on half-strength MS—
agar medium containing or lacking 1% (w/v) sucrose. For com-
parison, the flu mutant isolated by Meskauskiene et al. (2001)
was used. After variable periods, the seedlings were exposed to
high light (125 uEm™2s ") or low light (25 pEm~>s™"). For
dark to light transfer and plastid isolation experiments, seeds
were sown on soil and cultivated in continuous white light for
appropriate periods.

Mutant identification

Previously described primer combinations (Philippar et al.
2007, Pollmann et al. 2007) were used to identify oep16-1
knock-out plants by PCR (Innis et al. 1990). High stringency
Southern hybridization was performed on DNA filters contain-
ing 10 pg of DNA that had been digested with Clal or BsrGl and
probes corresponding to either the ROK2 vector or the left
border (LB) and right border (RB) of the T-DNA (Sambrook
et al. 1989). LB and RB primer combinations were as follows:
NPTII-R2, 5-CAATATCACGGGTAGCCAAC-3'; NPII-F2, 5'-CG
GTTCTTTTTGTCAAGACC-3; LBGTT, 5-ACTTAATAACACAT
TGCGGACG-3; and LBGT2, 5-CTTAATCGCCTTGCAGCAC
ATC-3'.

Pigment fluorescence analyses

Fluorescence microscopy was performed using excitation fil-
ters from 400 to 450 nm and emission filters from 600 to
650 nm. Low temperature fluorescence measurements were
performed at 77K at an excitation wavelength of 440 nm
(spectrometer model LS50B, Perkin Elmer Corp.) (Lebedev
et al. 1995).

Seedling viability tests

Seedling viability was assessed by tetrazolium staining (Nortin
1966). Whereas vital seedlings show a strong red staining, dead
seedlings are unable to produce the dye and look whitish. For
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statistic assessment, pools of about 250 seeds were analyzed in
three independent experiments.

Singlet oxygen measurements

Singlet oxygen generation was measured with the DanePy
method (Hideg et al. 1998, Kalai et al. 2002). Fluorescence emis-
sion of DanePy was collected between 425 and 625 nm, using an
excitation wavelength of 330 nm (Life Sciences spectrometer,
model LS50 Perkin Elmer Corp.).

Protein import in vitro and in planta

Construction of chimeric precursors consisting of the
N-terminal targeting sequences of pPORA (transA) and
pPORB (transB) and GFP or mouse DHFR has been described
(Schemenewitz et al. 2007, Reinbothe et al. 2008). To study the
import in vivo, leaf pavement cells of A. thaliana were trans-
formed by ballistic bombardment according to Finer et al.
(1992), using a helium pressure of 6.5 bar, 12 cm target distance,
a disperse grid at 7cm and 1puM of gold microcarriers
(Bio-Rad). Transformed plantlets were kept under sterile con-
ditions for 24 h in darkness. Confocal laser scanning microscopy
was carried out using an LSM 510 Meta microscope (Zeiss) with
argon laser excitation at 488 nm. GFP and Chl were detected at
emission wavelengths of 505-530 and 650-750 nm, respective-
ly. LSM 510 Meta software release 3.2 (Zeiss) and Adobe
Photoshop 7 (Adobe Systems) were used for image acquisition
and processing, respectively.

In vitro import reactions were carried out using
cDNA-encoded, wheat germ-translated, urea-denatured
[**S]precursors produced by coupled transcription/translation
of the respective clones and Percoll/sucrose-purified chloro-
plasts from A. thaliana (Schemenewitz et al. 2007). Chemical
cross-linking of DTNB-derivatized [>*S]precursors was carried
out as described (Reinbothe et al. 2004b).

Protein analyses

Pulse labeling of protein was performed with [>*S]methionine
(37 TBq mmol ', Amersham-Pharmacia) for 2 h prior to seed-
ling harvest. Protein was extracted with 80% (v/v) acetone, and
protein pellets obtained after centrifugation were boiled for
5min in SDS sample buffer [2.9% SDS, 68 mM Tris—HCl, pH
6.8, 10% (v/v) glycerol, 0.1 M B-mercaptoethanol] (Laemmli
1970) (Fig. 7). Alternatively protein was extracted with buffer
A [50 mM Tris—HCl, pH 7.8, 25 mM KCl, 10 mM MgCl, TmM
phenylmethylsulfonyl fluoride, T mM NaF, 0.5% (v/v) mercap-
toethanol, 1% (v/v) Triton X-100, 250 mM sucrose] (Scharf and
Nover 1984) (Supplementary Fig. S3), followed by further hom-
ogenization in a Branson Sonifier (model B-12, microtip, 80 W,
1min) and precipitation with 5% (v/v) trichloroacetic acid
(Reinbothe et al. 1990). Protein that had been extracted with
acetone and boiled in SDS sample buffer was cleared by centri-
fugation and only the clear supernatant was used for SDS-
PAGE. Protein that had been extracted with buffer A and pre-
cipitated with trichloroacetic acid was washed with acetone,

OEP16-1 function in Arabidopsis

ethanol and ether, dried and resuspended in SDS sample buffer
(Laemmli 1970). SDS-PAGE was carried out on 10-20% poly-
acrylamide gradients (Scharf and Nover 1984). Isolation, frac-
tionation and analysis of polysomes and polysomal messengers
were conducted as described (Reinbothe et al. 1993).
Immunodetection was carried out using an enhanced chemi-
luminescence system (Amersham-Pharmacia) and the indi-
cated antisera (Towbin et al. 1979).

Supplementary data

Supplementary data are available at PCP online.
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Supplementary information
Supplementary figures

Fig. S1. Seedling viability as a function of seedling age and light conditions. A, Seedling viability as a
function of the light intensity, displayed for mutant oep/6-1;6, at high light (HL: 125 pE m™ sec) and
low light (LL: 25 pE m™ sec™) conditions. B, Comparison of seedling viability for mutants oepl6-1,5,
0epl6-1:6, oepl6-1;7 and oepl6-1;8 after a 4 h white light exposure to 125 uE m™ sec” or 25 pE m™
sec’. C, Seedling viability as a function of seedling age, illustrated for mutant oepl6-1;6. After
different periods of growth in darkness, seedlings were exposed to 125 pE m™ sec” for 24 h and the
percentage of greening seedlings was scored. Note the inverse correlation between hypocotyls length
(in mm) and cell viability (% viable seedlings) after the dark-to-light shift.

Fig. S2. In vitro-import of **S-transA-DHFR (A) and **S-transB-DHFR (B) into chloroplasts isolated
from the 4 different oepl6 mutants. Import was studied with Percoll/sucrose-purified chloroplasts that
had been fed 5-aminolevulinic acid (5-ALA) to induce intraplastidic Pchlide synthesis or mock-
incubated with phosphate buffer. All import assays were conducted in the dark for 15 min and
contained 2.5 mM Mg-ATP and 0.1 mM Mg-GTP. After import, the assays were treated with (+) or
without (-) thermolysin (Thl)(1). Protein was precipitated with trichloroacetic acid. After SDS-PAGE,
the gel was subjected to autoradiography. P and m define precursor and mature proteins. Note that a
fraction of **S-transA-DHFR is artificially processed at time point zero.

1. Cline, K., Werner-Washburne, M., Andrews, J., and Keegstra, K. (1984) Thermolysin is a suitable
protease for probing the surface of intact pea chloroplasts. Plant Physiol. 75, 675-678.

Fig.S3. Pattern of proteins translated in vitro (A) and in vivo (B) in etiolated wild-type (WT), oep16-
1,6 and flu seedlings after 2 h of illumination.

Fig.S4. Patterns of silver-stained total proteins in wild-type seedlings and seedlings of mutants oep16-
1;5, 0oepl6-1;6, oepl6-1;7 and oepl6-1;8 in the dark (0 h) and after 4 h and 24 h, respectively, of
exposure to white light of 125 pE m™ sec™.
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The outer plastid envelope protein OEP16-1 was previously
identified as an amino acid-selective channel protein and
translocation pore for NADPH:protochlorophyllide oxidore-
ductase A (PORA). Reverse genetic approaches used to dis-
sect these mutually not exclusive functions of OEP16-1 in
planta have led to descriptions of different phenotypes re-
sulting from the presence of several mutant lines in the
SALK_024018 seed stock. In addition to the T-DNA insertion
in the AtOEP16-1 gene, lines were purified that contain two
additional T-DNA insertions and as yet unidentified point
mutations. In a first attempt to resolve the genetic basis of
four different lines in the SALK_024018 seed stock, we used
genetic transformation with the OEP16-1 cDNA and segre-
gation analyses after crossing out presumed point muta-
tions. We show that AtOEP16-1 is involved in PORA
precursor import and by virtue of this activity confers
photoprotection onto etiolated seedlings during greening.

Keywords: Chlorophyll biosynthesis e Photooxidative
damage e Porphyrin-regulated plastid protein import e Singlet
oxygen.

Abbreviations: DHFR,  dihydrofolate  reductase; DTNB,
5,5'-dithiobis(2-nitro)benzoic acid; GFP, green fluorescent
protein; MS, Murashige and Skoog; Pchlide, protochlorophyl-
lide;, pPORA, NADPH:protochlorophyllide oxidoreductase A
precursor; TUNEL, deoxynucleotidyl transferase-mediated
dUTP nick end labeling; YFP, yellow fluorescent protein.

