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ABSTRACT

Photosynthesis, the process in which carbon dioxide is converted into sugars using the
energy of sunlight, is vital for heterotrophic life on Earth. In plants, photosynthesis
takes place in specific organelles called chloroplasts. During chloroplast biogenesis,
light is a prerequisite for the development of functional photosynthetic structures. In
addition to photosynthesis, a number of other metabolic processes such as nitrogen
assimilation, the biosynthesis of fatty acids, amino acids, vitamins, and hormones are
localized to plant chloroplasts. The biosynthetic pathways in chloroplasts are tightly
regulated, and especially the reduction/oxidation (redox) signals play important roles in
controlling many developmental and metabolic processes in chloroplasts. Thioredoxins
are universal regulatory proteins that mediate redox signals in chloroplasts. They are
able to modify the structure and function of their target proteins by reduction of
disulfide bonds. Oxidized thioredoxins are restored via the action of thioredoxin
reductases. Two thioredoxin reductase systems exist in plant chloroplasts, the NADPH-
dependent thioredoxin reductase C (NTRC) and ferredoxin-thioredoxin reductase
(FTR). The ferredoxin-thioredoxin system that is linked to photosynthetic light
reactions is involved in light-activation of chloroplast proteins. NADPH can be
produced via both the photosynthetic electron transfer reactions in light, and in
darkness via the pentose phosphate pathway. These different pathways of NADPH
production enable the regulation of diverse metabolic pathways in chloroplasts by the
NADPH-dependent thioredoxin system.

In this thesis, the role of NADPH-dependent thioredoxin system in the redox-control of
chloroplast development and metabolism was studied by characterization of
Arabidopsis thaliana T-DNA insertion lines of NTRC gene (ntrc) and by identification
of chloroplast proteins regulated by NTRC. The ntrc plants showed the strongest
visible phenotypes when grown under short 8-h photoperiod. This indicates that i)
chloroplast NADPH-dependent thioredoxin system is non-redundant to ferredoxin-
thioredoxin system and that ii) NTRC particularly controls the chloroplast processes
that are easily imbalanced in daily light/dark rhythms with short day and long night. I
identified four processes and the redox-regulated proteins therein that are potentially
regulated by NTRC; 1) chloroplast development, ii) starch biosynthesis, iii) aromatic
amino acid biosynthesis and iv) detoxification of H,0,. Such regulation can be
achieved directly by modulating the redox state of intramolecular or intermolecular
disulfide bridges of enzymes, or by protecting enzymes from oxidation in conjunction
with 2-cysteine peroxiredoxins. This thesis work also demonstrated that the enzymatic
antioxidant systems in chloroplasts, ascorbate peroxidases, superoxide dismutase and
NTRC-dependent 2-cysteine peroxiredoxins are tightly linked up to prevent the
detrimental accumulation of reactive oxygen species in plants.
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“There is a theory which states that if ever anyone discovers
exactly what the Universe is for and why it is here,

it will instantly disappear and be replaced by something
even more bizarre and inexplicable.

There is another theory which states that this has already happened.”

Douglas Adams: The Restaurant at the End of the Universe (1980)
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1. Introduction

Chloroplasts arose approximately 1.5 billion years ago when a free-living autotrophic
bacterium, an ancestor of present-day cyanobacterium was engulfed by a
mitochondrion-containing eukayotic host cell and became an endosymbiont. This event
provided mutual benefit for both partners; bacterium occupied an untapped niche and
the host received nutrients such as reduced carbon (Glynn, et al., 2007). Since its
origin, the chloroplast has become fully integrated to the life cycle of photosynthetic
eukaryotes, being essential to the plants themselves but also enabling the existence of
heterotrophic life on Earth.

1.1. Chloroplasts in plants

Chloroplasts (Figure 1) are flat disc-shaped organelles, surrounded by an envelope that
consists of an outer and inner lipid membrane. Between these two layers is the
intermembrane space. Inside the chloroplast, the third membrane system, thylakoids,
appear individually as stroma thylakoids or form stacked grana structures. Thylakoids
of a single chloroplast form a three-dimensional interconnected network, enclosing a
space called lumen (Mustardy and Garab, 2003). The chloroplast content outside the
thylakoids, the stroma, corresponds to the cytosol of the original endosymbiotic
bacterium, containing one or more molecules of circular DNA as well as ribosomes,
proteins, metabolites and temporary starch granules. A typical Arabidopsis thaliana
(Arabidopsis) leaf cell contains over 100 chloroplasts.

Figure 1. Outline of the
chloroplast ultrastructure. 1. outer
membrane, 2. intermembrane
space, 3. inner membrane
(14+2+3 : envelope), 4. stroma, 5.
thylakoid membrane 6. thylakoid
lumen (inside of thylakoid), 7.
stroma thylakoid, 8. granum
(stack of thylakoids)

The size of plastidial DNA (plastome) is significantly smaller than the cyanobacterial
genome; chloroplast genome encodes 50-200 proteins (Martin, 2003), whereas the
genome of a cyanobacterium Synechocystis theoretically encodes more than 3600
proteins (Battchikova, et al., 2010). During the course of evolution, genes have been
transferred from chloroplast to nucleus where they can be regulated in an integrated
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manner (Martin and Herrmann, 1998). Some genes are still retained in chloroplasts,
most probably because the expression of those genes is required to be directly and
efficiently regulated by the factors present in chloroplast (Allen, et al., 2005).

1.2. Photosynthesis and other metabolic reactions in chloroplasts

The chloroplasts’ ability to perform photosynthesis, the conversion of carbon dioxide
into organic compounds using the energy of sunlight, is vital for life on Earth. Sugars
produced by photosynthesis provide nourishment, either directly or indirectly, to nearly
all life forms and the oxygen released in the process as a side product maintains the
oxygen level in the atmosphere and enables the living of aerobic life forms.
Photosynthesis consists of two distinct phases that both occur inside the chloroplast,
yet in different compartments. The light-dependent reactions take place in thylakoid
membranes, in which light energy drives electron flow between a series of multi-
subunit protein complexes, eventually generating ATP and reducing equivalents. This
chemical energy is then spent in the stroma by Calvin-Benson cycle to fix CO, into
energy-rich sugar phosphates. Sugar phosphates are then exported to the cytosol or
stored in the chloroplast as starch.

1.2.1. Photosynthetic light reactions

In plants, the photosynthetic light-induced electron transfer reactions are carried out by
two physically separated, thylakoid-membrane-bound multi-subunit protein complexes,
photosystem I and II (PSI and PSII) in addition to cytochrome b6f (Cyt b6f) complex,
ATP synthase and mobile electron carriers. The electron transfer reactions begin when
a photon of visible light is absorbed by the reaction center chlorophyll molecule in PSII
and in PSI (Figure 2). The reaction center pigments of photosystems are able to absorb
photons directly, but light is also absorbed by the light-harvesting complex, a set of
photosynthetic pigments outside the reaction centers of each photosystem. Light-
harvesting complex functions as a solar collector that feeds light energy through
resonance energy transfer to the reaction center chlorophyll molecules at photosystems.
The absorbed energy boosts the PSII reaction center pigment P680 to an excited state
P680* which rapidly transfers an electron to a nearby pheophytin, a PSII-bound
pigment. The electron flows from pheophytin via PSII-bound plastoquinones Q4 and
Qg to plastoquinone (PQ) pool, mobile electron carriers that pass electrons to Cyt b6f
complex. When P680* delivers an electron, P680" is formed. It is a very strong oxidant
capable of extracting electrons from water molecules bound at the manganese cluster in
oxygen evolving complex (OEC), which results in splitting water to protons and
oxygen.
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Figure 2. Schematic diagram of linear electron transfer reactions in oxygenic photosynthesis.
See text for details.

Electrons from the Cyt b¢f complex are transferred to PSI by plastocyanin (PC),
another mobile electron carrier. Before an electron can be accepted by PSI reaction
center pigment P700, another photon of light is needed to excite P700 to P700*. When
P700* releases its electron to the primary electron acceptor of PSI, P700" accepts the
electron delivered by PC and returns to the ground state. The electrons are finally
accepted by ferredoxin (Fd) which then reduces NADP' to NADPH with the help of
ferredoxin-NADP" oxidoreductase (FNR). Both the proton translocation coupled to
electron transfer and the release of protons by the water oxidation reaction contribute
to the electrochemical gradient across the thylakoid membrane that drives the synthesis
of ATP by ATP synthase. ATP and NADPH are used in the Calvin-Benson cycle in the
stroma to fix CO, to carbohydrates.

1.2.2. Calvin-Benson cycle and other metabolic pathways in chloroplasts

The reactions in Calvin-Benson cycle catalyze the fixation of carbon dioxide
and the reduction of sugars in three stages: (i) the incorporation of a CO;
molecule into ribulose 1,5-bisphosphate to form two molecules of 3-
phosphoglycerate (PGA) in the reaction catalyzed by Rubisco; (ii) the reduction
of PGA to glyceraldehyde 3-phosphate (G3P) that is used to form hexose
sugars; and (iii) the transformation of five of the six G3P into three ribulose
1,5-bisphosphates to replace the ones that initiated the cycle (Figure 3).
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Figure 3. Carbon assimilated via Calvin-Benson cycle is partitioned into fraction retained in
chloroplast for starch synthesis and a fraction exported to the cytosol for sucrose synthesis.
RuBP, ribulose 1,5-bisphosphate; PGA, 3-phosphoglycerate; G3P, glyceraldehyde 3-phosphate;
Fru6P, fructose 6-phosphate; Glc6P, glucose 6-phosphate; GlclP, glucose 1-phosphate;
AGPase, ADP-glucose pyrophosphorylase; ADPGlc, ADP-glucose; PP;, pyrophosphate; P;
inorganic phosphate; UDPGlc, UDP-glucose; TP/P; translocator, triose phosphate/P;
translocator.

Photoassimilated carbon, in the form of G3P, is converted into hexose phosphates that
serve as precursors for the synthesis of starch and sucrose. Starch is synthesized within
the stroma of chloroplasts (recently reviewed by Zeeman, et al., 2007 and 2010). In the
key step of starch synthesis, glucose 1-phosphate is activated with ATP in a reaction
catalyzed by ADP-glucose pyrophosphorylase (AGPase) to yield ADP-glucose and
pyrophosphate that is hydrolyzed to two inorganic phosphate groups (P;) by alkaline
pyrophosphatase. ADP-glucose then transfers the glucosyl group to the nonreducing
end of a starch molecule (Figure 3). The P; released in the synthesis of starch operates
as a regulatory link between light reactions and carbon reactions since it is consumed
in the synthesis of ATP in the light reactions. Starch is the major storage form of
chemical energy in most plants. It is transiently stored in chloroplasts and degraded
during dark periods to provide sugars for metabolism and growth throughout the night.
Starch degradation begins with the reversible phosphorylation of starch granules by
glucan, water dikinase (GWD) and phosphoglucan phosphatase (DSP4). Soluble



Introduction 13

glucans are then released from the starch granule by amylases and converted to glucose
and maltose that are exported from the chloroplast to the cytosol (Zeeman, et al.,
2010).

Sucrose is the transport form of carbohydrates in plants and in contrast to starch,
sucrose is synthesized in the cytosol. G3P is transported to cytosol via triose
phosphate/P; translocator that regulates the competing processes, the synthesis of starch
and sucrose in mesophyll cells. When the cytosolic P; concentration is high, G3P is
exported to cytosol and converted to sucrose. When the cytosolic P; concentration is
low, starch synthesis is activated inside the chloroplasts (Figure 3).

In the sucrose synthesis glucose 1-phosphate is activated with UTP to form UDP-
glucose, which then transfers a glucosyl group to fructose 6-phosphate to form sucrose
6-phosphate. Hydrolysis of sucrose 6-phosphate by sucrose phosphatase yields sucrose
(Figure 3).

Besides photosynthesis a number of other metabolic processes are localized to
chloroplasts in plants. Nitrogen assimilation, the biosynthesis of fatty acids, amino
acids, vitamins, purines, hormones and heme take place in chloroplasts (Galili, 2002;
Weber and Flugge, 2002; Boldt and Zrenner, 2003; Lunn, 2007; Tanaka and Tanaka,
2006). These pathways are not necessarily confined exclusively to chloroplasts as part
of them is also, partially or alternatively conducted in the cytosol and in the
mitochondria. Thus the pathways in different cellular compartments need to be linked
together, which is usually attained by integral membrane translocator proteins that
transfer intermediate metabolites. The transported metabolites also act as signals that
provide information of metabolic conditions in the originating compartment (Lunn,
2007).

