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Regulation of Thylakoid Protein
Phosphorylation during State Transition and
Photosystem Il Supercomplex Mobilization

In Rice

Roshan Sharma Poudyal
Department of Integrated Biological Science,

Pusan National University

ABSTRACT

Recent research identified the role of STN8 kinase for phosphorylation of
PSII core proteins such as D1, D2, CP43, PsbH, TSP9, CaS and STN7 kinase for
not only phosphorylation of LHCII protein but also PSII core proteins and state
transition in Arabidopsis. However complete inhibition of PSIl core protein
phosphorylation was only observed in the Arabidopsis stn7/stn8 double mutant.
Hence, the elucidation of specific roles of STN8 and STN7 kinases has been
identified by using T-DNA insertional knock-out mutant of the rice (Oryza sativa)
STNB8 gene, osstn8, STN7 gene, osstn7 and PPH phosphatase gene, ospph. Here,
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0sstn8 and osstn7 mutants has been used to clarify the role of PSII-LHCII protein
phosphorylation in regulation of PSIl repair cycle, mobilization of PSlI

supercomplex, state transition.

In the osstn8 mutant, PSII core protein phosphorylation (PCPP) was
significantly suppressed and the grana were thin and elongated. During high light
(HL) illumination, PSII was strongly inactivated in the osstn8 mutants, yet the D1
protein was degraded more slowly than in wild type, and the mobilization of the
PSII supercomplex from the grana to stroma lamellae for repair was also
suppressed. Taken together, these data show that the absence of STN8 gene is
sufficient to abolish PCPP in osstn8 mutants to produce all of the phenotypes
observed in the double mutant of Arabidopsis, indicating the essential role of
STN8-mediated PCPP in PSII repair. Using both histochemical and fluorescence
probes, ROS production, including superoxide and hydrogen peroxide production
was increased in o0sstn8 mutant’s leaves during HL illumination. When
superoxide dismutase was inhibited, superoxide production was increased,
indicating that superoxide production is the initial event prior to hydrogen
peroxide production. However, singlet oxygen production was not different
between WT and osstn8. In addition, PSlI-driven superoxide production was
more in the thylakoid membranes as well as in isolated PSIl and PSII-LHCII
supercomplex of osstn8. PSII and PSII-LHCII supercomplex of osstn8 leaves
showed strong oxidation of proteins under HL illumination. These results suggest
that superoxide is the major form of ROS produced in the osstn8 mutant, and that
the damaged PSII in the supercomplex is the primary source of superoxide
production during HL illumination. Apart from this, the specific kinase and
phosphatase for reversible phosphorylation of CP29 (CP29-P) was still unknown.
Therefore T-DNA insertion knock-out mutant of STN7 and STN8 kinase as well

Xii



as PPH phosphatase mutants were used to confirm it. CP29-P was observed in
WT, osstn8 complement, osstn7 and ospph mutant but not in osstn8 mutant
during high light and light chilling treatment. However dephosphorylation of
CP29-P was observed in all genotypes during dark incubation. The
phosphorylation and dephosphorylation of LHCII protein was blocked in osstn7
mutant and ospph mutant, as a consequence, state transition was strongly
impaired. Mobilization of PSII supercomplex was observed in osstn7 mutant
during high light illumination but it was suppressed in ospph mutant. This result
proposed that dephosphorylation of LHCII protein was also involved for
mobilization of PSII supercomplex. In control condition, the relative change in
maximal fluorescence during state transition, AF was similar in WT and osstn8
mutant and mobilization of PSII supercomplex was not observed but AF become
negligible in osstn8 during high light illumination and mobilization of PSII
supercomplex was only observed in WT. Upon high light illumination, CP29-P
was observed in PSI complex in WT but not in osstn8 mutant. Therefore it is
concluded that lack of CP29-P also impaired high light induced state transition in

0sstn8 mutant of rice.
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GENARAL INTRODUCTION