Introduction =

Plastids accomplish key metabolic functions in higher plants.
Because of their endosymbiotic origin, plastids are surrounded

by two envelope membranes, called the outer and inner enve-
lope, that are involved in the exchange of metabolites and the
uptake of cytosolic precursor proteins (Cavalier-Smith 2006).
Plastids need to import the majority of their protein constitu-
ents from the cytosol, requiring specialized protein translocon
complexes to operate in the outer and inner envelope mem-
branes, termed the TOC and TIC machinery (Bedard and Jarvis
2005, Hofmann and Theg 2005, Kessler and Schnell 2006).
Current concepts indicate that multiple versions of the TOC
and TIC machinery exist which differ by an interchange of com-
ponents, allowing the adjustment of precursor import in time
and space and according to the developmental and environ-
mental conditions (Jarvis et al. 1998, Bauer et al. 2000, lvanova
et al. 2004, Kubis et al. 2004). Bauer et al. (2000) reported on
different TOC receptor proteins designated TOC159, TOC132
and TOC120, sharing conserved acidic domains and transmem-
brane anchors but differing in the length of their cytosolically
exposed pre-sequence-binding domains. A large number of
cytosolic precursor proteins contain cleavable N-terminal tran-
sit sequences that are involved in the recognition and binding
as well as translocation of the precursors across the limiting
membranes of chloroplasts (Bedard and Jarvis 2005, Hofmann
and Theg 2005, Kessler and Schnell 2006).

Bauer et al. (2000) identified a mutant deficient in TOC159
that is impaired in the import of photosynthetic proteins
but not of non-photosynthetic proteins. Smith et al. (2004)
observed that transit peptide fusions consisting of the transit
peptide of NADPH:protochlorophyllide oxidoreductase A
(PORA) and a cytosolic dihydrofolate reductase (DHFR) report-
er protein of mouse was not precipitated in pull-down assays
using a soluble form of TOC159 whose transmembrane seg-
ments had been removed. This finding confirmed studies of
competition, antibody blocking and cross-linking which had

Plant Cell Physiol. 52(1): 96-111 (2011) doi:10.1093/pcp/pcq177, available online at www.pcp.oxfordjournals.org
© The Author 2010. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists.
All rights reserved. For permissions, please email: journals.permissions@oup.com
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revealed that the PORA precursor (pPORA) does not interact
with TOC75 during import (Reinbothe et al. 2000, Reinbothe
et al. 2004a, Reinbothe et al. 2004b). Instead, an ortholog of the
outer plastid envelope protein OEP16, originally discovered in
pea chloroplasts (Pohlmeyer et al. 1997), was isolated that
cross-linked pPORA and respective transA-DHFR fusions in
plastids of barley, wheat, pea and Arabidopsis thaliana
(Reinbothe et al. 2004a, Reinbothe et al. 2004b).

OEP16-1 from barley is closely related to OEP16-1 from pea
(PsOEP16) (62% sequence identity) and AtOEP16-1 from
A. thaliana (52% sequence identity) (Drea et al. 2006). In
A. thaliana a small gene family encodes three members, desig-
nated AtOEP16-1 (At2g28900), AtOEP16-2 (At4g16160) and
AtOEP16-4 (At3g62880) (Reinbothe et al. 2004b, Drea et al.
2006, Murcha et al. 2007). A fourth relative exists (AtOEP16-3;
encoded by At2g42210) that appears not to belong to this
group since its encoded product is localized in mitochondria
(Murcha et al. 2007).

Two non-exclusive functions have been indicated for the
OEP16-1 protein: (i) a voltage-gated, amino acid-selective chan-
nel (Pohlmeyer et al. 1997, Philippar et al. 2007) and (ii) a trans-
location pore for pPORA (Pollmann et al. 2007). Knock-out
mutants for AtOEP16-1 have provided different results
(Philippar et al. 2007, Pollmann et al. 2007). We found in an
AtOEP16-1 mutant with absence of OEP16 a lack of import of
pPORA, aberrant etioplast ultrastructures and the accumula-
tion of free, photoexcitable protochlorophyllide (Pchlide) mol-
ecules that triggered cell death upon irradiation of dark-grown
seedlings (Pollmann et al. 2007). In contrast, Philippar et al.
(2007) observed no import defects of pPORA, normal etioplast
ultrastructures and unimpaired greening in the mutant they
investigated. Based on these results, we (Samol et al. 2011) and
Pudelski et al. (2009) re-screened the original seed stock
SALK_024018. Pudelski et al. (2009) showed that two addition-
al T-DNA insertions and at least one point or footprint muta-
tion are present in mutants of the original seed stock
SALK_024018 (Alonso et al. 2003) that can affect the establish-
ment of the cell death phenotype. In our recent study (see
accompanying paper by Samol et al. 2011), pure lines of four
OEP16-deficient mutants with different cell death properties
were identified (Samol et al. 2011). All four mutants showed
only one T-DNA band on Southern blots (Samol et al. 2011).
Two of the mutants overproduced free Pchlide in the dark and
died after illumination (Samol et al. 2011). The other two mu-
tants avoided excess Pchlide accumulation and greened nor-
mally (Samol et al. 2011). One of these mutants, Atoep16-1;6,
imported pPORA by a pathway which did not permit PORA
to attain a functional state conferring photoprotection on
etiolated seedlings during greening, as concluded from low
temperature pigment fluorescence measurements and photo-
bleaching/seed viability tests (Samol et al. 2011). Mutant
Atoep16-1;6 was used in the present study to readdress our
previous results indicating that OEP16-1 is causally related
to the substrate-dependent plastid import of pPORA and
efficient seedling de-etiolation. We demonstrate that mutant

OEP16-1 and pPORA import

Atoep16-1;6 was restored to normal greening by transform-
ation introducing synthesis of OEP16-1 from its cDNA or
by cDNA encoding a fusion of OEP16-1 with green fluorescent
protein (GFP). GFP:OEP16-1 was localized to chloroplasts,
as demonstrated by confocal laser scanning microscopy. In
the generated transgenic lines, OEP16-1 operated in the
substrate-dependent import of pPORA. As a result, larger
PORA:PORB complexes and photoactive Pchlide were pro-
duced that allowed for efficient seedling de-etiolation.
Together, these results demonstrate a functional role for
AtOEP16-1 in pPORA import.

Results

Age-dependent expression of the cell death
phenotype in mutant Atoep16-1;6

Mutant F6-4a that was described by Pudelski et al. (2009) cor-
responds to mutant Atoep16-1,6 (Samol et al. 2011). Pudelski
et al. (2009) used young, 2.5-day-old seedlings to examine the
de-etiolation phenotype, i.e. the lack of greening and cell death.
Consistent with the results of Pudelski et al (2009) and Samol
et al. (2011), mutant Atoep16-1;6 showed strong red Pchlide
fluorescence in the dark (Fig. 1A). However, we noted that
pigment autofluorescence under our experimental conditions
appeared only after 3.5-4d of growth in darkness and was
hardly detectable under a fluorescence microscope after 2d
(Fig. 1A). Pchlide accumulated in a free, non-POR-bound
form and operated as a photosensitizer when the seedlings
were irradiated. This is evident from the correlation between
Pchlide accumulation and cell death during dark growth after
4-5d and subsequent illumination (Fig. 1C).

Developmental expression of OEP16-1 and PORA

Pudelski et al. (2009) have contested the role of OEP16-1 during
greening, using several different arguments. They argued, for
example, that there would be no sufficient overlap in the ex-
pression of OEP16-1 and PORA during seed germination. To
address this point, an antiserum was raised against bacterially
expressed and purified OEP16-1 protein (Supplementary
Fig. S1a, b) and tested for its reactivity with OEP16-1
and other plant proteins. The results summarized in
Supplementary Fig. S1c showed that one protein band was de-
tectable on Western blots of separated plastid proteins. When
time course experiments were conducted for 5-day-old, etiol-
ated seedlings that had been illuminated for variable periods,
the expression of OEP16-1 remained almost constant and
declined only transiently (Fig. 2B). These results were consist-
ent with our previous observation obtained by chemical
cross-linking in barley, demonstrating a light-dependent reduc-
tion in OEP16-1 expression during the transition of etioplasts to
chloroplasts (Reinbothe et al. 2004b). When the Western blots
were probed with antiserum against POR, three bands were
seen, of which the uppermost representing PORA declined in
irradiated seedlings (Fig. 2B). Thus, OEP16 and PORA are
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Days in darkness

Fig. 1 Photobleaching as a function of Pchlide overaccumulation in mutant Atoep16-1;6. Atoep16-1;6 (1;6) and wild-type (WT) seeds were
germinated for different periods in darkness (A and B) and subsequently exposed to strong white light (210 u.Em™2s™") for 24 h (C). (A) Red
Pchlide autofluorescence monitored under blue light (400-450 nm). (B) The same as in A, but showing the seedlings under normal daylight. (C)

Phenotypes after irradiating etiolated seedlings with white light for 24 h.

expressed simultaneously in etiolated seedlings, in line with the
proposed function of OEP16 in pPORA import.