1.3. Regulatory and antioxidant redox-systems in chloroplast

Chloroplasts contain numerous redox-active components that function in electron
transfer reactions, as oxidants or as specific regulators of other molecules. The redox
compounds in chloroplasts may also participate in signaling cascades that control
metabolic reactions, gene transcription and translation not only in the chloroplast but
via retrograde signaling in the nucleus as well. The redox-active compounds in
chloroplasts include photosynthetic electron transport chain components in thylakoid
membranes and electron-flow-dependent soluble components such as ROS,
thioredoxins and glutaredoxins as well as antioxidants. In this chapter the redox
compounds related to this thesis work, thioredoxins, ROS and antioxidative enzymes,
are introduced.
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1.3.1. Thioredoxin systems

Thioredoxins (Trxs) are small proteins with the conserved amino acid sequence of
WCG/PPC that has thiol:disulfide oxidoreductase activity. These regulatory proteins
have a low redox potential (between -285 and -350 mV) that gives them strong
reductive properties (Gelhaye, et al., 2005). In the reduced state, Trxs are able to
reduce the disulfide bridges formed between redox-active cysteines in the Trx target
proteins. Subsequently, the oxidized Trxs are reduced by thioredoxin reductases,
forming together the so-called thioredoxin system. In contrast to non-photosynthetic
organisms, plants contain a particularly large number of Trx isoforms in several
cellular compartments, including the cytosol, nucleus, mitochondria and chloroplasts.
In Arabidopsis, 42 genes coding for Trx and Trx-like sequences have been identified
(Table 1; Meyer, et al., 2008; Chibani, et al., 2009; Arsova, et al., 2010), and many of
these proteins are located in the chloroplasts or at least predicted to be imported into
the chloroplasts. Chloroplasts contain f-, m-, x-, y-, z- type Trxs and a drought-induced
stress protein (CDSP)32; A-type Trxs are present both in cytosol and mitochondria, and
o-type Trxs are present only in mitochondria. The crystal structures of -, m- and A-type
Trxs and their target proteins have been resolved (Chiadmi, et al., 1999; Johansson, et
al., 1999; Capitani, et al., 2000; Fermani, et al., 2001; Falini, et al., 2003; Coudevylle,
et al., 2005; Peterson, et al., 2005; Maeda, et al., 2010) whereas even the function of
other Trxs, especially that of the Trx-like proteins is yet fairly unknown. The reasons
for the high number of Trxs in plants compared to other living organisms are still
unclear. It has been suggested to be related to the increased generation of ROS during
photosynthesis and also to genome duplications in terrestrial plants (Meyer, et al.,
2008).

Oxidized Trxs become reduced via the action of thioredoxin reductases. Cytosolic and
mitochondrial Trxs in plants are reduced by NADPH-dependent thioredoxin reductases
(NTRs) whereas the reduction of Trxs in chloroplasts is accomplished via the action of
two systems, NADPH-dependent thioredoxin reductase C (NTRC) and ferredoxin-
thioredoxin reductase (FTR). Arabidopsis has three genes encoding the isoforms of
NTRs. Two isoforms, NTRA and NTRB are localized both in cytosol and
mitochondria and constitute the Trx-reduction system in those cellular compartments
(Serrato, et al., 2004). NTRC is a 55-kDa fusion protein localized to chloroplasts
(Serrato, et al., 2004). It consists of two domains, a thioredoxin reductase domain in
the N-terminus and a Trx domain in the C-terminus (Figure 4, Serrato, et al., 2004) that
is missing from other NTR isoforms (Serrato, et al., 2004). Both NTRC domains
possess a redox-active cysteine pair.
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Table 1. Thioredoxins in Arabidopsis. From Meyer et al. (2008).

Thioredoxin type

AGI ID

Common name

Subcellular localization in

Arabidopsis

F AT3G02730 fl Chloroplast
AT5G16400 2 Chloroplast

M AT1G03680 ml Chloroplast
AT4G03520 m2 Chloroplast
AT2G15570 m3 Chloroplast
AT3G15360 m4 Chloroplast

X AT1G50320 X Chloroplast

Y AT1G76760 yl Chloroplast
AT1G43560 y2 Chloroplast

V4 AT3G06730 z Chloroplast

CDSP32 AT1G76080 CDSP32 Chloroplast

HCF164 AT4G37200 HCF164 Chloroplast

WCRKC AT5G06690 WCRKCI Chloroplast (homology)
AT5G04260 WCRKC2 Chloroplast (homology)

Lilium AT1G08570 Liliuml Chloroplast (homology)
AT4G29670 Lilium2 Chloroplast (homology)
AT5G61440 Lilium3 Chloroplast (homology)
AT2G33270 Lilium4 Chloroplast (homology)
AT1G07700 Lilium5 Chloroplast (homology)

o AT2G35010 ol Mitochondria
AT1G31020 02 ?

h subtype I AT3G51030 hl Cytosol
AT5G42980 h3 Cytosol
AT1G19730 h4 Cytosol
AT1G45145 h5 Cytosol

h subtype II AT5G39950 h2 Cytosol
AT1G59730 h7 Cytosol (homology)
AT1G69880 h8 Cytosol (homology)

h subtype 111 AT2G40790 CxxSl1 Cytosol (homology)
AT3G08710 h9 Cytosol (homology)
AT1G11530 CxxS2 Cytosol (homology)
AT3G56420 CxxC2 Cytosol (homology)

WCGVC AT3G53220 WCGVC Cytosol (homology)

Cf-6 Interacting AT3G06730 CI ?

Clot TRP14 AT5G42850 Clot Cytosol (homology)

TDX AT3G17880 TDX Cytosol/nucleus

Nucleoredoxin AT1G60420 Nucleorl Nucleus (homology)
AT4G31240 Nucleor2 Nucleus (homology)

Picot AT4G04950 Picotl Cytosol (homology)
AT4G32580 Picot2 Cytosol (homology)

TARWCGPC AT1G52990 TARWCGPC Secretion (homology)

NTRC AT2G41680 NTRC Chloroplast
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Figure 4. Schematic model of NTRC domains and the reaction mechanism. NTR, NADPH-
dependent thioredoxin reductase domain containing binding sites for NADPH and FAD; Trx,
thioredoxin domain; CAIC and CGPS, redox-active sites of NTR domain and Trx domain,
respectively. Arrows represent electron transfer routes; see text for details.

Several NTR crystal structures have been resolved; most of them are bacterial enzymes
(Kuriyan, et al., 1991; Lennon, et al., 1999 and 2000; Waksman, et al., 1994; Akif, et
al., 2005; Hernandez, et al., 2008; Ruggiero, et al., 2009), but also two structures for
plant enzymes, Arabidopsis NTRB (Dai, et al., 1996) and HvNTR2 from barley
(Kirkensgaard, et al., 2009) have been published. Based on those structures, a model
for NTRC reaction mechanism has been proposed (Perez-Ruiz and Cejudo, 2009).
According to this model, NTRC functions as a homodimer. Both subunits are able to
transfer electrons from NADPH to FAD bound to NTR domain, and from FAD to the
adjacent redox-active disulphide in the NTR domain (Figure 4). From the NTR domain
of one subunit, electrons are then transferred via inter-subunit reaction to the redox-
active site of Trx domain of the other subunit. The Trx domain is then capable of
reducing its target proteins (Figure 4). As NADPH can also be produced during the
dark period via the action of pentose phosphate pathway (Neuhaus and Emes, 2000), it
is suggested that NADPH-dependent reduction of thioredoxins play an important role
in plant chloroplasts during the night or under low light, when the level of reduced
ferredoxin is low (Perez-Ruiz, et al., 2006).

Another plastidial thioredoxin reductase, FTR has been intensively studied since its
discovery in the 1970’s (Wolosiuk and Buchanan, 1978). FTR uses ferredoxin, reduced
by electrons transported through the photosystems during photosynthesis, as an
electron donor, thereby converting a light-activated electron signal to thiol signal. FTR
in higher plants is an af-heterodimer encoded by the nuclear genes. FTR is comprised
of a 13-kDa large catalytic subunit containing both a [4Fe-4S] cluster and a proximal
redox-active disulfide, and a 8-12 kDa variable subunit (Schiirmann and Jacquot, 2000;
Schiirmann and Buchanan, 2008). FTR is a versatile enzyme regarding its reactivity as
it efficiently reduces f~ and m-type Trxs (Schiirmann and Buchanan, 2008). Specificity
arises from the interaction between Trxs and target enzyme. Trx f functions primarily
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in the activation of enzymes in photosynthetic metabolism like Calvin-Benson cycle
enzymes (reviewed by Schiirmann and Buchanan, 2008), Rubisco activase (Zhang and
Portis, 1999) and ATP synthase (Schwarz, et al., 1997; Stumpp, et al., 1999). These
enzymes interact less efficiently with Trx m. NADP-malate dehydrogenase was
originally considered to be specifically activated by Trx m, but was later shown to be
even more efficiently activated by Trx ' (Hodges, et al., 1994; Geck, et al., 1996). Both
Trx fand Trx m are also active in enzyme deactivation (Schiirmann and Buchanan,
2008). For example, the STN7 protein kinase that phosphorylates thylakoid light-
harvesting proteins loses its activity after treatment with Trx fand Trx m (Rintamaiki, et
al., 2000).

The development of proteomic approaches during recent years has allowed the
identification of numerous proteins linked to thioredoxins. In addition to
photosynthesis, thioredoxins appear to play important roles in a number of
physiological processes in plants, including housekeeping metabolism, development
and abiotic and biotic stress defense mechanisms (Montrichard, et al., 2009). However,
although thioredoxins are well characterized in the control of photosynthesis (reviewed
by Schiirmann and Buchanan, 2008), the functions of many newly identified
thioredoxin target proteins still remain to be explored.

1.3.2. Reactive oxygen species in chloroplast

Photosynthesis produces intermediates with extreme redox potentials: PSI generates a
strong reductant capable of reducing NADP" and PSII reduces the electron donors to
PSI and generates a very strong oxidant capable of oxidizing water to molecular
oxygen. These basic photosynthetic reactions pose a significant risk for electron
transfer to oxygen in chloroplast. Such reactions are harmful to the organism since
oxygen can be considered as a double-edged molecular sward as it plays two different
roles in biological systems; it is vital for aerobic metabolism but at the same time the
reduction of molecular oxygen may result in formation of reactive oxygen species
(ROS) that can harm the constituents of the cells and ultimately even cause a cell
death.

The PSI and PSII complexes in thylakoid membranes are indeed the major generation
sites of ROS in chloroplasts. Photoreduction of oxygen to hydrogen peroxide (H,0,) in
PSI was discovered over 50 years ago by (Mehler, 1951). The primary step in this
reaction generates superoxide radical (O,7), and its spontaneous or enzymatic
disproportionation produces hydrogen peroxide (H,O,) and O, (Figure 5; Asada, et al.,
1974). On the other hand, in PSII, oxygen of the ground (triplet) state (*0,) may be
excited to singlet state ('O,) by the triplet state of excited chlorophyll (Telfer, et al.,
1994; Hideg, et al., 1998; Krieger-Liszkay, 2005). The production of ROS in light is
largely affected by physiological and environmental factors; the rate is enhanced under
conditions where electron transport chain is overreduced, that is when light absorbed
exceeds the dissipation and utilization capacity of light energy in photosynthesis (Li, et
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al., 2009). Due to the high reactivity of ROS they pose a continuous threat to cellular
constituents for uncontrolled oxidation of lipids, nucleic acids and amino acids.

Singlet Superoxide
oxygen Oxygen radical Peroxide ion
1 e - e 2-
Oz B oz - Oz o Oz
H* 2H*
: Fe®* :
HO, H,0, — = OH
Fenton reaction
Perhydroxyl Hydrogen Hydroxyl
radical peroxide radical

Figure 5. Generation of different forms of ROS from oxygen. See text for details. Figure drawn
according to Gill and Tuteja (2010).

H,0, is a moderately reactive form of oxygen. It is not a free radical and therefore less
reactive and longer-lived compound than superoxide anion. On the other hand, due to
its lower reactivity compared to other ROS, H,O, can diffuse out of the chloroplasts
and within and between cells and act beyond the generation site (Mubarakshina, et al.,
2010). In principle, H,O, is relatively stable in the absence of transition metals.
However, with molecules containing Fe*" or other transition metals, hydroxyl radicals
can be formed from H,0, via Fenton reaction (Figure 5; reviewed by Blokhina et al.,
2003). Hydroxyl radical is highly toxic ROS that can potentially react with all
important biological molecules including DNA, proteins and lipids (Gill and Tuteja,
2010).

1.3.3. Detoxification of reactive oxygen species

To minimize the potentially hazardous reactions initiated by ROS, plants have evolved
an extensive antioxidant defence system with low-molecular mass non-enzymatic
antioxidants such as ascorbate, glutathione, tocopherols, carotenoids and phenolic
compounds, and antioxidant enzymes that respond to redox imbalances (Mittler, et al.,
2004). Under physiological steady state conditions plants typically maintain ROS at
low levels, but in the induction of photo-oxidative stress both the production of ROS
and the pool sizes of low-molecular mass antioxidants and antioxidant enzymes
increase (Foyer, et al., 1997). In contrast to most organisms, plants have multiple
genes encoding for antioxidant enzymes. Different isoforms are specifically targeted to
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chloroplasts, mitochondria, peroxisomes, as well as to the cytosol and apoplast (Apel
and Hirt, 2004; Mittler, et al., 2004).

Detoxification of superoxide anions and H,O, in chloroplasts is catalyzed by four
antioxidant enzyme systems presented in Figure 6. Superoxide anions produced by PSI
are rapidly dismutated to H,O, either spontaneously or by superoxide dismutases
(SODs) (Foyer et al 1997; Asada, 1999) (Figure 6A). Subsequently, H,O, is converted
to water by ascorbate peroxidases (APXs) and ascorbate, by peroxiredoxins (Prxs) and
thioredoxins, or by glutathione peroxidase (GPX) cycle (Foyer, et al., 1997; Asada,
1999; Mittler, 2002; Rouhier and Jacquot, 2002).

A) Superoxide dismutase:

~ soD
OZ HZOZ

B) | Ascorbate-Glutathione cycle:

APX
H,O, + Ascorbate —— H,O + Monodehydroascorbate (MDA)

MDAR
MDA + NAD(P)H ——> Ascorbate + NAD(P)*

DHAR
Dehydroascorbate + GSH —> Ascorbate + GSSG

GR
GSSG + NAD(P)H —> GSH + NAD(P)H

) Peroxiredoxins:

PRX
HZO2 + Trxred —_— HZO + Trxax

D)| Glutathione peroxidase cycle:

GPX
H,0,+ GSH —> H,0 + GSSG

GR
GSSG + NAD(P)H ——> GSH + NAD(P)*

Figure 6. Overview of the enzymatic ROS scavenging reactions by SODs (A), APXs (B), Prxs
(C) and GPXs (D) in chloroplasts. See text for details.