Chloroplast and thylakoid membrane

Green plant cell contains a unique cell organelle known as chloroplast
where the process of photosynthesis takes place. Chloroplasts are semi-
autonomous organelles of endosymbiotic origin that are found in all plants and
algae. Chloroplasts belong to the diverse family of plastids. There are several
types of plastids that has specialized roles and are derived from undifferentiated
proplastids. The most important types of plastids are chloroplasts, which contain
chlorophyll and conduct photosynthesis, leucoplasts, that does not have
chlorophyll and are found mostly in roots and non-photosynthetictissue and
chromoplasts which are responsible for the coloring of fruits and flowers.
Furthermore, plastids are also involved in gravity perception and the opening and
closure of stomata (Wise and Hoober, 2007). A typical structure of chloroplast

that contains grana and stroma is shown in (Fig. 1).

The thylakoid membranes have a very distinctive heterogeneous
membrane system consisting of appressed regions called the grana, and non-
appressed regions connecting these stacks called the stroma lamellae. Most of the
protein complexes are found in the thylakoid membrane (Fig. 2). The components
of the packed grana membranes facing towards the stroma are known as grana
end membranes, and the turns of each granum are known as margins (Albertsson,
2001; Allen and Forsberg, 2001; Mustardy and Garab, 2003). The thylakoid
membranes enclose the inner soluble space known as the lumen, which is a

compartment that has recently been found to have a complex proteome in itself



(Kieselbach et al., 1998). The design of the grana structure has evolved to
optimize the photosynthetic process, which allows plants to adapt at fluctuating
light conditions (Chow et al., 2005a; Hausler et al., 2009). Grana are found in all
higher plants, while most algae and cyanobacteria have very little, or totally lack

grana structure (Anderson et al., 2008).

The formation and maintenance of grana in chloroplasts of higher plants is
a versatile process controlled by an intricate interplay of several physiochemical
forces. These forces are Van der walls attraction, entropy, electrostatic attraction
and repulsion (phosphorylation), hydration repulsion and steric hindrance
(Sculley et al., 1980; Chow et al., 2005b). Furthermore, in the hcf136 mutant of
Arabidopsis, which is defective in photosystem 1l (PSII) assembly, the thylakoid
grana is severely enlarged and extended throughout the chloroplast (Meurer et al.,
1998). A recent study of chlorophyll b less mutants established that light
harvesting complex Il (LHCII) complexes also play an important role in the
thylakoid structure. This mutant showed less negatively charged and irregularly
stacked thylakoids when compared to wild type membranes (Kim et al., 2009).
These studies illustrate the importance of protein complex composition in the

maintenance of the grana structure.

Photosystem | and Photosystem 11

There are two photosystems are found within the thylakoid membranes of the
chloroplast (Fig. 2). These are known as photosystem | (PSI) and Photosystem 11
(PSII). PSI optimally absorbs photons of a wavelength of 700 nm and PSII
optimally absorbs photons of a wavelength of 680 nm. Photosystem Il uses light

energy to oxidize two molecules of water into one molecule of molecular oxygen.
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Outer membrane
Inner
membrane

Stroma %Froma

Figure 1. Typical structure of chloroplast and thylakoid membrane.
Chloroplasts are green organelles found in plant and algae cells. Chloroplasts
have an endosymbiotic origin, can divide and reproduce within plant cells, and
have their own ribosomes and DNA. The inner membrane of the chloroplast,
called the thylakoid membrane, is folded and stacked to form grana (disc-shaped

structure.
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PSi LHCII trimer Cytochrome byf dimer PSI ATPase

Figure 2. Molecular recognition and steric hindrance determine both the
topography of thylakoid stacks and lateral heterogeneity in the distribution
of photosystems | and I1. A high affinity of light-harvesting complex 11 (LHCII)
for itself, both laterally and transversely, causes LHCII-rich regions of thylakoid
to become tightly appressed, forming grana. Protein complexes that contain
extended, stromal-phase projections into the aqueous phase are thereby excluded
from the interior of grana stacks: these are photosystem | and the coupling
ATPase. The lateral separation of photosystem | and photosystem Il arises from
the interaction of photosystem Il with the membrane-‘adhesive” antenna complex,
LHCII. Photosystem | is excluded from the resulting, appressed, photosystem I1-
rich domains by means of steric hindrance. This figure was adopted from Allen
and Forsberg (2001).