Genetic complementation of mutant Atoep16-1;6

Gateway technology was used to assemble the following binary
T-DNA overexpression destination vectors (Invitrogen). OEP16
cDNA provided with the 35S cauliflower mosaic virus promoter
(35S::GFP:OEP16) was cloned into vector pB7WG2 containing
the Bar gene providing resistance to ammonium glufosinate.
For placement of the GFP sequence tag between the 35S pro-
moter and the N-terminus of OEP16, the vector pK7WGF2
containing the kanamycin resistance gene was used, while
fusion of the yellow fluorescent protein (YFP) sequence tag
to the C-terminus of OEP16 was carried out with vector
pB7YWG2.

The cloned vector DNAs were transformed into
Agrobacterium tumefaciens, strain GV3121, via electroporation.
The presence of the correct T-DNA was verified by PCR
(Innis et al. 1990), before proceeding with the in planta

transformation (Clough and Bent 1998). After transformation,
selection of the first, second and third generation of transgenic
plants (T;, T, and T5) was performed on media with kanamycin
(for plants containing 35S:GFP:OEP16) and with ammonium
glufosinate (for plants containing 35S:OEP16 and 35S:
OEP16::YFP).

Nine transgenic T5 lines were obtained with vector pB7WG2
containing 355:0EP16, and five of these showed rescue from
bleaching. Six transgenic lines resulted from transformation
with vector pK7WG2 containing 35S:GFP:OEP16. One
of these provided rescue from bleaching. Four transgenic
lines were obtained with plasmid pB7YWG2 containing
35S:0EP16:YFP, but none provided rescue from bleaching.

A compelling example of a successful complementation is
provided by line Atoep16-1;6:355:0EP16 E_6 which was com-
posed of 100% homozygous, herbicide-resistant plants
(Fig. 3b). After growth in the dark for 5d and subsequent
high light exposure (210 pMEm™?s™ ") for 24h, seedlings of
Atoep16-1;6:355:0EP16 E_6 looked like the wild type and
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A Days after sowing

0 1 2 3 4
_~ PORA

FFd B PORB
e -& OEP16-1

B lllumination

E E4L E12L E24L

T -/'3323
- “PORB
H OEP16-1

Fig. 2 OEP16-1 and POR expression during post-germination devel-
opment in the dark (A) and after subsequent irradiation (B). Seeds
were sown on agar medium containing 1% sucrose and germinated for
variable periods in darkness (A). In a parallel experiment, seedlings
were allowed to grow for 4.5d in the dark (E) before being exposed to
strong white light (210 tEm™2s™") for 4 h (E4L), 12 h (E12L) and 24 h
(E24L) (B). After extraction and resolution of total leaf protein on an
SDS-containing 10-20% polyacrylamide gel, OEP16-1 and POR expres-
sion was assessed by Western blotting using the respective monospe-
cific antisera. The three detected POR protein bands represent PORA,
PORB and PORC.

were fully viable (Fig. 3d). This result indicated that the intro-
duced AtOEP16-1 gene had restored normal greening. Indeed,
no red fluorescence indicative of the presence of free Pchlide
molecules was seen in etiolated Atoep16-1;6:355:0EP16 E_6
seedlings, but was easily detectable in seedlings of the
Atoep16-1,6 mother generation (Fig. 3c). Exposure of the
etiolated seedlings to white light for 48 h or longer periods
did not affect seedling viability (data not shown).
Immunoblotting proved the high expression level of
AtOEP16-1 protein (Fig. 3e).

Fig. 4 shows results obtained for line T3 Atoep16-1;6:
35S::GFP:OEP16 D_8 expressing the GFP:OEP16 fusion protein.
Similar to the results for Atoep16-1,6:35S::0EP16 E_6, both the
reduction of red Pchlide fluorescence during plant etiolation
(Fig. 4c) and normal green appearance without detectable
signs of photooxidative damage after illumination (Fig. 4d)
emphasized that the introduced transgene was active in restor-
ing normal greening. GFP fused to AtOEP16-1 at its N-terminus
thus did not affect the function of AtOEP16-1 in planta.

In contrast to these results, transformation of mutant
Atoep16-1;6 with the YFP fusion protein gene did not regener-
ate plants that were viable during de-etiolation (n = 4). In spite
of the presence of the AtOEP16-1 fusion protein in transformed
T5 Atoep16-1;6 mutant seedlings (Supplementary Fig. S2e), all
analyzed transgenic plants accumulated high levels of red-
fluorescing Pchlide and died after illumination, as did the

OEP16-1 and pPORA import PCP
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untransformed Atoep16-1;6 mutant (Supplementary Fig. S2c,
d). Together, these findings showed that AtOEP16-1 with the
YFP tag either could not enter the outer envelope of chloro-
plasts or attained a non-functional conformation with the
fusion to the YFP reporter protein.

Confocal laser scanning microscopy was used to study the
localization of the GFP-OEP16-1 and OEP16-1-YFP fusion pro-
teins in the regenerated transgenic lines. Fig. 5 depicts repre-
sentative images taken for line T3 Atoep16-1;6:355:GFP:OEP16
D_8. Clearly, GFP fluorescence in the 35S::GFP:OEP16 transfor-
mants co-localized with the red autofluorescence of Chl in
chloroplasts of mesophyll cells and guard cells of stomata
(Fig. 5a, b). This result is in accordance with previous localiza-
tion data of OEP16-1 (Pohlmeyer et al. 1997, Reinbothe et al.
2004a, Reinbothe et al. 2004b). In contrast, no chloroplast
import was detectable for transformants expressing OEP16-
1-YFP (Supplementary Fig. S2f).

In vitro import of transA—-DHFR into plastids of
line Atoep16-1;6:35S::0EP16 E_6

Fusion proteins consisting of the first 67 N-terminal amino
acids of the pPORA from barley (henceforth referred to as
transA) and the DHFR reporter protein of mouse were acti-
vated with Ellman’s reagent [5,5'-dithiobis(2-nitro)benzoic acid
(DTNB)] (Reinbothe et al. 2004b). Then the precursor was
imported into etioplasts or chloroplasts that had been isolated
from 5-day-old, dark-grown and light-grown Atoep16-1;6
mutant, Atoep16-1,6:355::0EP16 E_6 and wild-type seedlings,
respectively. Import was assessed under standard conditions
in assays containing 2.5mM Mg-ATP and 0.1mM Mg-GTP
(Reinbothe et al. 2005). Fig. 6 shows that mutant Atoep16-1;6
imported a fraction of DTNB-activated precursor into both
their etioplasts and chloroplasts. In either case, a fraction
of the precursor (31kDa) was shifted into a larger, 106 kDa
cross-linked product which cross-reacted with TOC75
(75 kDa) in pull-down assays (Supplementary Fig. S3). In plas-
tids from line Atoep16-1;6:355:0EP16 E_6, however, no 106 kDa
cross-linked product appeared and a smaller, 46 kDa product
was formed (Fig. 6). This cross-linked product consisted
of transA-DHFR and OEP16-1, as demonstrated by
co-immunoprecipitation experiments (Supplementary Fig.
S3). At time zero, some artificial processing occurred.
However, the greater proportion of mature protein (DHFR) in
etioplasts vs. chloroplasts in line Atoep16-1;6:355:0EP16 E_6
suggests that the introduced OEP16-1 had restored the
Pchlide-dependent import of transA—-DHFR. Pchlide needed
for the substrate-dependent import of transA—DHFR is present
only in etioplasts, while the pigment level in chloroplasts is
too low for the import step in vitro (Reinbothe et al. 19953,
Reinbothe et al. 1995b, Reinbothe et al. 1996). When import
assays were carried out for transB-DHFR, consisting of the
transit sequence of pPORB and the DHFR, no differences
were detectable for plastids isolated from mutant Atoep16-1;6
and line Atoep16-1;6:355:0EP16 E_6 (Supplementary Fig. S4).
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@

T3 0ep16-1;6

(c) 0ep16-1;6 35S::0EP16E_6

(e) wt 1,6 E_6

Transmission
light

Chl filter

Fig. 3 Genetic complementation of Atoep16-1;6 by 355:0EP16. (a) Structure of the generated 35S:0EP16 construct. (b) Selection of plants
corresponding to line T; Atoep16-1,6:355:0EP16 E_6 on MS medium containing ammonium glufosinate (BASTA, 5pgml™"). (c) Phenotypic
analysis of T; seedlings of Atoep16-1;6:355:0EP16 E_6 compared with mutant Atoep16-1;6 and the wild type after growth in darkness for 5d
without (c) or with (d) a subsequent exposure to strong white light (210 .E m™>s™") for 48 h. Note the strong Pchlide fluorescence in mutant
Atoep16-1;6 and the lack of such fluorescence in line Atoep16-1;6:355:0EP16 E_6 and the wild type. (e) Detection of AtOEP16-1 in line T;
Atoep16-1;6:355::0EP16 E_6 but not in untransformed Atoep16-1;6 seedlings by Western blotting. Total protein was extracted from mature, green
plants, separated on a 15% SDS—polyacrylamide gel and probed with an antibody that had been raised against the bacterially expressed and
purified AtOEP16-1 protein. The Coomassie stain (upper panel) and Western blot (lower panel) show leaf protein corresponding to 40 ug of

bovine serum albumin.