APXs are haem-binding enzymes that reduce H,O, with ascorbate as an electron donor.
Plants contain five APX isoenzymes in different cellular compartments. Two
chloroplastic isoforms, a 38 kDa thylakoid-bound APX (tAPX) and a 33 kDa stromal
APX (sAPX), which is dually targeted also to mitochondria, are both encoded by a
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single nuclear gene in Arabidopsis. 25 kDa APX1 and APX2 are located in the
cytoplasm and a 31 kDa APX3 has been found in peroxisomes and oilseed
glyoxysomes. In the first APX-catalyzed step of ascorbate-glutahione cycle (Figure
6B), H,0, is reduced to water with electrons from ascorbate which is oxidized into
monodehydroascorbate (MDA). In the second step, MDA reductase (MDAR) reduces
MDA into ascorbate with the help of NAD(P)H. MDA can also become oxidized
spontaneously to dehydroascorbate (DHA) that is reduced to ascorbate by DHA
reductase (DHAR) or by glutaredoxins with the help of GSH that is oxidized to GSSG.
The cycle closes with glutathione reductase (GR) that rereduces GSSG back into GSH
with NADPH (Asada, 1999).

Prxs form a large group of 17-22 kDa enzymes which contain a conserved cysteine in
the N-terminus of a protein that is responsible for peroxidase activity (Rouhier and
Jacquot, 2002). In Arabidopsis, four Prxs are found in chloroplasts, 2-cysteine (2-Cys)
Prxs A and B, PrxQ and PrxIIE. Like APXs, Prxs rely on external electron donor in
order to reduce H,O, to water (Figure 6C). A regular electron donor for chloroplastic
Prx isoforms is a reduced thioredoxin (Rouhier and Jacquot, 2002), which is oxidized
in the reaction and then needs to be re-reduced by thioredoxin reductase.

The GPX cycle converts H,O, into water using reducing equivalents from glutathione
(GSH) (Figure 6D) (Ursini, et al., 1995) or thioredoxins (Herbette, et al., 2002; Jung, et
al., 2002). Oxidized GSSG is again converted into GSH by glutathione reductase with
NADPH as a reducing agent.

1.4. Chloroplast biogenesis

Chloroplast biogenesis in higher plants is defined here as a process in which
chloroplasts develop from proplastids, small precursor organelles that lack organized
internal membranes and are primarily present in meristematic cells. As meristematic
cells differentiate to leaf mesophyll cells, proplastids differentiate into chloroplasts
(Vothknecht and Westhoff, 2001). In young, developing leaves the conversion of
proplastids to chloroplasts can occur directly or indirectly via etioplast and etio-
chloroplast stages (Figure 7). Direct transformation of proplastids to chloroplasts
requires high light intensity, while etioplasts and etio-chloroplasts are developed under
darkness and also under low light and natural light-dark cycles (Solymosi and Schoefs,
2010). In contrast to proplastids, etioplasts contain an inner membrane system which is
organized in highly regular paracrystalline structures called prolamellar bodies (PLBs),
several proteins involved in photosynthesis (Blomqvist, et al., 2008; Kanervo, et al.,
2008) and protochlorophyllide, a precursor for chlorophyll (Schoefs and Franck, 2003).
Under natural light-dark cycles PLBs appear during dark periods and disappear in the
beginning of the light period (Solymosi and Schoefs, 2010). PLB membranes are
precursors for thylakoid membranes that are formed during greening when etioplasts
are converted to chloroplasts.
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During the conversion of proplastids into chloroplasts, the plastid volume increases up
to 100-fold (Gutierrez-Nava, et al., 2004). Plastids also need to increase their number
by binary fission as their ‘host’ cells expand. The total volume of chloroplasts in cell
and the size of mesophyll cell are strictly controlled in plant species (Pyke, 1999) but
the regulation mechanisms are still fairly unknown. Plastid division requires the
operation of several plastid division proteins (recently reviewed by Miyagishima and
Kabeya, 2010). FtsZ proteins self-assemble beneath the inner envelope membrane to
form the core ring structure (Z-ring) on which other division components assemble.
The correct position of the Z-ring in the middle of the chloroplast is determined by a
complex of Min proteins and ARC3 which is localized in the ends of chloroplast thus
preventing the assembly of the Z-ring at incorrect position (Maple and Mgller, 2007).

chioroplast proplastid etioplast
= _ N o _ ///:7 \\\\\\ ‘ ) :/,/ \\Hl / \;Zj\:\
‘ 6. \

etio-chloroplast

Figure 7. Different pathways for chloroplast development. Under low light intensities and
under natural light-dark cycles, proplastids differentiate to etio-chloroplasts (1.) before
conversion to chloroplasts (2.). This route is reversible during the dark periods until
chloroplasts are fully maturated (3.). The proplastids of seedlings germinating in the absence of
light differentiate into etioplasts (4.). When provided with light, etioplasts are transformed into
chloroplasts via the etio-chloroplast stage (5. and 2.). Under high light intensities, proplastids
differentiate directly to chloroplasts (6.). Figure drawn according to Solymosi and Schoefs
(2010).
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Division and expansion of chloroplasts also require active synthesis of membranes in
chloroplasts. New thylakoid membranes are formed from lipids that are either derived
from precursors assembled de novo in the plastid or imported from the endoplasmic
reticulum (Benning, 2009). Thylakoid membranes are constructed via an orchestrated
process in which membrane lipids, proteins and pigments are assembled into
functional, three-dimensional structures (Vothknecht and Westhoff, 2001). Since
relatively small number of genes resides in chloroplasts, the majority of plastid
proteins are encoded in the nucleus, translated in the cytosol and imported into
chloroplasts. Chloroplast multiprotein complexes such as ribosomes and photosystems
are patchworks of subunits encoded by both chloroplast and nuclear genomes. In order
to attain functional thylakoid membranes, biosynthesis and import of these components
must be well-balanced. Mutations that interfere with the synthesis of major protein
components of thylakoid membranes, e.g. major subunits of photosystems (Meurer, et
al., 1998; Baena-Gonzalez, et al., 2003; Ido, et al., 2009), protein import apparatus
(Bauer, et al., 2000) or pigment biosynthesis (Falbel and Stachelin, 1994; Masuda, et
al., 2003) may cause defects in thylakoid formation. Furthermore, specific chloroplast
proteins involved in thylakoid formation have been recently identified. THYLAKOID
FORMATION 1 (THF1) was shown to control an important step required for the
normal organization of membrane vesicles into mature thylakoid stacks (Gao, et al.,
2006), and loss of FZO-LIKE (FZL) protein function resulted in altered chloroplast
and thylakoid morphology in Arabidopsis (Wang, et al., 2004). Also VESICLE
INDUCING PLASTID PROTEIN 1 (VIPP1) has been suggested to be important for
thylakoid membrane formation, since mutant plants with greatly reduced expression of
vippl gene show inhibited chloroplast vesicle transport and probably therefore have
lost the ability to build up a proper thylakoid membrane system (Kroll, et al., 2001;
Aseeva, et al., 2007).

1.4.1. Chlorophyll biosynthesis

Chlorophyll, the green pigment, is vital for photosynthesis as it absorbs light energy
and directs the light energy towards photosystems. In plants, chlorophyll biosynthesis
takes place in chloroplasts, and all participating enzymes are encoded by the nucleus.
Chlorophyll biosynthesis (reviewed by Mochizuki et al., 2010) starts with the
formation of 5-aminolevulinic acid (ALA) from glutamyl-tRNA®" by glutamyl-tRNA
reductase (HEMA1) and glutamate 1-semialdehyde aminotransferase (Figure 8). Eight
molecules of ALA are then assembled via three enzymatic steps into uroporphyrinogen
III, which can continue in the chlorophyll biosynthesis pathway or be converted to
siroheme, the prosthetic group for both nitrite and sulfite reductases in plants. In the
subsequent step of chlorophyll biosynthesis, uroporphyrinogen I1I is decarboxylated to
form protoporphyrinogen IX, which is further oxidized to protoporphyrin IX.
Protoporphyrin IX can be converted to heme via insertion of Fe*" or to chlorophyll via
insertion of Mg*", thus being the second branchpoint of the pathway. In the chlorophyll
branch, insertion of Mg®" is catalyzed by Mg-chelatase, a multi-subunit protein
complex. Mg-protoporphyrin IX is then modified to Mg-protoporphyrin monomethyl
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ester by Mg-protoporphyrin IX methyltransferase (CHLM), and in subsequent step
catalyzed by Mg-protoporphyrin monomethylester cyclase (CRD1) to form
protochlorophyllide which is then reduced to chlorophyllide a. The reaction of
protochlorophyllide reduction to chlorophyllide, mediated by
NADPH:protochlorophyllide oxidoreductase (POR), is catalyzed by the energy of
light. Chlorophyllide « is esterified with a phytol chain to give chlorophyll a, some of
which is reversibly converted to chlorophyll .
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Figure 8. Schematic illustration of the chlorophyll biosynthesis pathway. HEMA, glutamyl-
tRNA reductase; GSA, glutamate-1-semialdehyde 2,1-aminomutase; ALADS-aminolevulinate
dehydratase; PBGD, porphobilinogen deaminase; UROS, uroporphyrinogen III synthase;
UROD, uroporphyrinogen III decarboxylase; CPO, coproporphyrinogen III oxidase; PPO,
protoporphyrinogen IX oxidase; GUN4, regulator of Mg-chelatase; CHLD, Mg-chelatase D-
subunit; CHLI, Mg-chelatase I-subunit; CHLH, Mg-chelatase H-subunit; CHLM, Mg-
protoporphyrin IX methyltransferase; CRD1, Mg-protoporphyrin IX monomethylester cyclase;
POR, NADPH:protochlorophyllide oxidoreductase; DVR, divinyl-protochlorophyllide
reductase; CHLG, chlorophyll synthase; CAO, chlorophyllide a oxygenase. Figure drawn
according to Mochizuki et al. (2010).
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The enzymes of the chlorophyll biosynthesis pathway from glutamyl-tRNA to
protoporphyrinogen are localized in chloroplast stroma (Joyard, et al., 2009).
Subsequent enzymes from protoporphyrinogen oxidase through to POR are associated
with both chloroplast envelope and thylakoid membranes. However, the localization of
Mg-chelatase is puzzling, since GUN4 and different subunits of Mg-chelatase have
been found in both soluble and membrane-containing fractions of purified chloroplast
(Guo, et al., 1998; Nakayama, et al., 1998; Larkin, et al., 2003; Joyard, et al., 2009)
CHLI is localized in the stroma and CHLD has been suggested to be localized
predominantly in stroma but to some extent in thylakoid membranes as well (Guo, et
al., 1998; Joyard, et al., 2009). CHLH is localized in both stroma and envelope
membranes (Nakayama, et al., 1998). Moreover, Mg-chelatase has been reported to
respond to Mg>" concentration and to associate with envelope membranes when Mg**
concentration is high but to dissociate from membranes when Mg*" concentration
decreases (Guo, et al., 1998; Nakayama, et al., 1998). Of the enzymes catalyzing the
final steps of chlorophyll biosynthesis, chlorophyll synthase is localized in thylakoid
membranes (Joyard, et al., 2009) but chlorophyllide a oxygenase (CAQ) has been
suggested to be present in envelope membranes (Eggink, et al., 2004).

Chlorophyll molecules that are not properly assembled to protein complexes are able to
direct the light energy to unappropriate targets, such as molecular oxygen, which
results in the formation of ROS that can harm the cell constituents. Since chlorophyll is
synthesized in particularly large amounts during chloroplast biogenesis it is clear that
chlorophyll biosynthesis is tightly regulated. The regulation is achieved by strong
transcriptional control of specific genes together with post-translational regulation in
chloroplasts which allow rapid changes in the flow rate of the pathway. HEMAI,
CHLH, CRDI and CAO have been demonstrated to comprise a group of genes that
strongly respond to light and circadian signals (Matsumoto, et al., 2004). The rate-
limiting step in the pathway is the activity of glutamyl-tRNA reductase and the
synthesis of ALA, which is feedback-inhibited by the accumulation of the end products
of both heme branch and chlorophyll branch. Feedback-inhibition of HEMAI1 in
response to accumulation of protochlorophyllide in the chlorophyll branch is achieved
via activation of FLU that suppresses the activity of HEMA1 (Meskauskiene, et al.,
2001; Goslings, et al.,, 2004). CHLI, one of the three subunits of Mg-chelatase
(Ikegami, et al., 2007), has been identified as a target for thioredoxin-dependent
regulation. Also the activity of CAO is modified post-translationally as it is
destabilized in response to accumulation of chlorophyll 4 (Yamasato, et al., 2005).

1.5. Regulation of chloroplast biogenesis and acclimation to environmental
cues

The chloroplast differentiation process is modulated by environmental cues, of which
the most important is light, and it depends on coordinated action of nuclear and
organellar gene expression. To sense light, plants use a range of different



Introduction 25

photoreceptors that cover a broad spectrum of light signals. Sensitivity to red and far-
red light is mediated by phytochromes, the family of which contains five proteins
(phyA-phyE) in Arabidopsis. Two of these, phyA and phyB, are particularly important
during de-etiolation, the conversion of an etioplast to chloroplast (Reed, et al., 1994;
Mazzella, et al., 2001). Blue light is sensed by cryptochromes (cryl and cry2 in
Arabidopsis; Cashmore, et al., 1999), of which cry 1 has a dominant role during de-
etiolation under blue light (Mazzella, et al., 2001).