During the electron transport process, a proton gradient is generated
across the thylakoid membrane. This proton motive force is then used to drive the
synthesis of ATP. This process requires PSI, PSII, cytochrome bf, ferredoxin-
NADP" reductase and chloroplast ATP synthase. Photosystem Il transfers
electrons from water to plastoquinone and in the process generate a pH gradient.
Plastoquinone (PQ) carries the electrons from PSII to the cytochrome bf complex.
Plastoguinone is an analog of Coenzyme Q. The only differences are the methyl
groups replacing the methoxy groups of Q and a variable isoprenoid tail.
Plastoquinone can functions as a one or two electron acceptor and donor. When it
is fully reduced to PQH; it is called plastoquinol. The core of this membrane

protein is formed by two subunits D1 and D2.

Photosystem | catalyze the final stage of light reaction. This protein
complex has two main components forming its core, psaA and psaB. These two
subunits are quite larger than that the core components of PSII and the bacterial
photosystems. PSI transfers the electrons across the membrane and reduces
NADP" to form NADPH. NADPH is then used as reducing power for the
biosynthetic reactions. The proton-motive force generated by linear electron flow
from PSII to PSI powers ATP synthesis by F1Fo-complex. To synthesize ATP,
photosynthesis provides an alternative route through which light energy can be
used to generate a proton gradient across the thylakoid membrane of chloroplasts.
This second electron path, driven by PSI only, is the cyclic electron flow, and it
produces neither O, nor NADPH. Electrons from PSI can be recycled to
plastoquinone, and subsequently to the cytochrome b6f complex (Heber and
Walker, 1992; Joliot and Joliot, 2002). Such a cyclic flow generates pH and thus
ATP without the accumulation of reduced species. The role of cyclic electron
flow is less clear than linear, while it is proposed, that the linear flow itself cannot

maintain the correct ratio of ATP/NADPH production. The absence of cyclic flow
5



will ultimately lead to excessive accumulation of NADPH in the stroma and
thereby, its over-reduction (Munekage et al., 2004).

Photosystem Il proteins phosphorylation in chloroplast

Chloroplast protein phosphorylation plays the diverse role in regulating
cellular functions for signal transduction. It is estimated that around one third of
the all eukaryotic proteins are subjected to reversibly phosphorylate. The
reversible protein phosphorylation is dependent on protein Kkinases and
phosphatases. Phosphorylation of thylakoid proteins is different between
mesophyll cell and bundle sheath (Fristedt et al., 2012). Different protein kinases
and phosphatases were identified according to their presence of catalytic domain
for phosphorylationa and dephosphorylation (Schenk and Snaar-Jagalska, 1999).
The reversible phosphorylation of thylakoids proteins regulates the migration of
LHCII (Haldrup et al., 2001) and turnover of PSII (Rintama&ki et al., 1997) which

balance the absorbed excitation light energy between the two photosystems.

Recent data of phospho proteomices suggested that thylakoid function is
regulated by a complex phosphorylation network in which one kinase may
require for phosphorylation of several substrates and one substrate is
phosphorylated by many kinases at their different amino acid sequences (Lohrig
et al., 2009). Previously, the two thylakoid kinases STN8 and STN7 (ortholog of
the Stt and of Chlamydomonas reinhertii) were identified in Arabidopsis
(Bellafiore et al., 2005). In addition, thylakoid protein kinase (TAK) which had
similarities to animal cell receptor known as transforming growth factor
receptor was identified in Arabidopsis (Snyders and Kohorn, 1999). The
phosphorylation of those proteins such as PSII core proteins D1, D2, CP43, PsbH

6



and TSP9 and peripherial major harvesting protein LHCII as well as minor light
harvesting protein CP29 and some proteins of PSI like PsaP and PsaD have been
identified (Hansson and Vener, 2003). Several thylakoid phospho proteins and
their kinase have been observed in different plant species as summarized by
Pesaresi et al. (2011).