Low temperature fluorescence analysis of
pigments in line Atoep16-1;6:355::0EP16 E_6

On the basis of the results presented thus far it seemed likely
that re-expressing AtOEP16-1 in mutant Atoep16-1;6 restored
the Pchlide-dependent import of pPORA. As a result, PORA-
Pchlide b-NADPH complexes would be formed that could fur-
ther assemble with PORB-Pchlide a-NADPH complexes to
establish photoactive Pchlide in the prolamellar body of etio-
plasts (Reinbothe et al. 1999, Reinbothe et al. 2003, Buhr et al.
2008). Pchlide is normally present in two spectral pigment
forms in low temperature in planta fluorescence measure-
ments: Pchlide-F631 and Pchlide-F655 (Lebedev et al. 1995,
Lebedev and Timko 1998). Pchlide-F655 has been named
photoactive Pchlide because it can be converted to chlorophyl-
lide upon a Tms flash of white light (Lebedev et al. 1995,

Lebedev and Timko 1998); its establishment is an indicator
of the presence of functional PORA:PORB-pigment complexes
in the prolamellar body of etioplasts (Lebedev et al. 1995,
Lebedev and Timko 1998). These complexes dubbed LHPPs,
light-harvesting POR:Pchlide complexes, are involved in light
trapping and excess light energy dissipation during greening
(Reinbothe et al. 1999, Reinbothe et al. 2003, Buhr et al.
2008). Pchlide-F631, in contrast, is called photoinactive
Pchlide because it cannot be converted immediately to chlor-
ophyllide (Lebedev et al. 1995, Lebedev and Timko 1998).
Pchlide-F631 is a mixture of POR—pigment—NADPH ternary
complexes and free, non-POR bound Pchlide molecules
(Reinbothe et al. 1999, Reinbothe et al. 2003, Buhr et al. 2008).

In order to examine the functional state of PORA in planta,
low temperature fluorescence spectroscopy was carried out
according to standard procedures (Lebedev et al. 1995).
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oep16-1;6 35S::GFP::OEP16D_8
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Fig. 4 Genetic complementation of Atoep16-1,6 by 35S:GFP:OEP16. As in Fig. 3, but depicting the results obtained for line T;
Atoep16-1;6:355:GFP::OEP16 D_8 expressing the GFP:OEP16 fusion protein. (a) Structure of the generated construct. (b) Antibiotic resistance
of the produced T, line. Note that all of the generated plants are resistant to kanamycin sulfate (50 ig ml~"). (c and d) Phenotype of seedlings
after growth in darkness (c) and after exposure to strong white light (210 uE m™?s™") for 48 h (d). (e) Expression of GFP-OEP16-1 in total leaf
protein extracts. Note the molecular mass shift of OEP16-1 relative to the wild type for line T Atoep16-1;6:355:GFP:OEP16 D_8. Protein
equivalent to 40 g of bovine serum albumin was loaded per lane and the blot was probed with AtOEP16-1 antibody.

Fig. 7A shows that mutant oep16-1;6 contained large amounts
of photoinactive Pchlide-F631 but little photoactive Pchlide-
F655. In fact, only a shoulder appeared in the fluorescence
emission spectrum at around 650 nm. In line T3 Atoep16-1;6:
35S::0EP16 E_6 expressing OEP16-1, a substantial fraction of the
pre-existing Pchlide was shifted into the photoactive state,
establishing Pchlide-F655. When protein extracts were pre-
pared from detergent-solubilized prolamellar bodies of
isolated etioplasts and subjected to non-denaturing PAGE,
larger PORA:PORB complexes were detectable in line T;
Atoep16-1,6:355:0EP16 E_6, but not in the Atoepl6-1,6
mutant (Fig. 7B). This result indicates that OEP16-1 is involved
in pPORA import.

Cell death rescue in Atoep16-1;6:35S::0EP16 E_6

Three approaches were used to assess the mechanism of cell
death rescue in line Atoep16-1,6:355:0EP16 E_6. First, singlet
oxygen measurements were carried using the DanePy

method. The DanePy reagent is a dansyl-based singlet oxygen
sensor that undergoes quenching of its fluorescence upon
reacting with singlet oxygen (Hideg et al. 1998, Kalai et al.
2002). Fig. 8A shows the fluorescence emission spectra of
DanePy for mutant Atoep6-1;6, line Atoep16-1;6:355:0EP16
E_6 and wild-type seedlings. Confirming our previous observa-
tions (Samol et al. 2011), DanePy fluorescence quenching and
thus singlet oxygen production was readily detectable in seed-
lings of mutant Atoep6-1;6 that had been grown in the dark for
5d and illuminated for 30 min. In contrast, no comparable
fluorescence quenching and thus singlet oxygen evolution
was detectable for line Atoep16-1;6:355:0EP16 E_6 and the
wild type (Fig. 8A).

Secondly, we carried out terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL) meas-
urements (Gavrieli et al. 1992). This method permits detection
of the breakage of nuclear DNA that is a hallmark of cell death
and apoptosis in animals and plants. In addition, DNA

g
:
3
=
£
c
£
€
q
c
=
c
g
E
:
c
T
ks
C
=
c
>
2
c
c
£
c
=
£
=
o
8
Y
c
<
@
C
<
o
€
q
v
¢
c
Z
g
q
C
C
g
£
C
q
g
>
]
c
s
®

Plant Cell Physiol. 52(1): 96-111 (2011) doi:10.1093/pcp/pcq177 © The Author 2010.

255

101
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T3 Atoep16-1;6
35S::GFP::OEP16 D_8

TP::GFP (stroma)

35S::GFP (cytosol)

T3 Atoep16-1;6
" 35S::GFP::OEP16 D_8

. TP::GFP (stroma)

358S::GFP (cytosol)

Fig. 5 Cytolocalization of GFP in mutant Atoep16-1;6 transgenic for 35S:GFP::OEP16. Plants of line T; Atoep16-1,6:355:GFP::OEP16 D_8 were
grown for 14 d in continuous white light and the localization of the GFP reporter proteins was examined by confocal laser scanning microscopy.
(a and b) Co-localization of GFP and Chl fluorescences in guard cells of stomata (a) and in mesophyll cells (b) in plants of line T
Atoep16-1;6:355::GFP::OEP16 D_8. For imaging acquisition, GFP and Chl were excited at a wavelength of 488 nm, in combination with 493-
573 nm (GFP) and 650-800 nm (Chl) emission filters. As a negative control, transgenic plants expressing 355:GFP were used which showed
cytosolic and nuclear localizations of GFP. As a positive control, transgenic plants expressing a chimeric precursor consisting of the transit
peptide of the small subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase and GFP (TP:GFP) were used (kindly provided by Dr. Norbert
Rolland, CEA, Grenoble, France). In this case, almost all of the detected GFP fluorescence was found in the plastid compartment.

fragmentation was assessed by conventional agarose gel elec-
trophoresis and ethidium bromide staining. Fig. 8B showed
that while high molecular mass DNA accumulated in seedlings
of the wild type and line Atoep16-1;6:355:0EP16 E_6, seedlings
of mutant Atoep16-1;6 contained drastically reduced amounts
of higher molecular mass DNA and instead contained lower
mass DNA species. Similar to line Atoep16-1;6:35S5:0EP16 E_6,
the other analyzed transformed lines also contained increased
levels of uncleaved DNA (Fig. 8B).

Thirdly, we performed pulse labeling studies with
[**S]methionine. Singlet oxygen is a powerful cytotoxin and
potent signaling compound that causes changes in gene expres-
sion including effects on translation (Miller et al. 2007, Khandal
et al. 2009; summarized in Reinbothe et al. 2009). Confirming

previous results (Samol et al. 2011), protein synthesis was
hardly detectable in dark-grown Atoep16-1;6 mutant seedlings
after 24 h of illumination (Fig. 8C). However, protein synthesis
was unchanged in seedlings of line Atoep16-1;6:355:0EP16 E_6
and the wild type (Fig. 8C). Whereas mutant Atoep16-1;6 failed
to react to singlet oxygen with the synthesis of stress proteins,
the previously described flu mutant (Meskauskiene et al. 2001)
did so and translated key enzymes of jasmonic acid synthesis
such as allene oxide synthase (AOS) (Wasternack 2007; sum-
marized in Reinbothe et al. 2009) (Fig. 8d). flu is impaired in the
negative feedback loop inhibiting excess Pchlide accumulation
in the dark and suffers from photooxidative damage and even-
tually dies during greening (Meskauskiene et al. 2001, op den
Camp et al. 2004).
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Fig. 6 Cross-linking of DTNB-activated [*°S]transA-DHFR in etio-
plasts (EP) and chloroplasts (CP) isolated from mutant Atoep16-1,6
(1;6) and line T5 Atoep16-1;6:355:0EP16 E_6 (E_6). The autoradiogram
shows precursor (P) and mature (m) proteins as well as cross-linked
products of 47 and 106 kDa at time zero (0 min) and after 15 min of
import (15min). The 47kDa cross-linked product is caused by the
formation of a disulfide bond between transA—DHFR and OEP16-1;
this product is only detectable in plastids of line Atoep16-1;6:35S::
OEP16 E_6. The 106 kDa cross-linked product results from the forma-
tion of a disulfide bond between transA—-DHFR and TOC75; this prod-
uct is found for plastids from Atoep16-1,6 mutants.