1.5.1. Anterograde signaling

Since chloroplast biogenesis is tightly bound to the development of its ‘host’ cell and
largely dependent on the import of nuclear-encoded proteins, communication between
nucleus and chloroplast is required in order to adjust gene expression in both
compartments to ensure co-regulation of genes whose products function together.
Anterograde (nucleus-to-organelle) mechanisms coordinate gene expression in
organelles in response to endogenous and environmental signals perceived by the
nucleus. Nuclear-encoded proteins primarily control the gene expression in the
plastids, mostly by post-transcriptional mechanisms (Woodson and Chory, 2008), but
also chloroplast division and differentiation are dependent on nuclear-encoded
proteins. Chloroplasts of higher plants contain two RNA polymerases, nuclear-encoded
one (NEP) and plastid-encoded one (PEP) whose activity is, however, fine-tuned by
nuclear-encoded sigma factors (Maliga, 1998). The two RNA polymerases and
different nuclear-encoded sigma factors are essential during different stages of
Arabidopsis development (Kanamaru and Tanaka, 2004). It is assumed that NEP and
PEP act sequentially during the chloroplast development: NEP is active in proplastids
transcribing housekeeping genes, and PEP initiates the transcription of photosynthesis-
related genes and takes over the transcription of housekeeping genes in developing
chloroplasts (Maliga, 1998). Of the 6 Arabidopsis nuclear-encoded sigma factors, SIG2
is essential for chloroplast development as it has a role in transcription of glutamate-
specific tRNA gene. Thus SIG2 has the potential for controlling the flux of glutamyl-
tRNA for both protein synthesis and chlorophyll synthesis in chloroplasts. SIGS5
instead responses to various stress conditions and contributes to the repair of the
damaged PSII reaction center proteins (Kanamaru and Tanaka, 2004).

1.5.2. Chloroplast-to-nucleus retrograde signaling

In order to maintain mature chloroplasts optimally functional, chloroplast operations
need to be adjusted according to the environmental cues. Changes in the light
conditions result in changes in the photosynthetic flux, and damage of chloroplasts by
high light or pathogens induces repairing mechanisms. Coordinated regulation of gene
expression in the nucleus and plastids is crucial for the acclimation of plants as the
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intracellular communication between organelles establishes the proper balance of gene
expression products in a changing environment.

Retrograde (organelle-to-nucleus) signalling plays a key role in optimizing plastid
functions. Retrograde mechanisms transmit signals that have originated in the
organelle to regulate gene expression in nucleus that can then modify anterograde
signals. Thus retrograde signals provide information of the metabolic and
developmental stage of organelles for the nucleus, and it is now obvious that these
signals are produced by several different processes in plastids, including
photosynthesis, pigment biosynthesis and metabolism (Beck, 2005; Nott, et al., 2006;
Piippo, et al., 2006). Plastidial signals can be classified into several groups depending
on where they originate from: (i) redox processes in photosynthesis, (ii) pigment
biosynthesis, (iii) metabolite pool changes, and (iv) generation of ROS.

The redox state of photosynthetic electron transport chain and the levels of ROS that
are continuously formed as byproducts of photosynthesis depict the chloroplast’s
photosynthetic performance which needs to be adjusted according to environmental
changes. Relevant redox-active components that can be a source of signal are the PQ
pool and the PSI acceptor site molecules (NADPH, thioredoxin and glutaredoxin)
(Baier and Dietz, 2005). However, it seems unlikely that either ROS or redox
compounds could themselves act as signalling molecules that traverse to cytosol.

The chlorophyll biosynthesis intermediate, Mg-protoporphyrin IX, has been considered
to act directly as a signalling molecule (Strand, et al., 2003) and to travel to cytosol
(Ankele, et al., 2007), but recent precise and reproducible experiments have questioned
the hypothesis (Mochizuki, et al., 2008; Moulin, et al., 2008). Nevertheless, studies
with a unicellular red alga Cyanidioschyzon merolae have shown that nuclear DNA
replication, which precedes cell division, is regulated by tetrapyrrole signals, namely
protoporphyrin IX and and Mg-protoporphyrin IX (Kobayashi, et al., 2009).
Furthermore, another composer of chlorophyll biosynthesis, H-subunit of Mg-
chelatase, might still mediate plastid signalling as was suggested before by
(Mochizuki, et al., 2001). Nonetheless, protein export from chloroplasts has not been
demonstrated and the protein import apparatus is known to act unidirectionally (Kleine,
et al., 2009).

Metabolites, especially carbohydrates, are strong candidates for signalling molecules as
photosynthesis is tightly integrated with cellular metabolism. It is well known that
increased levels of photosynthetic end products, glucose and sucrose, repress the
expression of photosynthetic genes (reviewed by Rolland, et al., 2006). Moreover,
small amounts of hexokinase, a cytosolic enzyme important for sensing and responding
to intracellular glucose signals, are found in the nucleus (Cho, et al., 2006) thus
implying a direct metabolic connection between photosynthesis and nuclear gene
expression.
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1.5.3. ROS in plant signaling

ROS are toxic compounds but they are also involved in signaling networks in plants.
Singlet oxygen, superoxide and hydrogen peroxide produced in chloroplasts are
implicated to participate in chloroplast-to-nucleus retrograde signaling. The connection
between H,0, and signaling networks has been well-documented for many biotic and
abiotic stress responses (Larkindale and Knight, 2002; Apel and Hirt, 2004; Mateo, et
al., 2006). In fact, H,O, is the ROS that has been recognized to induce the largest
changes in the levels of gene expression in plants, and this is probably due to its
relative stability (Dat, et al., 2000; Bechtold, et al., 2008; Fahnenstich, et al., 2008;
Foyer and Noctor, 2009). Yet it is not clear whether H,O, is actually the signal itself,
or whether H,0O, oxidizes other molecules to generate an intracellular signal (Desikan,
et al., 2004). In microbes, proteins with H,O, sensing capabilities have been identified
(Lee and Helmann, 2006; Toledano, et al., 2004; Manchado, et al., 2000; Zheng, et al.,
1998). These sensors share a mechanism in which H,O, reacts with a unique cysteine
residue, coupling H,O, metabolism and thiol redox signaling. To date, no H,0O,
receptor has been definitively identified in plants (Foyer and Noctor, 2009). However,
signal molecules are usually present in cells in very low amounts, and plant cells seem
to tolerate higher concentrations of H,0, than animal cells. The endogenous
concentration of H,O, in plant cells is reported to range from nanomoles to several
hundred micromoles of H,O, per gram fresh mass (Willekens, et al., 1997; Karpinski,
et al., 1999; Veljovic-Jovanovic, et al., 2002), while H,O, is toxic for most animal cells
at levels of about 10-100 uM (Slesak, et al., 2007). It has been suggested that plants
tolerate high H,O, levels due to the fact that plant antioxidant response systems are
designed more for the control of the cellular redox state than for complete elimination
of H,O, (Slesak, et al., 2007). Superoxide and singlet oxygen are highly reactive
compounds and therefore possibly able to bind and modify the activity of some kinases
and phosphatases (Reinbothe, et al., 2010). Superoxide and singlet oxygen
accumulating in chloroplasts during photosynthesis have been proposed to trigger
refined signaling cascades involving plant hormones that modify plant growth
(Reinbothe, et al., 2010; Pilon, et al., 2011). However, both superoxide and singlet
oxygen produced in chloroplasts have only limited ability to cross membranes thus
being unable to affect signaling pathways outside of the chloroplast (Apel and Hirt,
2004).

The limitation of H,O, and other ROS as signaling compounds is the fact that they lack
specificity; they are simple molecules, unable to store or transmit complex information,
and most of them are very reactive and thus short-lived. It has been proposed that
rather than ROS themselves, peptides derived from degradation of ROS-damaged
proteins could be more specific and selective secondary messengers to the nucleus
(Mgller and Sweetlove, 2010). Nonetheless, due to its dual role as a damage-inducing
and a signal-inducing compound, the levels of H,O, in the cells must be carefully
balanced.
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2. Aims of the study

Plants contain a particularly large number of thioredoxin isoforms in different cellular
compartments, including the cytosol, nucleus, mitochondria and chloroplasts.
Chloroplasts are different from other cell organelles since in addition to numerous
thioredoxin isoforms located to chloroplasts, they also contain two different
thioredoxin reductase systems. Chloroplasts are also unique because of the high
production of ROS in light-dependent reactions, and thioredoxins are closely linked
with the antioxidant systems scavenging hydrogen peroxide. In my thesis work, I
aimed 1) to identify chloroplast processes regulated by the NADPH-dependent
thioredoxin system involving NTRC, the thioredoxin reductase that was recently
discovered when the experimental work for my doctoral thesis was about to start; and
ii) to reveal the impact of NTRC and other chloroplast antioxidant enzymes on the
acclimation of plants to various light regimes.
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3. Methodological aspects

3.1. Plant material and growth conditions

Arabidopsis thaliana ecotype Columbia plants were used in all experiments. T-DNA
insertion mutants (Alonso et al. 2003) ntrc (At2g41680; SALK 096776 and
SALK 114293), sapx (At4g08390; SALK 083737) and tapx (Atlg77490;
SALK 027804) were obtained from the Salk Institute (http://signal.salk.edu/). The
homozygosity of the mutants was assessed by PCR with two gene-specific primers and
one primer specific to T-DNA insertion. A fapx sapx double mutant was created by
crossing fapx and sapx single mutants, and was identified from the F2 generation by
PCR analysis by using the same set of primers which were used to identify the single
mutants.

Plants were grown at 23 °C under moderate white light (growth light; 100-150 pmol
photons m™ s) in 8-h light/16-h dark periods (short-day-plants) (Papers I-IV), 16-h
light/8-h dark periods (long-day-plants) (Papers I-11I), continuous light (Papers I-II) or
several distinct light-dark periods (Papers II-11I). In Paper IV, plants were treated with
high light intensities (300-1300 pmol photons m™ s™) or low temperature (10 °C) for 2
h to 2 weeks. In Paper I, plants were also germinated under different spectral qualities
of light: red (30 umol photons m™s™), blue (3 and 30 wmol photons m™ s™') and far-red
light. Mature leaves or rosettes of 3-4 weeks old Arabidopsis plants were used as
material in most of the experiments in Papers I-IV. 5-day-old and 10-day-old seedlings
were also used in Paper I, and 7-day old seedlings in Paper I'V.

3.2. Stress treatments

For short-term stress treatments, 4-week-old plants grown under growth light and an 8-
h photoperiod were shifted to higher light intensities, described in more detail in Paper
IV, for 2 to 6 hours. For long term stress treatments, plants were first grown under
growth light for 2 weeks, and thereafter shifted to higher light intensities or low
temperature, described in more detail in Paper IV, for 2 weeks.

The sensitivity of mature rosettes to methyl viologen -induced photo-oxidative stress
was explored by spraying the plants with 50 pM methyl viologen at the end of the dark
period. In the subsequent morning, plants were illuminated under growth light or high
light as described in the Paper IV. The extent of cell death and membrane disruption
was measured as ion leakage of excised rosettes to ion-exchanged water with a
conductivity meter (Radiometer).
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The sensitivity of germination to photo-oxidative stress was explored by germinating
seeds on filter paper on Petri dishes containing half-strength Murashige and Skoog
medium supplemented with 1,5 uM methyl viologen and following greening under
growth light.

3.3. Analysis of pigments and proteins

Chlorophyll content of leaf disks was determined in DMF (dimethylformamide)
according to Inskeep and Bloom (1985). Anthocyanin content of leaf disks was
measured according to Neff and Chory (1998) with small modifications described in
Paper 1. Isolation of thylakoid membranes and total root and leaf extracts was
performed as described in Paper I. Chlorophyll content of isolated thylakoids was
measured in HEPES-buffered acetone according to Porra et al. (1989), and the protein
contents of the total and soluble extracts were determined with the Bio-Rad Protein
Assay Kit. Proteins were separated with 12% (w/v) SDS-PAGE and detected using
specific antibodies described in the respective papers.

3.4. Microarray analysis

For microarray analysis, total RNA was isolated with Trizol reagent and labeled by the
aminoallyl method with Cy3 or Cy5 fluorescent dyes. RNA isolation, cDNA synthesis,
labeling, hybridization and the data analysis were performed as described in detail in
Papers [ and IV.

3.5. Biophysical methods

The photoinhibition state of PSII was monitored as a ratio of variable to maximal
chlorophyll fluorescence, Fv/Fmax (Fv is a difference between maximal, Fmax, and
initial, Fo, fluorescence), measured from intact leaves with a Hansatech PEA
fluorometer after a 30 min dark incubation. Gas exchange of intact Arabidopsis plants
was measured with CIRAS-1 combined IR gas analysis system (PP Systems) equipped
with an Arabidopsis pot chamber (PP Systems). The response of net photosynthesis
(4,) to the reference CO, was measured under PPDF (photosynthetically active photon
flux density) that was saturating for net photosynthesis (500 umol m > s ' at 20 °C).
The parameters for maximal carboxylation rate of Rubisco (Vemax, pmol of CO, m
s '), maximal electron transport rate (Jmax, pmol m > s™') and rate of mitochondrial
respiration in light (Rd, pmol m > s') were obtained by modelling the response of net
CO, assimilation to increasing extracellular CO, concentration according to Farquhar
et al. (1980).
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3.6. Microscopy

Confocal microscope images in Papers I and IV were obtained with an inverted
confocal laser-scanning microscope (Zeiss LSM510 META) using a 20x/0.50 water
objective. Chlorophyll fluorescence was excited at 488 nm with an argon diode laser,
and detected with a 650-710 nm passing emission filter. Maximal projections of
sequential confocal images were created with the Zeiss LSM Image Browser software.
The samples for light microscopy and electron microscopy were prepared according to
Pitsikka et al. (2002). Electron microscope images were obtained with a transmission
electron microscope (JEOL JEM-1200EX).