STNB8 kinase mediated photosystem |1 protein phosphorylation

PSII complex is multi protein complex where most of the proteins are
phosphorylated at different environmental conditions. It is known that,
phosphorylation of D1, D2 protein increase with increasing light intensity, in
constract to LHCII protein phosphorylation that decreased with increasing light
intensity (Rintamaki et al., 1997). In Arabidopsis thaliana, STN8 kinase was
identified for PSII core protein (D1, D2, CP43 and PsbH) phosphorylation under
high light illumination without disturbing LHCII protein phosphorylation and
state transition (Bonardi et al., 2005; Vainonen et al., 2005; Tikkanen et al., 2010).
The PSII core proteins D1, D2 phosphorylated at low and high light condition and
controlled by STNB8 kinase (Bonardi et al., 2005). In addition CP43, PsbH, CaS
proteins are also phosphorylated by STN8 kinase (Reiland et al., 2009). The
activation of this kinase is depends on different environmental condition in the
leaf. STNS is activated at low light and high light via reduced plastoquinone pool
although light dependent phosphorylation of CaS is connected by Ca®* signaling
pathway by STN8 kinase (Schonberg and Baginsky, 2012). Apart from this, the
activation of this kinase is regulated by ferredoxina and thioredoxin system.
Under high light, electron flow from PSII through PSI generates more reduced
ferredoxin and thioredoxin that activate STN8 kinase and inactivate PSII core

protein phosphatase (PBCP) (Cui et al., 2014).
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PSII core protein phosphorylation is essential for PSII repair cycle and
inhibition of reactive oxygen species formation (Tikkanen et al., 2008). While
PSIl core protein phosphorylation controlled the macroscopic folding of
thylakoid membrane (Fristedt et al.,, 2009), LHCII and CP29 protein
phosphorylation is responsible for state transition (Rochaix, 2007, Tokutsu et al.,
2009). Similarly, phosphorylation of CP29 has several roles. For example CP29
phosphorylation dissipate the excess of excitation energy and protect against
photoinhibition (Bergantino et al.,, 1998), state transition in Arabidopsis
(Tikkanen et al; 2006) and Chlamydomonas (Kargul et al., 2005, Tokutsu et al.,
2009), induce a conformational change which modify the chlorophyll
organization leading non-radioactive energy dissipation (Croce et al., 1996),
modulate the spectral properties of photosystem Il subunit and provide a possible
mechanism for the regulation of excitation energy supply to the reaction center
(Croce et al., 1996), induce disassembly of PSlI-supercomplex (Fristedt et al.,
2011).

STN7 kinase mediated LHCII protein phosphorylation and state transition

Previously, Stt7 in Chlamydomonas reinhardtii (Depege et al., 2003) and
Stn7 in Arabidopsis thaliana (Bonardi et al., 2005) have been identified for
LHCII protein phosphorylation. It is also known that high light treatment
inactivates the kinase responsible for phosphorylation of LHCII through
ferredoxin-thieoredoxin system (Hou et al., 2003). Mobilization of LHCII protein
at preferential excitation of PSI in state 1 and PSII in state 2 is depicted in Fig. 3.
The two conserved cysteine could therefore be the targets of this redox system
which appears likely that activity of Stn7/Stt7 kinase is regulated by a complex

networking involving cooperative redox control by PQ and cytochrome b6f
8



complex as well as by the ferredoxin-thioredoxin system in the stroma (Lemeille
and Rochaix, 2010). In addition, the phosphorylation of LHCII is induced by
reactive oxygen species (ROS) and then the phosphorylated LHCII moves to PSI,
into the repair cycle of damaged PSII. The ferredoxin and thioredoxin system
may play a possible central role in the phosphorylation regulation on LHCII
dissociation (Cui et al., 2014).