Backcrosses of mutant Atoep16-1;6 with the
wild type

Mutant F6-4a studied by Pudelski et al. (2009) corresponds to
mutant Atoep16-1;6 (Samol et al. 2011) and contains only one
detectable T-DNA insertion (Pudelski et al. 2009, Samol et al.
2011). Pudelski et al. (2009) suggested that mutant F6-4a may
contain an additional point or footprint mutation that caused
the cell death phenotype. If this point mutation is unlinked to
the Atoep16-1;6 mutation, it should be separable by a backcross
with the wild type. In the F, of such a backcross, the plants
segregated in 40 wild-type seedlings, 89 seedlings with a weak
bleaching phenotype and 41 with a strong cell death pheno-
type. This fits to a monohybrid, semi-dominant expected ratio
of 42.5:85.0:42.5 (x*=021; P=0975) and excluded that
the second mutation present in mutant oep16-1;6 caused the
bleaching phenotype. The homozygous F, plants with the
strong bleaching phenotype lacked PORA (Fig. 9A) and con-
tained exclusively photoinactive Pchlide-F631 (Fig. 9B); they
may correspond to mutant oepT16-1;5. In fact, no seedlings
were obtained that were wild type with respect to the
OEP16-1 gene but showed the cell death phenotype. Thus,
the cell death phenotype in mutant oep16-1;5 is causally related
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Fig. 7 Presence of PORA:PORB supracomplexes in line Tj
Atoep16-1;6:355:0EP16 E_6. (A) Low temperature fluorescence ana-
lysis at 77K of pigments in 5-day-old, etiolated seedlings of mutant
Atoep16-1,6 (1;6), line Atoep16-1;6:355::0EP16 E_6 (E_6) and the wild
type (WT). Note the presence of photoactive Pchlide (Pchlide-F655) in
line Atoep16-1,6:355:0EP16 E_6 and its almost total absence in mutant
Atoep16-1;6. Spectral intensities refer to an equal cotyledon surface
area. (B) Non-denaturing PAGE to detect PORA:PORB supracom-
plexes in mutant Atoep16-1;6, line Atoep16-1,6:355::0EP16 E_6 and
the wild type.

to the import defect of pPORA, the lack of Pchlide sequestra-
tion and the production of singlet oxygen. Interestingly, a simi-
lar phenotype was observed for the porA knock-out mutant.
Furthermore, Lebedev et al. (1995) described that seedlings of
the det340 mutant of A. thaliana are extremely susceptible to
photooxidative damage and accumulate Chl only at extremely
low light intensities. Dark-grown seedlings of the det340 mutant
lack PORA (and photoactive Pchlide) due to the det mutation
(Lebedev et al. 1995).

To support further the conclusion that OEP16-1 is essential
for pPORA import, we generated transgenic plants expressing
pPORA-GFP fusion proteins consisting of the full-length PORA
precusor (pPORA) of A. thaliana (Armstrong et al. 1995) and
GFP. In four parallel batches, transgenic plants were generated
for the wild type, mutant Atoep16-1,6, line Atoep16-1;6:
35S:0EP16 E_6 and the backcross of mutant Atoep16-1,6, and
assessed for the presence of GFP fluorescence by confocal laser
scanning microscopy.

As shown in Fig. 10A, etioplasts of transgenic wild-type
plants synthesizing pPORA-GFP readily imported the chimeric
precursor protein. Similarly, the pPORA-GFP fusion protein
was imported into etioplasts of mutant Atoep16-1,6, although
the amount of the fluorescent protein per plastid seemed
reduced and some discontinuous distribution indicative of ag-
gregation of unimported precursor occurred (Fig. 10B). Line
Atoep16-1;6 transgenic for 35S:OEP16 E_6 and expressing
OEP16-1 imported pPORA-GFP into their plastids, and GFP
fluorescence was sharply focused in etioplasts (Fig. 10C).
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Fig. 8 Cell death rescue in line T; Atoep16-1,6:355:0EP16 E_6. (A) Singlet oxygen evolution in 5-day-old, etiolated seedlings of mutant
Atoep16-1;6 (1;6), line Atoep16-1;6:355:0EP16 E_6 (E_6) and the wild type (WT) after a 30 min white light exposure. The curves show
DanePy fluorescence emission spectra collected between 450 and 600 nm at an excitation wavelength of 331 nm. (B) DNA laddering in
mutant Atoep16-1;6, line Atoep16-1;6:355:0EP16 E_6 and the wild type after a 24 h white light exposure. For comparison, DNA laddering was
tested for two additional Atoep16-1;6:35S::0EP16-expressing lines, designated A_2 and Z_9. The last four lanes show a time course of DNA
degradation in mutant Atoep16-1;6. (C) Protein synthesis in etiolated seedlings of mutant Atoep16-7,6, lines Atoep16-1;6:355:0EP16 E_6, A_2 and
Z_9, as well as the wild type after a 24 h white light exposure. Total leaf protein was labeled with [**S]methionine for 2 h before seedling harvest.
After extraction and SDS-PAGE on a 15% polyacrylamide gel, **S-labeled proteins equivalent to 20 g of bovine serum albumin were detected by
autoradiography. For comparison, protein extracts were prepared form irradiated flu seedlings and processed identically. (D) Western blot
analysis to detect OEP16-1, allene oxide synthase (AOS) and the small subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (RBCS) in
etiolated seedlings of mutant Atoep16-1;6, lines Atoep16-1,6:355:0EP16 E_6, A_2 and Z_9, as well as the wild type and flu after a 24 h white light
exposure.

In contrast, no GFP fluorescence was detectable in plastids and
the precursor was most probably degraded in Atoep16-1,6
mutant plants backcrossed with the wild type and selected
for plants that were homozygous for the Atoep16-1 mutation.
This is illustrated for line Atoep16-1;,6 C_107 (Fig. 10D). That
the introduced transgene was expressed in line Atoep16-1;6
C_107 was proven by Western blotting using etioplast protein
extracts from seedlings in which degradation of pPORA-GFP
was inhibited by a protease inhibitor cocktail (Supplementary
Fig. S5). Together with the in vitro import and cross-linking
experiments, these results demonstrated that the ‘hidden’ mu-
tation present in Atoep16-1;6 caused the TOC75-dependent
import of pPORA-GFP and presumably also of pPORA in
planta. In contrast, crossing out this mutation rendered
import of pPPORA-GFP and pPORA OEP16-1 dependent, and,

therefore, import was undetectable in seedlings of line
Atoep16-1;6 C_107.

. . |
Discussion B

OEP16-1 was previously identified as partner of pPORA during
its Pchlide-dependent import into barley, wheat, pea and
Arabidopsis plastids (Reinbothe et al. 2004a, Reinbothe et al.
2004b, Pollmann et al. 2007). Reverse genetic approaches car-
ried out in two laboratories led to different results (Philippar
et al. 2007, Pollmann et al. 2007). Pudelski et al. (2009) recently
maintained that OEP16-1 in Arabidopsis is not involved in
pPORA import and seedling de-etiolation. Arguments for this
conclusion were (i) lack of overlap in the expression of OEP16-1
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Fig. 9 Phenotypes of homozygous F, seedlings from the cross of homozygous mutant Atoep16-1;6 with the wild type. (A) Western blot of PORA
and PORB in mutant Atoep16-1;6 and homozygous backcross plants (BC). For comparison, protein extracts were prepared from etiolated
seedlings of porA and porB knock-out plants. (B) Low temperature fluorescence spectrum of photoactive Pchlide-F655 and photoinactive
Pchlide-F631 in mutant Atoep16-1,6, and in homozygous backcross plants containing only photoinactive Pchlide-F631. (C) Phenotype of
wild-type, homozygous Atoep16-1;6 mutant and homozygous backcross seedlings after growth for 5d in either continuous white light (top)

or darkness (middle), and after 24 h of illumination with 210 pE m >

and PORA during seed germination and seedling growth in the
dark; (ii) lack of genetic complementation assays needed to
demonstrate a causal relationship between the absence of
AtOEP16-1, pPORA import, Pchlide sequestration and cell
death progression; and (iii) lack of co-segregation between
the AtOEP16-1 mutation and the cell death phenotype
(Pudelski et al. 2009). With the present study, answers are pro-
vided to all of these questions.