3.7. In vivo-detection of H,O, and superoxide

Accumulation of H,0O, and superoxide in the leaves was detected using DAB
(diaminobenzidine; Sigma—Aldrich) and NBT (nitroblue tetrazolium, Sigma-Aldrich),
respectively, as substrates. Rosettes were excised at the end of the light period, and
incubated on Petri dishes containing a solution of DAB or NBT overnight in darkness.
In the subsequent morning, the dishes were transferred to growth light for 1 h and
thereafter the rosettes were incubated in ethanol until chlorophyll was bleached. Finally
the rosettes were photographed.

3.8. Analyses of amino acids, hormones and sugars

Plant material for amino acid analysis was treated and extracted as described in Paper
I. Amino acid content of the extracts were further extracted and derivatized with the
Ez:faast liquid chromatography-mass spectrometry kit (Phenomenex) using the
procedure described by Husek (1998) and analyzed as propyl chloroformates with
HPLC-ESI/MS. Plant hormones were analyzed in Paper I by gas chromatography-mass
spectrometry analysis using a modified vapour-phase extraction method described by
Schmelz et al. (2003). Soluble sugars were extracted from the plant material as
described in Paper III. Sucrose, D-fructose and D-glucose were measured
spectrophotometrically with Sucrose/Fructose/D-Glucose assay kit (Megazyme). For
measurement of starch content, the remaining leaf material was dried and ground in
liquid nitrogen. Starch was solubilised and the total starch content was measured
spectrophotometrically with Total Starch assay kit (Megazyme).
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3.9. Yeast two-hybrid analysis

The yeast strain CY306 (Vignols, et al., 2005) that carries deletions of endogenous
genes encoding cytosolic TRXs was used throughout the yeast two-hybrid
experiments. Escherichia coli DH5a —strain was used in molecular cloning. For the
yeast two-hybrid prey constructs, Riken RAFL (Riken, BRC, Japan) cDNA clones
were used as templates to generate PCR products from open reading frames of
Arabidopsis genes and to clone them cloned in frame with the activator or binding
Gal4 domains in pGAD.T7 and pGBK.T7 vectors (Clontech). For the yeast two-hybrid
bait constructs, full length open reading frame of NTRC gene or NTRC gene construct
including mutated cysteines (C217S, C220S, C457S) was used as a template in PCR to
generate truncated NTR and TRX domains. Double transformants in CY306 strain
were selected as the cells were grown on YNB -agar Petri dishes in the presence of
histidine, uracile, lysine, adenine and methionine but in the absence of leucine and
tryptophan. Cells bearing interacting proteins were further selected on the medium
lacking tryptophan, leucine and histidine.
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4. Overview of the results

4.1. Daily light/dark rhythm modulates the photosynthesis and growth of
Arabidopsis

Characterization of the ntrc lines lacking chloroplast NADPH-dependent thioredoxin
reductase demonstrated that the mutant phenotype strongly depended on the
photoperiod, to which plants were acclimated during the growth (Paper I). Therfore I
studied in detail how the daily light/dark rhythm modulates the growth and metabolism
of Arabidopsis in general (Papers I-III). The results in this thesis demonstrate that like
acclimation to various light intensities and CO, concentrations, daily photoperiods
modulate the photosynthetic structures of wild type Arabidopsis leaves and induce
changes in the vegetative growth of plants.

4.1.1. Impact of photoperiod on growth and photosynthesis in wild type
Arabidopsis

The growth rate of Arabidopsis is determined by the efficiency to convert the
assimilated carbon to biomass (Zeeman et al. 1998, Gibon et al. 2004). Like low light
intensity and low CO, concentration, short daily photoperiods decreased the
photosynthetic carbon assimilation and resulted in deceleration in the vegetative
growth of plants (Paper I). In Papers II and III, the effect of the photoperiod on the
growth of Arabidopsis was further studied by growing plants in continuous light and
under various light-dark regimes, some of which contained an interrupted dark period
or was deviated from the natural 24-h rhythm. Short photoperiods in combination with
long nights reduced the growth of Arabidopsis rosettes, measured as a reduction in
biomass production (Paper III). Light-dark cycles deviating from the natural 24-h-
period did not diminish the growth when the dark period was short. Furthermore, long
photoperiods were not able to compensate for the disadvantages caused by long dark
periods (10 h light/10 h dark, 12 h light/12 h dark vs. 16 h light/16 h dark). Thereby the
reduction in growth is not determined by the total duration of the light available for
photosynthesis during the growth, but instead by the changes in metabolism induced by
the light-dark rhythm itself. Accordingly, slow growth rates observed under short
photoperiods correlate well with the efficiency of starch metabolism; especially with
the lower starch degradation rates under short photoperiods (see 4.2.2).

In this thesis work it is further demonstrated that similar to light intensity (reviewed by
Kim et al., 2005) also the length of the daily light/dark periods modulates the structure
of the leaf and the development of mesophyll cells and chloroplasts in Arabidopsis
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(Papers I and II). Also adjustments to the photosynthetic apparatus were observed that
are comparable to changes induced by light intensity (Papers I-II). Arabidopsis wild
type plants grown under short photoperiods with long nights resemble low-light-grown
plants with poorly developed, roundish palisade mesophyll cells and thin leaves. On
the contrary, plants grown under long photoperiods or continuous light resemble high-
light-acclimated plants with thick leaves and well-developed, tightly packed and
vertically elongated palisade mesophyll cells (Paper II; Yano and Terashima, 2001). In
addition to adjustments in the anatomy of the palisade mesophyll, an increase of 40%
in the stomatal index, which refers to the number of stomata per leaf area, was
observed in plants grown under long photoperiods. As the gas exchange and
transpiration through stomata are crucial determinants of the photosynthetic
performance of plants, also the net CO, assimilation per rosette was 20 to 40 % higher
in long-day-grown leaves than in short-day-grown leaves at both ambient CO,
concentration and in saturating light intensity (Paper ). Plants grown under long days
have also higher chlorophyll content per leaf area due to thicker leaves and a higher
chlorophyll a/b ratio when compared to plants grown under short days (Paper I). High
chlorophyll a/b ratio of long-day-grown leaves in comparison to short-day-grown
leaves implies that the photoperiod has an influence on the composition of the light-
harvesting complexes in the thylakoid membranes. Indeed, the grana stacks were
smaller in chloroplasts of plants grown under long days (Paper II) and accordingly, the
relative amount of the trimeric chlorophyll a/b-binding proteins of the PSII antenna in
thylakoid membranes was smaller in long-day-grown plants when compared to short-
day-grown plants. However, no significant difference was observed in the relative
proportion of the representative subunits of PSII, PSI and Cyt h6f complexes in plants
grown under short or long photoperiods (Paper I).

4.1.2. Impact of photoperiod on the redox metabolism of mesophyll cells

As shown in Papers I-II, different light-dark rhythms induce adjustments in the
photosynthetic structures in Arabidopsis leaves. The underlying mechanism for such
modifications remains to be resolved, but the length of the photoperiod also induced
notable changes in ROS metabolism (Paper III). Short photoperiods increased the
production of ROS in Arabidopsis leaves (Paper III), as especially H,O, accumulated
in the leaves during the light periods. Also thylakoids isolated from short-day-grown
plants produced more ROS than thylakoids isolated from long-day-grown plants (Paper
IIT). However, the analysis of the steady-state levels of ROS scavenging enzymes
revealed that no significant compensatory changes occur in the accumulation of
chloroplast antioxidative enzymes. Only the amount of chloroplast PrxIIE was slightly
higher in plants grown under short photoperiods compared to those under long
photoperiods. Apparently the antioxidative systems in chloroplasts are not able to
intensify to counteract the increased production of ROS under short photoperiods. On
the other hand, the production of ROS may also be of physiological expedient,
standing for the regulation of metabolism during acclimation of plants to different
light-dark rhythms. If the changes in the redox homeostasis are crucial to induce
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acclimation of plant to various light regimes, thioredoxins that are abundant in
chloroplasts can be considered as significant regulatory components in the acclimation
processes.

4.1.3. Knockout of NTRC impairs the acclimation of Arabidopsis to short
Photoperiods

Plants lacking chloroplast NADPH-dependent thioredoxin reductase showed more
distinct photoperiod-dependent phenotypes than wild type Arabidopsis. Indeed, the
growth rate, biomass production and chlorophyll accumulation varied strongly in ntrc
plants under different daily light-dark-cycles (Papers I-I1I). Cotyledons of ntrc¢ plants
were visually indistinguishable from those of wild type plants, but upon the emergence
of the first true leaves the mutant phenotype became evident especially under short
photoperiods. During the first month of growth under 8-hour photoperiod, ntrc plants
formed small rosettes with pale green leaves and had a low chlorophyll content. Upon
ageing, the ntrc leaves started to green and eventually the rosettes gained the size
similar to mature wild type plants. Moreover, the flowering time of ntrc plants was
significantly delayed under short photoperiods (Paper I). In general, the chlorophyll
accumulation in wild type plants was significantly lower upon the short 8-hour
photoperiod, suggesting that the length of the photoperiod is a critical factor regulating
chlorophyll accumulation. In plants deficient in NTRC, such reduction of chlorophyll
accumulation under short photoperiods, less than nine hours, was even more
pronounced than in wild type plants (Papers I-1I). Low chlorophyll content was
associated with reduced number of chloroplast per ntrc mesophyll cell (Papers I-II).
Also the biomass production was more prominently reduced in nfrc plants grown under
short photoperiod with long nights than in wild type plants (Paper III). The growth
under longer photoperiods, 16 h light/8h dark or continuous light, enhanced the
accumulation of both chlorophyll and biomass as well as the growth rate in ntrc plants.
Also, the transition to flowering took place approximately at the same time in ntrc and
in wild type plants (Paper I). Thus it appears that NTRC is essential for the proper
acclimation of Arabidopsis to short photoperiods combined with long nights.

4.1.4. Photosynthesis of knockout ntrc lines

Low chloroplast number per cell and the occurrence of abnormal chloroplasts in ntrc
plants, especially under short photoperiod, was accompanied with low CO, fixation
capacity and high CO, compensation point of photosynthesis (Paper I). The ntrc plants
grown under short photoperiod suffered also from enhanced photoinhibition of PSII,
measured as a decrease in F,/F, in growth light intensity. Consistent with the high CO,
compensation point, ntrc lines had doubled respiration rate when compared to Col-0
leaves (Paper I). The transcript profiling of short-day-grown ntrc plants also showed
induction of several photorespiratory genes (Paper I) that suggests an elevated
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utilization of light energy in photorespiration. Under long photoperiod, the differences
in the net CO, assimilation, CO, compensation point and photoinhibition of PSII
between ntrc and wild type plants were less distinct. However, the rate parameters of
photosynthesis and the pattern of photosynthetic thylakoid membrane protein
complexes in ntrc grown under both short and long photoperiods was comparable to
that of wild type plants (Paper 1) implicating that the basic structure and function of
light and carbon fixation reactions were not affected by the knockout of NTRC enzyme
in Arabidopsis.

4.2. Identification of chloroplast processes controlled by NADPH-
dependent thioredoxin system

The results in this thesis demonstrate that the thioredoxin system has higher impact on
the development, metabolism and acclimation of chloroplast than was previously
assumed in the light of studies with ferredoxin-thioredoxin system. The two
thioredoxin systems in plant chloroplasts, the ferredoxin-dependent system and the
NADPH-dependent system, have distinct roles in redox-regulation of chloroplast
functions. By comparing the growth, responses to environment, biochemical properties
and gene expression in wild type plants and plants lacking chloroplast NADPH-
dependent thioredoxin reductase, I conclude that NTRC regulates chloroplast
biogenesis and carbon metabolism subsequent to Calvin-Benson cycle such as starch
metabolism and shikimate pathway, as well as is involved in defence reactions against
oxidative stress. On the contrary, ferredoxin-thioredoxin system seems to be the key
regulator of primary photosynthetic reactions such as Calvin-Benson cycle and redox-
regulated enzymes therein.

4.2.1. Impact of NTRC on chloroplast biogenesis

The characterization of the n#rc knockout lines demonstrated that NTRC is involved in
regulation of chloroplast biogenesis. The chloroplast number in palisade mesophyll
cells was reduced in mature nfrc leaves, especially in plants acclimated to short
photoperiods (Papers I and II). The chloroplasts were also heterogeneous in size.
Transmission electron micrographs demonstrated developmental disorders in the
ultrastructure of chloroplasts in ntrc cells (Paper I1). Some of the ntrc chloroplasts were
malformed and irregularly elongated in shape, exhibiting protrusions devoid of
thylakoid membranes. Also the distribution of the thylakoid membranes inside
chloroplasts was varying as several types of chloroplasts were observed in ntrc cells:
regular chloroplasts containing grana and stroma thylakoids identical to wild type
plants, chloroplasts with central areas well occupied with grana and stroma thylakoids
but one or both ends deficient in internal membranes and chloroplasts with only few
thylakoid membranes. Importantly, a population of chloroplasts with dissimilar
structure/function exists in a single ntrc mesophyll cell (Paper II). The different types
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of chloroplasts appeared often in a series in a single cell in which unimpaired plastids
resided next to chloroplasts with unbalanced distribution of thylakoids, and the plastids
with significant reduction in thylakoid membranes being situated at the end of the
chain. The largest number of anomalous chloroplasts was detected in mature ntrc
leaves grown under short photoperiods, but they were also observed already in the 5-
day-old cotyledons, in the young developing leaves, and in the mature leaves of plants
grown under long photoperiods or under continuous light (Paper II). The increasing
appearance of abnormal chloroplasts in maturating nfrc leaves implies that NTRC is
essential for the proper biogenesis of chloroplasts, possibly via regulation of
chloroplast division, chlorophyll biosynthesis and thylakoid formation.