However, the exact nature of activation and deactivation of kinase by
reduced and oxidized PQ pool is unknown (Joshi et al., 2011). Over the years,
there have been arguments regarding which LHCII proteins are involved in state
transitions and a couple of theories were put forward (Koufil et al., 2005;
Damkjaer et al., 2009; Tokutsu et al., 2009). One theory suggests the role of
LHCII trimer in state transitions and the other holds CP29 responsible. However
these concepts were put forward by using two different model organisms:
Chlamydomonas reinhardtii and Arabidopsis thaliana suggesting the existence of
two completely different modes of state transitions of the three LHCII trimers, S,
M and L, the trimer which is involved in state transitions has been a mystery until
recently. Initially it was thought that LHCII-M might be involved in state
transitions as it is the trimer which could be easily dislocated from the
supercomplex (Allen, 1992). However, the failure to detect Lhcb3 in the stroma
lamella discarded this hypothesis as it is the main protein in LHCII-M. Also
trimer S is very strongly bound to PSII core and therefore its involvement in state
transitions is quite unlikely. The next suitable candidate for state transitions is
LHCII-L. However, the inability to isolate a stable LHCII-PSI supercomplex
hampered the confirmation of this theory until Galka et al. (2012), who reported
the isolation and characterization of PSI-LHCII supercomplex from Arabidopsis
thaliana and Zea mays. They showed that the Lhcb protein composition of

PSI-LHCII is different from that of LHCII-S, LHCII-M and CP29; although they
9



couldn’t directly prove that it is composed of LHCII-L as stable isoform of

LHCII-L has not been successfully accomplished.

PPH phosphatase mediated dephosphorylation of LHCII and state transition

The activation of kinase in the thylakoid membrane is controlled by the redox
state of the plastoquinone (PQ) pool (Vener et al., 1997; Zito et al., 1999). When
light conditions favor the activity of PSII, reduction of the PQ pool activates the
STN7 kinase and causes a transition to state 2. The LHCII antenna protein is
phosphorylated (Allen, 1992) and move toward PSI (Lunde et al., 2000). This
process is reversible; because when PSI is more active and the plastoquinone pool
is oxidized, the LHCII antenna is dephosphorylated and move back toward with
PSII. Little is known about the molecular nature of the phosphatases involved in
state transitions (Aro and Ohad, 2003). Dephosphorylation of LHCII proteins was
observed with isolated thylakoids, indicating that at least a portion of the
phosphatase is membrane associated (Bennett, 1980). It was further shown that
thylakoid protein phosphatases are redox independent and Kkinetically
heterogeneous (Silverstein et al., 1993). A 29 kDa stromal protein phosphatase
was shown to act on dephosphorylation of LHCII in vitro (Hammer et al., 1997).
However, it was not clear whether this protein functions in the dephosphorylation

of LHCII in vivo or not.

When PQ is oxidized and LHCII kinase is inactivated then LHCII protein
become dephosphorylated by the action of unknown protein phosphatase. For
several years, many scientists attempted to identify LHCII protein phosphatases.
And finally TAP38/PPH1 phosphatase that was required to dephosphorylate
LHCII protein has been identified (Pribil et al., 2010; Shapiguzov et al., 2010).

10



State 1

2H,0 >

Figure 3. Scheme of photosynthetic complexes in the thylakoid membrane
and state transitions. State transitions are determined to a large extent by the
redox state of the PQ pool. Preferential excitation of PSI leads to the oxidation of
the PQ pool and to state 1. In state 1 the mobile light-harvesting antenna is bound
to PSII. Preferential excitation of PSII relative to PSI leads to a reduced state of
the plastoquinone pool and thus to the docking of plastoquinol to the Qo site of
the cytochrome b6f complex. This activates the LHCII kinase and leads to the
displacement of phosphorylated LHCII from PSII to PSI (state 2). This figure was
adopted from Rochaix (2007).
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In addition, another protein phosphatase, “Photosystem II core protein
phosphatase (PBCP) phosphatase” has been identified that required for
dephosphorylation of PSII core proteins but not LHCII in Arabidopsis (Samol et
al., 2012).