Overlapping developmental expression patterns of
OEP16-1 and PORA

We show that AtOEP16-1 expression is not confined to chloro-
plasts. With a monospecific antibody raised against the bacter-
ially expressed and purified AtOEP16-1 protein we demonstrate
that AtOEP16-1 is also abundant in etiolated plants and that
its expression transiently declines in illuminated seedlings.
Western blot analyses with POR antibody confirmed high
PORA protein levels in the dark and decreasing PORA protein
levels in illuminated seedlings. These results are in agreement
with previous findings (Armstrong et al. 1995, Reinbothe et al.
2004b) and support the conclusion that there is a significant
overlap in the expression of AtOEP16-1 and PORA. Recently, an
interesting observation was made for two barley mutants,
albina-e'® (alb-e’®) and alb-e'” (Campoli et al. 2009). Both of
them are disturbed in porphyrin biosynthesis although at dif-
ferent steps (a block of upstream Mg-protoporphyrin IX bio-
synthesis in alb-e’® and a block before chlorophyllide

! white light following dark growth (bottom).

biosynthesis in alb-e’’). In both mutants, the down-regulation
of PORA mRNA was associated with the up-regulation of
OEP16 mRNA (Campoli et al. 2009). This observation may sug-
gest a compensatory mechanism to avoid PORA deficiency
through higher import rates of the cytosolic precursor protein
into the plastids.

Essential role of OEP16-1 as assessed by genetic
transformation

Genetic transformation was used to explore whether or not a
causal relationship exists between the absence of AtOEP16-1,
pPORA import, Pchlide sequestration and cell death progres-
sion. Transformation of oep16-1;6 plants was carried out with
OEP16-1, GFP:OEP16-1 and OEP16-1::YFP transgenes driven by
the 35S cauliffiower mosaic virus promoter, using established
procedures. As demonstrated for numerous other transgenes,
plant transformation is a hazardous process that produces a
vast range of different insert lines. Depending on the site where
the foreign DNA has integrated into the genome, a large range
of different transgenic lines is normally obtained. These lines
differ with respect to the temporal and spatial pattern where
the transgene’s encoded product is expressed. For example,
some of the produced lines may exhibit transgene expression
that is too low to allow the detection of the encoded product.
In other cases, strong expression of the transgene may occur
but the encoded product may aggregate and thus not reach its
final destination, therefore not permitting restoration of the
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Fig. 10 In planta import of the pPORA-GFP fusion protein into plastids. Transgenic A. thaliana plants stably expressing pPORA-GFP under the
control of the 35S cauliflower mosaic virus promoter were generated and assessed by confocal laser scanning microscopy for import of
the introduced reporter protein. Images show GFP fluorescence in 5-day-old etiolated seedlings of the transgenic wild type (A), mutant
Atoep16-1,6 (B), line Atoep16-1,6:355:0EP16 E_6 expressing OEP16-1 (C) and the generated backcross of mutant Atoep16-1;6, designated

Atoep16-1,6 C_107 (D).

wild-type phenotype of the transformed mutant. Only in those
transgenic lines where an almost wild-type expression level of
the product of interest is found will restoration of the wild-type
phenotype occur. This would, however, require that the tran-
gene is expressed in the right developmental window and in the
correct tissue, two processes that may be prone to variations
from line to line. Even though the 35S promoter used in the
present study should drive strong constitutive overexpression
of the transgene, different lines were obtained, displaying sig-
nificant variations in the expression level of the OEP16-1,
GFP:OEP16-1 and OEP16-1:YFP transgenes. Nine transgenic
T; lines were obtained containing 35S:0EP16, of which five
showed rescue from photobleaching. In contrast, only one of
six T3 lines, 35S::GFP::OEP16, complemented the phenotype. In
the case of the T line 355::0EP16::YFP, none of the produced
lines could restore normal greening. Those lines that displayed a
cell death rescue showed normal greening and no longer died as
a result of Pchlide overaccumulation and excitation, triggering
the release of singlet oxygen. No red pigment fluorescence in-
dicative of the presence of free Pchlide molecules was detect-
able in etiolated (dark-grown) seedlings of the regenerated

transgenic plants. In line with this observation, low temperature
pigment measurements identified photoactive Pchlide F-655
that was restored in dark-grown seedlings. Moreover, confocal
laser scanning microscopy confirmed that the introduced
AtOEP16-1 protein was localized in chloroplasts. Non-
denaturing PAGE detected higher molecular mass PORA:
PORB complexes in the regenerated transgenic lines. Taken
together, these results show that synthesis of AtOEP16-1 pro-
tein from the transgene transformed into the mutant restored
pPORA import, Pchlide sequestration and greening.

A critical factor that may influence the capability of a trans-
gene to restore the wild-type phenotype of a given mutant (e.g.
0ep16-1;6) is the structure of the encoded protein. To establish
its functional state, the protein must fold correctly and attain
the natural conformation, thereby interacting with other cellu-
lar components, such as, for example, membrane lipids and
membrane proteins. In the case of OEP16-1, the protein
needs first to be directed to the respective target membrane,
i.e. the outer envelope membrane of the chloroplast, before it
can form cation-selective pores involved in amino acid and
polypeptide transport (Pohlmeyer et al. 1997, Steinkamp
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et al. 2000, Linke et al. 2004, Reinbothe et al. 2004b). OEP16-1 is
a transmembrane protein which is anchored to the membrane
presumably via four a-helices; its exact topology is very contro-
versially discussed (see Pohlmeyer et al. 1997, Steinkamp et al.
2000, Linke et al. 2004). OEP16-1 additionally interacts with the
other components of the Pchlide-dependent translocon com-
prising at least 10 different proteins to be operational in the
substrate-dependent import of pPORA (Reinbothe et al. 2004a,
Reinbothe et al. 2004b).

Whatever the exact insertion mechanism and topology of
OEP16-1 might be, it is obvious that the presence of the report-
er that was fused to the OEP16-1 protein affected the function-
ality of the resulting fusion protein. Any of the intermediate
steps in the long and complicated pathway of this transmem-
brane protein may be impaired in some of the regenerated
transgenic lines. For example, the folding of OEP16-1 may not
occur correctly in the case of the OEP16-1:YFP fusion protein.
On the other hand, the fusion protein may correctly fold but,
due to the presence of the bulky reporter, not be able to insert
properly into the outer chloroplast envelope membrane. Last,
but not least, the OEP16-1::YFP protein may correctly fold and
properly bind to the plastids but may not attain a functional,
pore-forming and interactive state in the outer envelope
membrane. In this case it could not be operational in the
Pchlide-dependent import pathway of pPORA. For all of
these reasons, the transgenic approach may have failed in the
case of the T3 355:OEP16:YFP lines. In the case of one of the
lines studied, T3 0ep16-1;6:355:0EP16:YFP G_4, we noted that
YFP fluorescence is detectable but not associated with chloro-
plasts, explaining why no cell death rescue occurred. In
contrast, we found that at least one out of six T3 lines,
0ep16-1;6:355:GFP::OEP16, expressed correctly folded and prop-
erly targeted as well as functional fusion protein, permitting the
Pchlide-dependent import of pPORA and thereby restoring
normal greening. Because five of the nine produced
0ep16-1;6:355::0EP16 lines were capable of restoring normal
greening we conclude that OEP16-1 is essential for pPORA
import, Pchlide sequestration and normal greening.

Evidence for the presence of additional mutations
in the SALK_024018 seed stock

Because of the existence of four different Atoep16-1 mutants
containing the same, single T-DNA insertion in the OEP16-1
gene, an additional mutation has been postulated to be present
in mutant Atoep16-1;6 (Samol et al. 2011), which corresponds
to the mutant F6-4a used by Pudelski et al. (2009). Pudelski
et al. (2009) discussed the possible presence of such a mutation
in the SALK_024018 seed stock but offered no explanation for
its role. Because mutant Atoep16-1;6 contains a single T-DNA
band of the expected size on Southern blots, we suggested that
the additional mutation is a point mutation left over after an
independent T-DNA insertion event followed by loss of the
T-DNA (Samol et al. 2011). Such effects have been reported
(Latham et al. 2006). Either cytosolic targeting factors operating

OEP16-1 and pPORA import

in the post-translational import of pPORA or the plastid
envelope protein translocon complexes themselves could be
affected in mutant Atoepl6-1,6, giving rise to TOC75-
dependent import. However, the imported and processed
enzyme did not assemble into larger complexes with PORB
and, thus, no photoactive Pchlide-F655 was formed.

Previous biochemical approaches have identified cytosolic
HSP70 and 14-3-3 proteins as key players for the targeting of
pPORA to different import pathways (Schemenwitz et al.
2007). A guidance complex was formed similar to the one re-
ported by May and Soll (2000). Binding of HSP70 and 14-3-3
proteins to the mature region of pPORA provoked a substrate-
independent import of pPORA in vitro (Schemenwitz et al.
2007). Also in vivo, such an import route was observed by
Kim and Apel (2004) in true leaves. Because no HSP70 and
14-3-3 protein complexes detectably bound to pPORA in pro-
tein extracts of etiolated seedlings (Schemenwitz et al. 2007),
an explanation was offered as to why the Pchlide dependency of
pPORA import is developmentally regulated and tied to seed-
ling growth in darkness (Kim and Apel 2004).