FtsZ proteins form a core component of the inner division machinery in chloroplast
(Yang, et al., 2008). They are tubulin-like GTPases that form the ring structure on the
stromal surface of the envelope (Miyagishima, et al., 2006; Schmitz, et al., 2009). FtsZ
ring functions as a scaffold structure, on which the other division components assemble
(Maple, et al.,, 2005; Miyagishima, et al., 2006; Glynn, et al., 2008). Unlike
cyanobacteria that have only one FtsZ protein, plants have two FtsZ proteins, called
FtsZ1 and FtsZ2 (Osteryoung, et al., 1998). Both proteins localize at the division site,
and loss of either protein impairs chloroplast division (Schmitz, et al., 2009).
Interestingly, FtsZ has been identified by thioredoxin proteomics (Balmer, et al., 2003),
suggesting that thioredoxins may control the formation of chloroplast division
machinery. To get further insights into this assumption the interaction of NTR and
TRX domains of NTRC with FtsZ1 and FtsZ2 was tested by yeast two-hybrid
approach. In the test, an interaction between FtsZ1 and the Trx domain of NTRC was
observed (Paper II).

Besides the reduced number of chloroplasts in ntrc cells and the developmental
disorders in the ultrastructure of chloroplasts, also chlorophyll biosynthesis was
impaired in ntrc plants. Short light periods decreased significantly the accumulation of
chlorophyll in ntrc leaves in comparison to wild type plants (Papers I-1I). In Paper I,
comparative transcript profiling of ntrc and wild type plants revealed alterations in the
expression of specific genes relating to chlorophyll biosynthesis. Among the most up-
regulated genes in short-day-grown ntrc leaves were two genes encoding the key
enzymes of the chlorophyll biosynthesis pathway, glutamyl-tRNA reducatse (HEMA1)
and the H-subunit of Mg-chelatase (GUNS), suggesting an unbalanced biosynthesis of
chlorophyll in ntrc leaves. A yeast two-hybrid approach was used to test if NTR or
TRX domains of NTRC interacts with chlorophyll biosynthesis enzymes HEMA1, Mg-
protoporphyrin IX methyltransferase and subunits of Mg-chelatase, GUN4 and I-
subunit. The analysis revealed no interaction between the I-subunit of Mg-chelatase
and the thioredoxin domain of NTRC (Paper II). HEMA1, Mg-protoporphyrin IX
methyltransferase and GUN4 showed only weak interaction with the thioredoxin
domain of NTRC (Paper II; Jouni Toivola, unpublished results).

The comparative transcript profiling revealed also changes in the expression of genes
involved in the thylakoid formation. The ntrc plants showed lowered accumulation of
transcripts for THYLAKOID MEMBRANE ORGANIZATION-LIKE (FZL) and
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THYLAKOID FORMATION 1 (THF1) as well as down-regulation of the expression of
LHCBI, LHCB2 and LHCB3 that encode for protein components of the light-
harvesting complex of PSII. The reduced accumulation of LHCB, FZL and THFI
transcripts may be a consequence of the impaired chlorophyll biosynthesis, since the
proper formation of thylakoid membranes requires the simultaneous assembly of
membrane lipids, protein components and pigments to attain functional, three-
dimensional structures.

4.2.2. Starch and sucrose metabolism in knockout ntrc leaves

The acclimation of Arabidopsis to different photoperiods was accompanied by altered
sugar metabolism in vegetative leaves (Paper I1I). Wild type Arabidopsis plants grown
under short days had a higher rate of starch synthesis during the first hour of light
period and a lower rate of starch degradation in night than plants grown under long
days. Sucrose accumulated with the same rate under both short and long photoperiods,
the amounts left after dark period being lower in short-day-grown plants. The content
of hexoses, glucose and fructose increased in wild type plants during the first hours of
light period, but stayed rather stable or decreased towards the end of the day. The
content of glucose was similar in both short-day- and long-day-grown wild type plants
whereas the amount of fructose was lower in plants grown under short days.

The ntrc plants grown under both short and long photoperiods produced less sucrose,
glucose and fructose when compared to the wild type plants (Paper III). Under both
photoperiods, nfrc plants also accumulated less starch when compared to wild type
plants (Paper III). Partly it is due to decreased photosynthetic productivity caused by
the low chloroplast number per cell and the occurrence of abnormal chloroplasts,
especially in ntrc plants acclimated to short photoperiods. However, the reduced
apparent rates of starch accumulation was also detected in ntrc plants acclimated to
long photoperiods (Paper III), in which no reduction in chloroplast number was
observed (Paper II). Furthermore, the amount of starch in wild type plants in short
photoperiod began to rise directly after the onset of the light period and the
accumulation of starch was accelerated towards the end of the light period both under
short-day- and long-day-grown wild type Arabidopsis leaves. Under both conditions,
ntrc plants were not capable of accelerating starch biosynthesis in the end of the light
period, suggesting a requirement of NTRC in a redox control of enzymes in starch
synthesis. Also the degradation of starch during the first hour of subsequent dark
period was slightly slower in ntrc than in wild type plants under both photoperiods.
Nevertheless, no significant differences between ntrc and Col-0 were recorded in the
amount of starch left in the leaves after the dark period.

An ADP-glucose pyrophosphorylase (AGPase) and a dual specificity protein
phosphatase (DSP4) play important roles in the synthesis and degradation pathways of
starch, respectively (Neuhaus and Stitt, 1990; Sokolov, et al., 2006). Both enzymes are
also shown to be activated by thioredoxins (Ballicora, et al., 2000; Sokolov, et al.,
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2006). Furthermore, AGPase has been suggested to be regulated by NTRC (Michalska,
et al., 2009). Thereby the yeast two-hybrid approach was used to test if NTR or TRX
domains of NTRC interact with AGPase and DSP4. The analysis revealed an
interaction between the thioredoxin domain of NTRC and the small subunit of AGPase
(Paper III), but no specific interaction with DSP4 polypeptide and TRX of NTRC was
detected.

4.2.3. NTRC and chloroplast ROS metabolism

Earlier reports have shown that NTRC is able to reduce chloroplast 2-Cys Prxs
oxidized in the elimination reactions of H,O, (Perez-Ruiz, et al., 2006; Kirchsteiger, et
al., 2009; Perez-Ruiz and Cejudo, 2009). In yeast two-hybrid screen (Paper III) a
strong interaction between NTRC and 2-Cys Prx was observed. The analysis of the
steady-state levels of ROS scavenging enzymes (Paper III) revealed that under normal
growth conditions, ntrc plants show distinctive modulations only in the levels of APX-
dependent and 2-Cys-Prx-dependent detoxification systems of H,O,. The protein level
of 2-Cys Prxs was significantly reduced and the levels of SOD and sAPX increased in
ntrc leaves grown both under short or long photoperiod when compared to wild type
plants (Paper III). 2-Cys Prxs are labile in ntrc plants, probably because of the
proteolytic degradation of the oxidized forms of 2-Cys Prx that cannot be reduced in
the absence of NTRC. Despite the shutdown of NTRC-dependent 2-Cys Prx system,
H,0, or superoxide did not accumulate in significantly higher levels in leaves of
NTRC-deficient plants under normal growth conditions in comparison to wild type
Arabidopsis (Paper III). This can be explained by the compensation of 2-Cys Prx
system with ascorbate-dependent SOD and sAPX enzymes (Paper III) in the
detoxification of H,O, in NTRC-deficient plants. Accordingly, knockout of both
chloroplast APXs induced an enhanced accumulation of 2-Cys Prxs in high-light
acclimated Arabidopsis leaves (Paper IV) indicating the tight interlinkage between the
ascorbate-dependent APX and NTRC-dependent 2-Cys Prx systems in the control of
H,0, in chloroplast.

4.2.4. Knockout of NTRC interferes with the homeostasis of metabolites
produced in shikimate pathway

Aromatic amino acids are synthesized in chloroplasts via shikimic acid pathway and
they serve as precursors for the biosynthesis of auxin and flavonoids. Under short
photoperiods where the growth of ntrc plants is slowest, adjustments in the amount of
aromatic amino acids and metabolites derived from them were observed. i) The ntrc
seedlings grown under short photoperiod contained significantly less auxin than wild
type plants (Paper I). ii) ntrc plants were not capable of enhancing the accumulation of
anthocyanins in response to low temperature and senescence (Paper I). iii) The
accumulation of amino acids in the wild type and ntrc plants showed photoperiod-
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dependent modulations (Paper I). The amounts of glycine, alanine and threonine were
significantly lower in both wild type and ntrc plants grown under long photoperiods
than under short photoperiods. Aromatic amino acids tryptophan, phenylalanine and
tyrosine accumulated more in ntrc plants than in wild type plants, and the differences
were more pronounced under short photoperiods. Furthermore, under short
photoperiods, ntrc accumulated more arginine, asparagine and histidine while the
growth under long photoperiods diminished the differences.

In preliminary yeast two-hybrid analysis we tested if NTRC interacts with two
enzymes involved in shikimate pathway (Jouni Toivola, unpublished results). 3-deoxy-
d-arabino-heptulosonate-7-phosphate synthase (DAHP synthase) is the first enzyme in
shikimate pathway that is responsible for the formation of 3-dehydroquianate from
phosphoenolpyruvate and erythrose 4-phosphate, and tryptophan synthase B subunit
(TSB) catalyzes the conversion of indole to tryptophan which in turn can serve as a
precursor for auxin. Both enzymes have been identified as subjects for thiol-redox-
regulation (Entus, et al., 2002; Balmer, et al., 2006; Kolbe, et al., 2006) and both
enzymes gave specific interaction with TRX-domain of NTRC (Figure 9, Jouni
Toivola, unpublished results).

TSB2 + TRX

TSB2 + TRX-CGPS

DAHP + TRX
DAHP + TRX-CGPS
A et gt e
ODg, 05 005 05  0.05

Figure 9. Interaction of the TRX domain of NTRC with TSB2 and DAHP synthase in yeast
two-hybrid assay. Yeast CY306 cells co-expressing TRX domain of NTRC (native domain, or
domain carrying a mutation replacing the second cysteine of redox center CGPC by a serine) as
bait and target candidate (either TSB2, or DAHP synthase) proteins were grown into stationary
phase and adjusted to an ODggo of 0.5 and 0.05 before spotting onto plates containing histidine
(+HIS control panel) or without histidine (-HIS panel), respectively. Result indicates that both
TSB2 and DAHP synthase are able to interact with TRX domain of NTRC.
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4.3. Contribution of chloroplast ascorbate peroxidases to the ROS
metabolism in Arabidopsis

Arabidopsis plants contain five APX isoenzymes, two of which are located in
chloroplasts, thylakoid-bound APX (tAPX) and stromal APX (sAPX). In addition to
chloroplasts, sAPX is dual targeted to mitochondria as well. APXs have long been
considered as key enzymes in detoxification of H,O,, but their functional specificities
have been poorly understood. Characterization of single fapx and sapx mutant lines and
double tapx sapx mutant line of Arabidopsis (Paper IV) showed that sAPX is
particularly important for photoprotection during the early greening process in
germinating seedlings. In mature leaves, tAPX and sAPX are functionally redundant,
and crucial upon sudden onset of oxidative stress. The analysis of the steady-state
levels of other, possibly compensatory ROS scavenging enzymes in fapx and sapx
single mutant plants and fapx sapx double mutant plants revealed that under normal
growth conditions no distinct modulations in the levels of H,O,-detoxifying enzymes
were observable for tapx and sapx single mutant plants or fapx sapx double mutant
plants (Paper IV). Only high-light-stress-acclimated fapx sapx double mutant plants
showed increased level of 2-Cys Prxs, and low-temperature-acclimated wild type and
tapx plants showed upregulation of SAPX (Paper IV). As mentioned in the section
4.2.3., plants deficient in chloroplast APXs compensate for the lack of APXs by
upregulating 2-Cys Prxs, whereas plants deficient in NTRC upregulate SOD and sAPX
(Paper III). Thus the two H,0,-detoxifying systems in chloroplast, ascorbate-dependent
APX and NTRC-dependent 2-Cys Prxs are tightly linked up to prevent the detrimental
accumulation of ROS in chloroplast.
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5. Discussion

Plant thioredoxins were initially defined as regulators of the enzymes in Calvin-Benson
cycle and malate valve in chloroplasts (Schurmann and Jacquot, 2000), but the release
of Arabidopsis genome (The Arabidopsis Genome Initiative, 2000) and the
development of proteomic approaches (Verdoucq, et al., 1999; Motohashi, et al., 2001;
Balmer, et al., 2003; Maeda, et al., 2004; Marchand, et al., 2004; Hagglund, et al.,
2008) have allowed the identification of numerous novel thioredoxin targets in
chloroplasts as well as in cytosol, mitochondria and nucleus. Up to date, more than 400
thioredoxin target proteins have been identified in plants (Montrichard, et al., 2009)
and they are implicated in almost all aspects of plants’ life from housekeeping
metabolism to stress defense mechanisms. However, the implication of thioredoxin in
the functions of many thioredoxin target proteins identified by proteomic approaches
still remains to be resolved.

Plants contain two main types of thioredoxin reductases, ferredoxin-dependent
thioredoxin reductase (FTR) located in plastids and NADPH-dependent thioredoxin
reductases (NTRs) located in cytosol, mitochondria and chloroplasts (Laloi, et al.,
2001; Serrato, et al., 2004; Reichheld, et al., 2005). Originally, ferredoxin-thioredoxin
system was thought to be solely responsible for thiol-redox regulation in chloroplasts
but the discovery of chloroplastic NADPH-dependent thioredoxin reductase (NTRC;
Serrato, et al., 2004) has broadened the view of redox regulation of chloroplastic
proteins. Ferredoxin-thioredoxin system is dependent on ferredoxin reduced in light
during photosynthesis, while besides the light reactions, NADPH can be produced in
darkness via oxidative carbon metabolism. In this thesis, the role of NTRC in plant
development, acclimation and detoxification of ROS was studied. As shown in Papers
I, II and I, knockout of NTRC led to severe photoperiod- and age-dependent
developmental disorders that were especially pronounced under short photoperiods.
This is supported by an earlier report of Perez-Ruiz et al. (2006) that plants lacking
NTRC are hypersensitive to prolonged darkness, thus indicating that the two plastidial
thioredoxin reductases, FTR and NTRC, are functionally nonredundant.