The existence of a third import pathway of pPORA can be
deduced from the results of the present study. We used
transA—DHFR to demonstrate substrate-independent import
of this model precursor into plastids isolated from mutant
Atoep16-1;6. Because transA—DHFR does not contain the
14-3-3 recognition motif present in the mature region of the
PORA, the import pathway followed in mutant Atoep16-1;6
must rely on factors other than HSP70 and 14-3-3 proteins
forming the guidance complex (May and Soll 2000,
Schemenwitz et al. 2008). Qbadou et al. (2006) provided evi-
dence for a HSP90-mediated pathway that could also be
involved in directing pPORA to the TOC and TIC import ma-
chinery in mutant Atoep16-1,6.

For at least two reasons it seems unlikely that the condition-
al cell death phenotype observed in mutant Atoep16-1;6 is
caused by the additional mutation. First, independent trans-
genic lines expressing OEP16-1 either alone or as a fusion with
GFP were obtained, which showed the same cell death rescue
and greened normally. During in planta transformation, the
generated vector DNA inserts randomly into the genome. It
is unlikely that different transformants integrated the T-DNA
at exactly the same site in the genome and that the additional
mutation was thereby disrupted. Secondly, our segregation ana-
lysis on backcrossed Atoep16-1;6 mutant plants did not provide
seedlings that were both homozygous for the Atoep16-1 muta-
tion and lacked the cell death phenotype. On the other hand,
no seedlings were obtained that were wild type for the
AtOEP16-1 gene but displayed the cell death phenotype.
Finally, the transformants obtained for the 355:OEP16::YFP con-
struct showed that insertion of the foreign DNA on the one
hand and expression of the OEP16 protein without its correct
localization (integration) in the plastid envelope membrane on
the other hand were insufficient to prevent cell death. It is likely
that the different position of the reporter in the OEP16-YFP
and GFP-OEP16 fusion proteins affected their folding pathways
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and topologies, leading to different plastid import properties.
On the basis of these and the aforementioned results, we con-
clude that AtOEP16-1 is involved in the Pchlide-dependent
import of pPORA into etioplasts. Due to the coupling of
pPORA import to Pchlide synthesis in the plastid envelope,
an efficient mechanism is established to sequester the pigment
in a protein-bound form and, thereby, avoid photooxidative
damage during subsequent greening.

Materials and methods 1

Plant growth

Mutant Atoep16-1;6 (At2g28900) has been isolated from
SALK_024018 (Alonso et al. 2003) as described (Samol et al.
2011). Seeds of homozygous plants were surface-sterilized and
germinated on agar medium containing half-strength
Murashige and Skoog (MS) medium in the dark (Samol et al.
2011). For standard cultivation, the medium contained add-
itionally 1% (w/v) sucrose. For photobleaching tests, media
lacked sucrose in most cases. After variable periods of cultiva-
tion, the seedlings were exposed to white light of the indicated
fluence rates of 210 HEm™2s™". For chloroplast isolation ex-
periments, seeds were sown on soil and cultivated in continu-
ous white light for appropriate periods.

Genetic complementation assay

DNA cloning was performed following Gateway Technology
(Invitrogen). cDNA for the AtOEP16-1 protein of A. thaliana
was integrated into the binary T-DNA destination vectors
pB7WG2, pK7WGF2 and pB7YWG?2 to generate the following
c¢DNA constructs: 355:OEP16, 35S:GFP:OEP16 and 35S:
OEP16:YFP. In the case of 355:OEP16::YFP, the stop codon of
the AtOEP16-1 cDNA was eliminated during PCR cloning using
appropriate primers (Innis et al. 1990). These different con-
structs were then used to transform Atoep16-1 mutant plants
by the floral dip method (Clough and Bent 1998). Plant trans-
formants were identified by PCR (Innis et al. 1990) and
Southern blotting (Sambrook et al. 1989), using appropriate
primers and probes, respectively.

Pigment fluorescence analyses

Low temperature fluorescence spectroscopy was performed at
77 K at an excitation wavelength of 440 nm and collecting fluor-
escence emission between 575 and 725nm (Lebedev et al.
1995) (spectrometer model LS50B, Perkin Elmer Corp.).
Fluorescence microscopy was carried out using an excitation
filter from 400 to 450 nm and an emission filter from 600 to
650 nm.

Seedling viability tests

Seedling viability was assessed by the previously described
greening test (Meskauskiene et al. 2001, Pollmann et al. 2007)
and confirmed by tetrazolium staining (Nortin 1966).

While viable seedlings exhibit a strong red staining, dead
seedlings are yellow to white. For statistic assessment, pools
of about 250 seeds were analyzed in three independent
experiments.

Singlet oxygen and TUNEL measurements

Singlet oxygen evolution was measured with the DanePy
method (Hideg et al. 1998, Kalai et al. 2002). Fluorescence emis-
sion of DanePy, which is quenched by singlet oxygen, was col-
lected between 425 and 625 nm, using an excitation wavelength
of 330 nm (Life Sciences spectrometer, model LS50 Perkin Elmer
Corp.). DNA laddering during cell death was followed by con-
ventional agarose gel electrophoresis and TUNEL (Gavrieli et al.
1992).

Protein import in vitro and in planta

Construction of chimeric precursors consisting of the
N-terminal targeting sequences of pPORA (transA) and
pPORB (transB) of barley and DHFR has been described
(Reinbothe et al. 1997, Reinbothe et al. 2000). In vitro import
reactions were carried out using wheat germ-translated,
urea-denatured [>*S]precursors produced by coupled transcrip-
tion/translation of the respective clones and Percoll/
sucrose-purified chloroplasts from A. thaliana (Schemenwitz
et al. 2007). Chemical cross-linking of DTNB-activated
[**S]precursors was conducted as described (Reinbothe et al.
2004b).

For studying import in vivo, transgenic lines stably express-
ing fusion proteins of the pPORA and pPORB of A. thaliana
(Armstrong et al. 1995) and the jellyfish GFP were produced.
Transformed plantlets were grown in the dark or with white
light under sterile conditions for appropriate periods and ana-
lyzed by confocal laser scanning microscopy (LSM 510 Meta
microscope, Zeiss), using argon laser excitation at 488 nm.
GFP and Chl were detected at emission wavelengths of 505—
530 and 650—750 nm, respectively. LSM 510 Meta software re-
lease 3.2 (Zeiss) and Adobe Photoshop 7 (Adobe Systems) were
used for image acquisition and processing, respectively.

Purification of bacterially expressed (His)e-
AtOEP16-1 protein and antibody production

The presence of codons for the N-terminal hexa-His tag in
pDEST™17 allowed the affinity purification of recombinant
fusion protein using Ni-NTA agarose chromatography. The pro-
cedure of batch purification under denaturing conditions was
adapted from the protocol of the QlAexpressionist (Qiagen).
Bacterial pellets of Escherichia coli strain BL21Al grown with
L-arabinose (to induce protein expression) for 4 h were lysed
in lysis buffer B (8 M urea, 0.1 M NaH,PO,, 0.01 M Tris—HCl, pH
8.0) using a French press. Cellular debris was removed by cen-
trifugation at 10,000 x g for 30 min. The cleared lysate was
mixed with 1 ml of suspension of 50% (w/v) Ni-NTA in buffer
B and incubated on a rotary shaker at 200 r.p.m. overnight at
4°C. After transfer into a Biorad minispin column, the Ni-NTA
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resin was washed twice with 4 ml of buffer C (8 M urea, 0.1 M
NaH,PO,, 0.01 M Tris—HCI, pH 6.3). Recombinant (His)s-OEP16
protein was eluted with 4x 0.5 ml of buffer D (8 M urea, 0.1 M
NaH,PO,, 0.01 M Tris—HCl, pH 5.9), followed by 4x 0.5 ml of
buffer E (8 M urea, 0.1 M NaH,PO,, 0.01 M Tris—HCl, pH 4.5).
The fractions eluted with buffer D and E were separated by
SDS-PAGE. Then, the polyacrylamide gel was stained with
Coomassie brilliant blue G250 to identify the recombinant
(His)s-AtOEP16-1 protein. A 2 mg aliquot of each of the recom-
binant, SDS-denatured and electrophoretically resolved,
Coomassie-stained proteins was used for the primary immun-
ization and subsequent boost injections of two independent
rabbits. Positive antisera were identified by enzyme-linked im-
munosorbent assays and conventional Western blotting using
SDS-PAGE-resolved recombinant and native protein (Towbin
et al. 1979).

Protein analyses

Protein was extracted and precipitated with trichloroacetic acid
and analyzed by SDS-PAGE on 10-20% gradients (Laemmli
1970). For resolution of POR-pigment complexes, etioplasts
were isolated from 4.5-day-old dark-grown plants and fractio-
nated into prolamellar bodies, envelopes and stroma
(Reinbothe et al. 2004a). Prolamellar body membranes were
subsequently solubilized with detergent and subjected to elec-
trophoresis on non-denaturing, analytical 7.5% polyacrylamide
gels (Buhr et al. 2008). POR—pigment complexes were detected
by their Pchlide autofluorescence under blue light and Western
blotting using POR antiserum, respectively (Towbin et al. 1979,
Buhr et al. 2008).