5.1. NTRC in redox-regulation of chloroplast biogenesis

The reduced amount and altered ultrastructure of chloroplasts (Papers I-II) in plants
deficient in NTRC indicate that chloroplast differentiation is deteriorated in the
absence of NTRC. Since the formation of functional chloroplasts is vital for plant
survival, chloroplast differentiation requires tightly coordinated regulation of multiple
processes including chloroplast division, formation of thylakoid membranes,
chlorophyll biosynthesis and assembly of photosynthetic protein complexes. As
regards to thiol-redox regulation of these processes, three proteins in chlorophyll
biosynthesis and one protein in chloroplast division have been implicated as targets for
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thioredoxin-dependent regulation (Balmer, et al., 2003; Montrichard, et al., 2009),
supporting the hypothesis that NTRC has a role in controlling chloroplast biogenesis.
NADPH-thioredoxin system, rather than ferredoxin-thioredoxin system, is a
preferential candidate to regulate chloroplast biogenesis since metabolically produced
NADPH is available in differentiating chloroplasts prior the assembly of the light
reactions.

5.1.1. Regulation of chloroplast division by NTRC

Plants have two FtsZ proteins, FtsZ1 and FtsZ2 form heterodimers that polymerize to a
ring-like structure (Z-ring) at the chloroplast division site and both proteins are
essential for correct chloroplast division (reviewed by Miyagishima and Kabeya,
2010). FtsZ protein has been identified by thioredoxin proteomics (Balmer, et al.,
2003), suggesting that thioredoxins may be involved in regulating the chloroplast
division machinery. From the FtsZ proteins, an interaction between the thioredoxin
domain of NTRC and FtsZ1, but not with FtsZ2 protein, was observed in yeast two-
hybrid screen (Paper II). In a predicted amino acid sequence FtsZ1 protein contains a
concerved Cys that is missing in FtsZ2 protein (Paper II). If NTRC is involved in
regulating the formation of the FtsZ ring, the assembly of division machinery is
impaired in plants lacking NTRC resulting in lower accumulation of chloroplasts in
cells. Alternatively, the structural disorders in ntrc chloroplasts and the existence of
small plastid-like organelles in ntrc cells (Paper 1I) may refer to asymmetrical division
of chloroplasts. The correct position of the Z-ring in the middle of chloroplast is
mediated by a complex consisting of Min proteins and ARC3 protein (Maple and
Moller, 2007). FtsZ1 — but not FtsZ2 — has been shown to interact with Min/ARC3
complex (Maple and Mgller, 2007). Min/ARC3 protein complex is localized at the
ends of a chloroplast, where the formation of the Z-ring is prevented by the binding of
the FtsZ1 to Min/ARC3 (Maple and Moller, 2007). The Min/ARC3 complex is absent
from the middle part of the chloroplast, thus allowing the Z-ring to assemble.
Accordingly, NTRC protein has been shown to be localized in clusters in the
chloroplast (Perez-Ruiz, et al., 2009). The role of NTRC in the regulation of
chloroplast division remains to be elucidated in the future but I hypothesize that a
disulphide bridge is formed between FtsZ1 and Min/ARC3 complex when they interact
with each other. The reduction of the disulphide bridge by a thioredoxin, presumably
NTRC, is needed to release the FtsZ1 protein from the complex and only a free FtsZ1
protein is capable to polymerize with FtsZ2 protein in the middle of a chloroplast. The
lack of a sufficient thiol reductant may disturb the division resulting in the
miscellaneous population of plastids in ntrc cell.
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5.1.2. Regulation of chlorophyll biosynthesis by NTRC

The characterization of ntrc mutant lines addressed to altered chlorophyll synthesis in
the absence of NTRC. The ntrc plants showed significant reduction in chlorophyll
content (Papers I-1I; Perez-Ruiz, et al., 2006) and the transcript profiling of n#rc leaves
revealed an upregulation of specific genes coding for enzymes related to chlorophyll
biosynthesis (Paper I). Furthermore, NTRC gene expression has been shown to be co-
regulated with genes involved in chlorophyll biosynthesis (Stenback, et al., 2008). It
has been previously reported that the key enzyme in the chlorophyll branch of
tetrapyrrole biosynthesis, Mg-chelatase (reviewed by Stenbaek and Jensen, 2010) is
regulated by thioredoxin system (Balmer, et al., 2003; Ikegami, et al., 2007). The Mg-
chelatase consists of three subunits, CHLD, CHLH and CHLI, and is regulated by
GUN4 protein by an unknown mechanism (Larkin, et al., 2003). CHLI subunit
catalyses the hydrolysis of ATP that is stimulated by chloroplast thioredoxins
(Ikegami, et al., 2007). However, the thioredoxin-dependent regulation of Mg-
chelatase is still obscure, because thioredoxin treatment in vitro did not affect the
overall magnesium chelation activity of the enzyme (Ikegami, et al., 2007).
Accordingly, the yeast two-hybrid assay that failed to show any interaction between
NTRC and I-subunit of Mg-chelatase (Paper II) suggesting that Mg-chelatase is not a
target enzyme of NTRC. The weak interaction between GUN4 and NTRC in yeast
two-hybrid assay needs further elucidation before any conclusion can be drawn.

Stenbaek et al. (2008) showed that when plants were fed with ALA in darkness, the
intermediates of chlorophyll biosynthesis, Mg-protoporphyrin and Mg-protoporphyrin
monomethyl ester accumulated in higher amounts in ntrc than in wild type leaves,
suggesting that the reaction catalyzed by Mg-protoporphyrin IX methyltransferase
(CHLM) and Mg-protoporphyrin IX monomethylester cyclase (CRD1) (Figure 8) are
imbalanced in the absence of NTRC. A weak interaction between NTRC and CHLM
was detected in yeast two-hybrid assay, suggesting that NTRC may regulate the
activity of CHLM. Furthermore, slight increase in the activity of CHLM was observed
in vitro in the presence of NTRC (Anne Stenbaek, PhD thesis) that further supports the
thiol-redox regulation of CHLM enzyme. NTRC may also interfere indirectly with
chlorophyll biosynthesis enzymes by protecting enzymes from oxidation that
potentially occurs during chlorophyll synthesis (Stenbaek and Jensen, 2010). The latter
hypothesis is supported by in vitro experiments of (Stenbaek, et al., 2008) which
showed that in combination with 2-Cys Prx, NTRC was able to stimulate the activity of
CRDI1, enzyme acting downstream of CHLM in the chlorophyll biosynthesis pathway
(Figure 8).
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5.1.3. Thylakoid formation in ntrc mutant lines

Transmission electron micrographs of chloroplasts demonstrated defective formation
of thylakoid membranes in ntrc¢ mesophyll cells (Paper II). Microarray analysis on ntrc
(Paper I) also revealed a down-regulation of genes whose products act on formation of
thylakoid membranes, THYLAKOID MEMBRANE ORGANIZATION-LIKE (FZL) and
THYLAKOID FORMATION 1 (THFI) (Wang, et al., 2004; Gao, et al., 2006). During
the conversion of etioplasts to chloroplasts, thylakoid membranes initiate from
prolamellar bodies, tubular membrane aggregates arranged in a clustered manner inside
chloroplasts (recently reviewed by Solymosi and Schoefs, 2010). Localization of
NTRC protein in clusters in chloroplasts (Perez-Ruiz, et al., 2009) may alternatively be
linked with the redox-control of thylakoid formation by NTRC in chloroplasts.
Otherwise, the malformation of thylakoids observed in ntrc chloroplast may be a
secondary effect caused by the irregular plastid division and impaired chlorophyll
biosynthesis discussed in chapters 5.1.1. and 5.1.2.

5.2. Regulation of chloroplast metabolism by NTRC

5.2.1. Redox control of starch metabolism in chloroplasts

Transient formation of starch in light and degradation in darkness coordinates the
carbon assimilation and allocation to growth in Arabidopsis leaves (Zeeman, et al.,
2007; Paper III). The coordinated synthesis and remobilization of starch presumes the
regulatory signals from photosynthesis and respiration to the enzymes metabolizing
starch. The enzyme regulation is achieved via feed-back control by metabolites,
reversible protein phosphorylation and redox-regulation (Zeeman, et al., 2007; K&tting,
et al., 2010). ADP-glucose pyrophosphorylase (AGPase) is the key enzyme in starch
synthesis that controls the flux from carbon to starch. AGPase is a heterotetrameric
enzyme consisting of large and small subunits, which is redox-activated in light by the
reduction of a disulphide bridge between small subunits (Hendriks, et al., 2003).
AGPase is also allosterically controlled by the level of P; and PGA, which act as an
inhibitor and as an activator, respectively (Zeeman, et al., 2007). Also the enzymes
involved in starch degradation, glucan, water dikinase (GWD), dual specificity protein
phosphatase (DSP4) and B-amylase 1 (BAM1) have been shown to be under redox
control (Mikkelsen, et al., 2005; Sokolov, et al., 2006; Sparla, et al., 2006). Prior to the
degradation by amylases, starch granules are reversibly phosphorylated by GWD and
DSP4 (Zeeman, et al., 2007). This reversible phosphorylation has been proposed to
disrupt the crystalline structure of amylopectin and mutant analyses have shown that
both enzymes are necessary to efficient remobilization of starch in Arabidopsis (Ritte,
et al., 2002; Yu, et al., 2001; Zeeman, et al., 2010). All these enzymes have been



46 Discussion

reported to be regulated by thioredoxins (Hendriks, et al., 2003; Mikkelsen, et al.,
2005; Sokolov, et al., 2006).

In ntrc plants, starch metabolism is impaired since particularly the accumulation of
starch was significantly lower when compared to wild type plants (Paper III).
However, starch remobilization was less affected in ntrc plants, suggesting that NTRC
preferably regulates starch synthesis than degradation in chloroplasts. NTRC has been
shown to monomerize the small subunits of AGPase in vitro in the presence of
NADPH (Michalska, et al., 2009). The yeast two-hybrid analysis (Paper I1I) confirmed
the interaction between AGPase and the thioredoxin domain of NTRC. On the
contrary, no interaction between NTRC domains and DSP4 was observed in yeast two-
hybrid assay. These results, together with the observation of the more severe effect of
NTRC knockout on starch synthesis rate than starch degradation rate in ntrc leaves,
attest the hypothesis that NTRC controls the starch synthesis but not the initial steps of
starch mobilization in Arabidopsis. However, NTRC may still be involved in
regulating other redox-controlled enzymes in starch degradation, since the maximal
apparent starch degradation rate was lower in ntrc plants when compared to wild type
plants (Paper I1I).

5.2.2. Altered homeostasis of metabolites synthesized from the end products of
shikimate acid pathway

The shikimate pathway, present only in plants and micro-organisms, links metabolism
of carbohydrates to biosynthesis of aromatic compounds. In a sequence of seven
metabolic steps, phosphoenolpyruvate and erythrose 4-phosphate are converted to
chorismate, the precursor of the aromatic amino acids tyrosin, tryptophan and
phenylalanine. These aromatic amino acids can then be used for protein synthesis or
they can be converted via several enzymatic steps to aromatic secondary metabolites
such as glucosinolates, phenylpropanoids including anthocyanins, and indole alkaloids
including growth hormone auxin (reviewed by Tzin and Galili, 2010).

The first enzyme in the pathway, 3-deoxy-d-arabino-heptulosonate-7-phosphate
synthase (DAHP synthase) which catalyzes the formation of 3-dehydroquianate from
phosphoenolpyruvate and erythrose 4-phosphate, has been reported to require reduced
thioredoxin for its activity (Entus, et al., 2002). Other enzymes in the pathway up to
chorismate are less well characterized and mechanisms that regulate their activity
remain to be elucidated. In ntrc plants the amounts of aromatic amino acids as well as
the amounts of auxin and anthocyanins were pronouncedly different from wild type
(Paper I). Shikimate-derived pathways are regulated by complex networks, including
feedback control by aromatic amino acids and environmental factors (Ishihara, et al.,
2007). Thus the lack of NTRC alters the homeostasis among the metabolic pathways
that derive from the shikimate pathway leading up to differential accumulation of
aromatic amino acids and to decreased accumulation of secondary metabolites auxin
and anthocyanins. Furthermore, in yeast two-hybrid analysis both DAHP synthase and
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tryptophan synthase  subunit gave specific interactions with thioredoxin domain of
NTRC (Figure 9), thus implicating that NTRC may be involved in regulating shikimate
pathway.

5.3. Thioredoxin- and ascorbate-dependent scavenging of ROS in
chloroplasts

5.3.1. Detoxification of H;0; by NTRC

Thioredoxins participate in the avoidance of oxidative stress as they supply reducing
power to reductase enzymes involved in antioxidative metabolism, such as
peroxiredoxins (Rey, et al., 2005; Collin, et al., 2003; Finkemeier, et al., 2005) and
glutathione peroxidases (Herbette, et al., 2002; Jung, et al., 2002) (see 1.3.2.). The
reaction mechanism for peroxide reduction by peroxiredoxins involves a cysteine
residue that attacks the peroxide and becomes transiently oxidized to sulphenic acid.
This intermediate is subsequently attacked by the second cysteine residue yielding
water or the corresponding alcohol, and the two cysteine residues become oxidized and
form a disulphide bridge that needs to be reduced for a new catalytic cycle (Dietz,
2003; Konig, et al., 2003; Hall, et al., 2009). In chloroplasts, two pathways have been
proposed to reduce 2-Cys Prxs; one consists of FTR and free plastidial thioredoxins of
which Trx x is the most efficient (Collin, et al., 2003), another is based on NTRC
(Perez-Ruiz, et al., 2006; Kirchsteiger, et al., 2009; Perez-Ruiz and Cejudo, 2009).
Recently Pulido et al. (2010) demonstrated that NTRC is in fact the most relevant
pathway for chloroplast 2-Cys Prx reduction in vivo. The interaction between NTRC
and 2-Cys PrxB was confirmed also by the yeast two-hybrid analysis in Paper III.

Knockout of one antioxidative system in chloroplasts has demonstrated that the
detoxification of ROS never relies only on a single mechanism (Papers III and IV). The
decrease in the activity of NTRC/2-Cys Prxs was compensated by the elevation of
ascorbate-dependent antioxidative system in ntrc plants (Paper III; Pulido, et al., 2010).
Similarly, high-light-acclimated double mutant plants lacking both tAPX and sAPX
upregulated the accumulation of 2-Cys Prxs (Paper IV), indicating that chloroplast
APX-dependent and NTRC/2-Cys Prx-dependent systems are compensatory in the
detoxification of H,O,. Accordingly, plants deficient in NTRC do not accumulate
excess amount of ROS in leaf cells when compared to wild type (Paper III).
Nevertheless, the photoinhibition measurements, the activation state of malate
dehydrogenase and the carbonylation of proteins speak for the moderate oxidative
stress in ntrc leaves (Papers I and III; Pulido et al. 2010), indicating that ascorbate-
dependent detoxification system could not entirely balance the ROS metabolism in
chloroplasts. The total elimination of one antioxidant system may generally modify the
homeostasis of antioxidants in chloroplast and thereby impair the redox regulation of
metabolic enzymes.



48 Discussion

5.3.2. Impacts of chloroplast APXs on chloroplast redox homeostasis

Chloroplastic ascorbate peroxidases localized in the thylakoid membrane (tAPX) and
stroma (SAPX) have been unequivocally considered to play an essential role in
scavenging H,O, in chloroplasts (Asada, 1999). The oxidation of the chloroplast APXs
by high concentration of H,O, (Miyake, et al., 2006) has attenuated their physiological
significance regarding the defence response to photo-oxidative stress. In Paper IV, the
physiological function of tAPX and sAPX is clarified by characterization of single fapx
and sapx, and double tapx sapx lines. It is demonstrated that chloroplast APXs are
crucial in the protection against oxidative stress during greening of seedlings and upon
the short-term and long-term oxidative stress in mature leaves.

During seed germination, the mobilization of food storage by oxidative
phosphorylation in mitochondria generates ROS. In addition, light absorption of
chlorophylls (Hideg, et al., 2001) and deficient coupling between the two photosystems
support ROS formation in chloroplasts (Hutin, et al., 2003). To protect the developing
seedlings against ROS, activation of the antioxidant systems takes place early during
seedling development. Photo-oxidative stress during germination led to bleaching of
chloroplasts in seedlings lacking sAPX and especially in plants lacking both sSAPX and
tAPX, whereas plants lacking only tAPX were equally resistant to photo-oxidative
stress during germination as wild type plants (Paper 1V). Thus chloroplast APXs
contribute to antioxidant defence during the greening process, sSAPX being primarily
important. Previously, both sAPX and tAPX have been shown to accumulate in pea
etioplasts in darkness and to decrease during de-etiolation and greening process
(Kanervo, et al., 2008), depicting their importance for photoprotection in developing
chloroplasts. In addition, the expression of genes encoding chloroplast APXs and Prxs
is upregulated during the first days after germination in Arabidopsis (Pena-Ahumada,
et al.,, 2006). Also glutaredoxin (Kanervo, et al., 2008), SOD and glutathione
transferase (Yang, et al., 2007) have been shown to be highly expressed in etiolated
plants and down-regulated upon greening of seedlings in light. Thereby the proper
induction of antioxidant systems in germinated seeds is crucial for the survival of a
seedling.

In mature leaves, tAPX and sAPX appear to be functionally redundant, and exhibit a
key role in the maintenance of chloroplast functionality upon sudden onset of oxidative
stress (Paper 1V). In contrast, in the course of long-term acclimation to various stress
conditions, the chloroplast APXs can be compensated by other components of the
chloroplast antioxidative system (Paper IV). Therefore the stress-acclimation involves
the operations of multiple H,O, detoxification systems to efficiently control the H,O,
levels in chloroplasts (see Figure 6). It was demonstrated in this thesis that in the
absence of both tAPX and sAPX, plants are able to scavenge H,O, up to a certain
level, but if the production of H,O, suddenly exceeds the threshold level, the lack of
tAPX and sAPX is not fully compensated by other components of the antioxidant
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network, suggesting that chloroplast APXs are indispensable under short-term changes
in the oxidative state of chloroplast, e.g. by strong sun flecks in nature. Accordingly,
high-light-acclimation of the tapx sapx double mutant plants enhanced the level of 2-
Cys Prxs (Paper IV), that can compensate the APXs in regard to H,O, detoxification
(Dietz, et al., 2006). All high-light-acclimated plants, wild type, tapx, sapx and tapx
sapx double mutant plants accumulated also cytoplasmic APX (Paper 1V). These
results suggest that both chloroplastic Prxs and cytoplasmic APX are more potent in
terms of H,O, removal than chloroplast APXs under condition of elevated H,O,
production.

5.4. Photoperiodic development of photosynthetic tissues

Plant development is controlled by a number of external factors, of which light
quantity and quality and the length of the daily light period are the most essential ones.
As described in Papers I-11, the length of the daily light period induces developmental
alterations in Arabidopsis that are comparable to changes induced by light intensity.
Like plants grown under high light intensity (reviewed by Kim et al., 2005), long-day-
grown plants possess thick leaves, vertically elongated palisade mesophyll cells, and
small grana stacks in chloroplasts when compared to plants grown under short days.
The length of the photoperiod also induces alterations in the physiological state of the
leaves. As described in Paper III, plants grown under short photoperiods show higher
accumulation of ROS after switching the light on subsequent to the dark period. Also
thylakoids isolated from short-day-grown plants produce more ROS than thylakoids
isolated from long-day-grown plants (Paper III). In respect of components of
antioxidative systems, the amounts of PrxIIE, 2-Cys Prxs and chloroplast GPX only
slightly increase in short-day-grown plants, being not sufficient to eliminate the higher
accumulation of ROS (Paper III). Accordingly, no significant differences could be
detected in the total content of ascorbate and glutathione between the short-day-grown
and long-day-grown plants (Queval, et al., 2007). The elevated production of ROS and
the low production of compensatory antioxidants in plants grown under short days
(Paper III; Becker, et al., 2006) may suggest that instead of oxidative stress, ROS have
a regulatory role in short-day-grown plants balancing metabolic reactions and the
regulation of development. Interestingly, Becker et al. (2006) showed that in plants
grown under long days, the expression of genes encoding several antioxidative
enzymes, including tAPX and sAPX, is strongly increased. This also indicates that
ROS-mediated signalling is specific for short photoperiods since under long
photoperiods ROS is aimed to be removed. All these studies collectively indicate that
an interaction between the day length and redox-mediated acclimation signals exists in
plants.

Diurnal metabolism of starch is one example of redox-regulated metabolic pathways
that balances the carbon fixation, carbon storage and the mobilization of stored carbon
according to the plant growth rate. As shown in Paper III, short photoperiods reduce
the growth of Arabidopsis. Both enzymes involved in starch synthesis, AGPase, and
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several enzymes involved in starch degradation, GWD, DSP4 and B-amylasel (BAMI1)
have been shown to be under redox control (Mikkelsen, et al., 2005; Sokolov, et al.,
2006; Sparla, et al., 2006). The higher accumulation of ROS in the leaves of short-day-
grown plants soon after the onset of light (Paper III) suggests that chloroplasts
encounter higher oxidative pressure under short photoperiods than under long
photoperiods. Higher oxidation state in chloroplasts challenges the thioredoxin systems
and interferes with the redox-regulation of enzymes thus decreasing their optimal
activities.

5.4.1. Impact of NTRC knockout on the growth of Arabidopsis

The pleiotropic phenotype of ntrc plants suggests that there is no single reason for
growth reduction in plants deficient in NTRC. I have shown in my thesis that NTRC
contributes to important developmental, metabolic and defence processes in
chloroplasts, such as plastid division, biosynthesis of chlorophyll, starch and amino
acids and detoxification of H,O,. The significant reduction in chloroplast number and
the extent of irregularly developed chloroplasts observed in ntrc cells is probably the
most concrete factor that depresses the growth of ntrc plants. In addition, imbalances in
the important metabolic pathways in chloroplasts, starch metabolism and shikimate
pathway that leads to production of aromatic amino acids and secondary metabolites,
result in disorders in the functions of chloroplasts thus diminishing their optimal
performance. As confirmed by several reports, NTRC is a primary reductant for 2-Cys
Prxs (Paper III, (Perez-Ruiz, et al., 2006; Kirchsteiger, et al., 2009; Perez-Ruiz and
Cejudo, 2009; Pulido, et al., 2010). Thus plants lacking NTRC lack also one
component of the ROS scavenging mechanism in chloroplast resulting in increased
susceptibility to oxidative stress. However, it is noteworthy that the double mutant
plants deficient in both 2-Cys Prx A and B did not show any phenotype significantly
different from that of the wild type plants (Pulido, et al., 2010), indicating that the
reduced growth of ntrc line is mainly due to the turn down of the other NTRC target
processes. Since the highest growth reduction in ntrc plants was observed under short
photoperiods, it suggests that the demand for reductive capacity in the developmental
and metabolic processes, mediated by NTRC, is increased especially under short
photoperiods.

5.5. Chloroplast-to-nucleus retrograde signaling

The prevailing condition in ntrc cells - the existence of heterogeneous types of
chloroplasts in a single mesophyll cell - poses extraordinary challenges for the
retrograde signalling from chloroplast to nucleus that controls the nuclear gene
expression (reviewed by Nott et al., 2006 and Kleine et al., 2009). In plant cells, all
chloroplasts are autonomous in regard to biogenesis and function and they
communicate with the nucleus separately from each other (Yu, et al., 2007).
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Heterogenous chloroplast population in ntrc cells (Paper II) may send contradictory
signals to nucleus depending on their functional status, thereby confusing the nuclear-
controlled developmental processes. Similar irregularities in chloroplasts have been
reported in other mutant lines of chloroplast proteins (Knappe, et al., 2003; Hricova, et
al., 2006; Yu, et al., 2007). The deterioration of morphological development may be
caused by heterogeneous signals from chloroplasts that interfere with the development
of young leaves.

Light is the most eminent external factor that controls the plant development in nature.
Light is perceived by a set of wavelength-specific photoreceptors that initiate
signalling cascades which ultimately lead to adjustments in gene expression. Both
photoperiodic and photomorphogenetic development are regulated by the
phytochromes, which perceive red and far-red light, and the cryptochromes, which
respond to blue and UVA light (Jiao, et al., 2007). Transcript levels of genes coding for
cryptochrome 2 and the far-red light-impaired response regulator FRS3 are strongly
down-regulated in ntrc (Paper I). We also demonstrated that that the blue and far-red
light-mediated signaling is affected in ntrc plants (Paper I). Whether the down-
regulation of genes encoding blue light receptor and far-red-signaling component is
caused by the signals derived from the irregularly differentiated plastid in ntrc cell,
remains to be elucidated.

The transcript levels of four chloroplast-located proteases are elevated in ntrc (Paper I).
In the course of plant development, the quality and quantity of plastid proteins need to
be carefully controlled by chaperones and proteases. Proteases in plastids have two
types of function; firstly, they are involved in protein maturation and secondly, they
degrade damaged and unnecessary proteins to free amino acids (reviewed by
Sakamoto, 2006). Oxidation of proteins which takes place in a close vicinity to the
major cellular sites of ROS production induces damages to proteins and is a major
contributor to protein degradation. It was recently suggested that rather than ROS
themselves, peptides deriving from proteolytic degradation of oxidized proteins would
act as secondary ROS messengers thus contributing to retrograde signalling during
oxidative stress (Mgller and Sweetlove, 2010).
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6. Concluding remarks

I have demonstrated in this thesis that the acclimation of Arabidopsis to short
photoperiods/long nights increases the accumulation of ROS. This, in turn, increases
the demand for reductive systems to maintain the activities of redox-controlled proteins
involved in metabolic and developmental processes. Plants deficient in NTRC show
photoperiod-dependent phenotypes with more severe reduction in growth rate and
chlorophyll accumulation under short photoperiods than under long photoperiods.
These findings provide evidence that NTRC is particularly important regulator of
enzyme activities in plants grown under short photoperiods. In this thesis work, NTRC
was identified to be involved in controlling metabolic processes including starch
metabolism and shikimate pathway. Regulation by NTRC can be achieved directly by
mediating redox regulation of intramolecular or intermolecular disulfide bridges of
enzymes, or alternatively by protecting enzymes from oxidation via removal of H,O; in
conjunction with 2-Cys Prxs. This thesis work also demonstrated that chloroplast
APXs, SOD and 2-Cys Prxs are tightly linked up to prevent the detrimental
accumulation of ROS in plants. Furthermore, it was shown that NTRC is needed for
regular biogenesis of chloroplasts in plant cells. However, the precise impact of NTRC
on the assembly and function of chloroplast division machinery and/or on the enzymes
of chlorophyll biosynthesis needs to be further clarified experimentally. Also the
search for novel NTRC target proteins by screening of the cDNA library with NTRC
baits is currently under process.
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