Segregation analyses

Reciprocal segregation analyses were carried out according to
standard procedures (Weigel and Glazebrook 2002). Anthers
were removed from the female parental flowers under a dis-
secting microscope, while the carpels were left intact. After
48h, a flower from the male parent was dissected, squeezed,
and the anthers were separated from the other flower organs
mechanically. F, seeds were collected after appropriate periods
following fertilization from independent plants.

Supplementary data

Supplementary data are available at PCP online.
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SI Figures

Fig. S1. Production of AtOEPl6-1-(His)¢ antibody.

a) Time course of expression of AtOEP16-1-(His)g 1in E.coli
strain BL21. All of the following operations were carried out
using a Qiagen Ni-NTA agarose chromatography kit. Bacteria
were grown in LB medium at 37°C with shaking until the ODgog 0.6
was obtained (tg). Then, L-arabinose was added to the culture
and expression of AtOEPl16-1-(His)s followed by Western blotting
using a anti-(His)g antibody (Qiagen). The image shows the
pattern of total Dbacterial proteins [separated into an
insoluble fraction (t,I, t4I) and a soluble fraction (t,, ti)
after harvesting the Dbacteria after 2 and 4 hours of the
induction] and after Western Dblot analysis using anti-(His)s
antibody. M refers to protein marker.

b) Purification of AtOEP16-1-(His)s by Ni-NTA chromatography.
The Coomassie stained gel shows proteins recovered from the
lysis extract (L), flow-through (F/L), and L1 and L2 as well
as D1-D4 wash fractions that were obtained according to the
manufacturer’s instructions. El1-E4 represents proteins eluted
from the Ni-NTA matrix with buffer E. For antibody production,
the pure AtOEPl6-1-(His)g was 1injected into rabbits and the
collected sera tested.

c) Specificity of the raised OEPl6-1 antibody. Plastids were
isolated from 5 d-old light-grown seedlings, fractionated into

mixed envelopes (ME), outer (OM) and inner envelope (IM)
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membranes, thylakoids (Thy) and stroma (Str). Protein was
extracted from each of these fractions, resolved by SDS-PAGE
and blotted onto a nitrocellulose membrane. The membrane then
was probed with antisera against the indicated marker

proteins.

Fig. S2. Lack of functional complementation 1in Atoeplé6-1;6
transformed with 35S::0EPl6: :YFP. As in Fig. 3, but
demonstrating that expression of 35S::0EP16::YFP (a and Db)
does not restore normal greening (c and d). Note that T3
Atoeplé-1;6 35S::0EP16::YFP G 4 seedlings overproduce free
Pchlide molecules in the dark (c¢) and die when irradiated (d).
OEP16-1-YFP expression was verified by Western blotting, using
40 npg of total 1leaf protein per lane and AtOEPl6-1-(His)g
antibody (e). Lane M shows molecular mass standards. (f)
Fluorescence analysis of YFP in line T3 35S::0EP16::YFP G 4.
Note the lack of co-localization of YFP and Chl fluorescences
in plastids. For collecting YFP fluorescence, excitation and
emission wavelengths of 514 nm and 520 nm - 550 nm,

respectively, were used.

Fig. S3. Identification of the crosslink products formed with
DTNB-derivatized °°S-transA-DHFR in chloroplasts isolated from
mutant Atoeplé-1;6 and line Atoepl6-1,;6 35S::0EP16 E 6. Import

reactions were carried out at the indicated Mg-GTP and Mg-ATP
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concentrations for 15 min in the dark. Then, an aliquot of the
high Mg-ATP-containing assays (lanes 3 and 7) was subjected to
co-immunoprecipitation with either AtOEP16-1-(His)g or TOC75
antibody (IP, lanes 4 and 8, respectively). The autoradiogram
shows precursor (P) and mature (m) proteins as well as
crosslink products of 47 kDa and 106 kDa at time zero (lanes 1

and 5) and after 15 min of import (lanes 2-4 as well as 6-8).

Fig. S4. Crosslinking of DTNB-activated °>°S-transB-DHFR in
etioplasts and chloroplasts isolated from mutant Atoeplé6-1,;6
and line Atoepl6-1,;6 35S::0EP16 E 6. The autoradiogram shows
the levels of precursor (P) and mature (m) proteins as well as
that of a unique 106 kDa crosslink product at time zero (O
min) and after 15 min of import (15 min). The 106 kDa
crosslink product represents transB-DHFR bound via a mixed
disulfide bond to TOC75, as demonstrated by co-
immunoprecipitation experiments using TOC75 antibody (data not

shown) .

Fig. S5. Expression analysis of pPORA-GFP in 5 d-old etiolated
seedlings of the wild-type, mutant Atoeplé6-1,6, line Atoeplb6-
1;6 35S::0EP16 E 6 expressing OEPl6-1, and the generated
backcross of mutant Atoeplé-1,;,6. Protein was isolated from
Percoll/sucrose-purified etioplasts after blocking the
degradation of pPORA-GFP with protease inhibitor cocktail (1).

Equal amounts, corresponding to 25 pg of bovine serum albumin,
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of etioplast protein were separated on a 15% polyacrylamide
midigel containing SDS. pPORA-GFP and PORA-GFP were detected

by Western blotting using anti-GFP antiserum.

1. Reinbothe, C., Apel, K., Reinbothe, S. (1995) - A 1light-
induced protease from barley plastids degrades NADPH:proto-
chlorophyllide oxidoreductase complexed with chlorophyllide.
Mol. Cell. Biol. 15: 6206-6212
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Résumé

Chez les angiospermes, 1’oxygene singulet est la forme majoritaire des especes réactives de 1’oxygene,
étant produite lors de la photosynthése. Son exceés provoque le dommage photooxidatif conduisant a la
mort cellulaire, observée chez les mutants affectés dans la voie de la biosynthése de la chlorophylle.
Dans ce travail, nous avons utilisé des mutants d’Arabidopsis thaliana qui manifestent le phénotype
conditionnel de la mort cellulaire, causée par I’absence d’une protéine de I’enveloppe externe des
plastes, OEP16-1. Cette protéine est impliquée dans le transport des amines, acides aminés et
¢galement dans Dlimport d’une enzyme clé de la synthése de la chlorophylle, NADPH:
Protochlorophyllide oxydoreductase A (PORA), dans les plastes. Une approche génétique inverse a
permis d’isoler et de caractériser quatre mutants indépendants Afoepl6-1, ayant différentes
combinaisons des propriétés de la mort cellulaire et de la présence/absence de la PORA. Deux des
mutants accumulent en excés de la protochlorophyllide libre (Pchlide) a I’obscurité et meurent apres
illumination. Dans ce cas, la Pchlide agit comme un photosensibilisateur déclenchant la production de
l'oxygene singulet. Les deux autres mutants évitent la surproduction de la Pchide et verdissent
normalement. En utilisant le mutant de ’orge, tigrina “’* comme référence, nous avons montré que la
mort cellulaire induite lors du photoblanchiment chez les mutants Atoep!6-1, intervient dans la voie
flu-indépendante. L’initiation de la traduction sur des ribosomes 80S, a été identifiée comme étant une
cible majeure de 1’oxygene singulet, au cours des premiéres heures du verdissement. Dans un stade
plus tardif, ’oxygéne singulet a provoqué la dissociation des ribosomes. Nous avons ainsi fourni des
preuves que les deux effets sur la traduction sont génétiquement liés et qu’ils peuvent étre ensuite
¢étudiés a 1’aide des mutants Atoep16-1 que nous avons isolé et du mutant flu, préalablement identifié.

Mots-clés: stress lumineux, 1‘oxygene singulet, protochlorophyllide, PORA, synthése des protéines,
photoblanchiment, mort cellulaire.

Abstract

In angiosperms, singlet oxygen is a prominent form of reactive oxygen species that is produced during
photosynthesis. Its excess causes photooxidative damage leading to cell death, demonstrated in
mutants impaired in the chlorophyll biosynthetic pathway. In the present work, we used mutants of
Arabidopsis thaliana that exhibit a conditional seedling lethal phenotype caused by the absence of the
outer plastid envelope protein, OEP16-1. This protein is involved in the transport of amines, amino
acids and is also implicated in the import of the key enzyme of chlorophyll synthesis, NADPH:
Protochlorophyllide oxydoreductase A (PORA), into the plastids. Using a reverse genetic approach,
four independent Afoepl6-1 mutants were isolated and characterized, with different combinations of
cell death properties and presence/absence of PORA. Two of the mutants overproduced free
protochlorophyllide (Pchlide) in the dark and died after illumination. Pchlide operated here as a
photosensitizer triggering singlet oxygen formation. The other two mutants avoided excess Pchlide
accumulation and greened normally. Using the mutant of barley, tigrina “? as reference, we show that
cell death induced in the photobleaching Afoepl6-1 mutants occurs in a flu-independent pathway.
Translation initiation at 80S ribosomes was identified to be a major target of singlet oxygen in the
early hours of greening. At a delayed stage, singlet oxygen caused ribosome dissociation. We provided
evidence that both effects on translation are genetically linked and they can be further studied using
the Atoep16-1 mutant that we isolated and the previously described flu mutant.

Keywords: light stress, singlet oxygen, protochlorophyllide, PORA, protein synthesis,
photobleaching, cell death.