PSII-LHCII supercomplex mobilization

PSIHI-LHCII supercomplex is the functional form of PSII which are
organized in the appressed region of grana membranes. When plants are
illuminated with strong light, the mobilization of PSII-LHCII supercomplex from
grana to stroma lamella is observed probably as a photoprotective mechanism.
When PSII proteins are phosphorylates then PSII remodeling observed and they
move towards stroma (Fig. 4, 5). Although the exact mechanisms of this high
light induce mobilization of PSII-LHCII supercomplex is still unclear, several
recent reports have suggested that the mobilization of PSII-LHCII supercomplex
is controlled by the phosphorylation of PSII core proteins, especially the
phosphorylation of PSII core antenna protein CP43 by STN8 kinase and the
phosphorylation of LHCII proteins by STN7 kinase (Tikkanen et al., 2008;
Dietzel et al., 2011). Therefore this process can divided into two steps: an initial
step until CP43 phosphorylation and the next step for actual dissociation and
movement of the supercomplex to granal margins or to stroma lamella. Then the
damaged PSII core by high light illumination will be dephosphorylated and
degraded for PSII repair (Tikkanen et al., 2008). Recently the mobilization of
CP29 from PSII-LHCII supercomplex to PSII monomers and dimers was reported
to occur after its phosphorylation during high light illumination, and CP29
phosphorylation may induce the disassembly of the PSII supercomplex in
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Arabidopsis (Fristedt et al., 2009). The phosphorylation of CP29 is also proposed
to be essential for state transitions in Chlamydomonas reinhardtii (Tokutsu et al.,
2009). Therefore, it has been postulated that the phosphorylation of PSII proteins
accelerate its mobilization during light illumination. Apart from this, the
protonation of the PsbS protein also facilitates the migration of the PSII-LHCII
proteins along the thylakoid membrane for non-photochemical quenching during
light illumination (Kereiche et al., 2010). Hence it has been assumed that
phosphorylation of PSII core proteins (Baena-Gonzélez et al., 1999), LHCII
proteins (Tikkanen et al., 2008) as well as phosphorylation of PSII core antenna
protein CP43 was an important prerequisite for the release of PSII supercomplex
(Dietzel et al., 2011), and furthermore, the protonation of the PsbS protein
(Kereche et al., 2010) has been shown to have a role in facilitating the migration
of the PSII-LHCII proteins along the thylakoid membrane during light
illumination (Fig. 5).

Photosystem Il turnover and repair

An earlier study on Arabidopsis mutants stn7, stn8 and stn7x8 double
mutant concluded that PSII protein phosphorylation was not essential for PSII
repair (Bonardi et al., 2005), recently PSII of oxygenic photosynthetic machinery
is constantly damaged by light and its repair is coordinated by phosphorylation of
PSII core proteins by STN8 kinase and LHCII protein by STN7 kinase (Tikkanen
and Aro, 2012). There are several physiological and biochemical cascades
involved for phosphorylation and PSII repair cycle in lower and higher plants. In
PSII repair cycle several separate mechanisms are mainly involved for its repair

mechanism in the presence of light.
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Figure 4. Schematic model for initiation and processing of PSII
supercomplex remodeling and state transitions in Arabidopsis. The model
depicts the reversible involvement of PSII supercomplex remodeling (including
the generation of megacomplexes) upon a transition from state 1 to state 2 (given
in bold letters) and vice versa in a continuous cycle that can be separated into four
phases each with a specific function (indicated in the respective corners of the
figure). The model aims to represent the basic principle rather than being
complete in all three-dimensional details of the complexes. Entangled green ovals
indicate PSII dimers, surrounding dark-green structures the LHCII trimers, and a
green hexagon PSI. Phosphorylation of the respective structures is given by a P in
yellow circles. Arrows between the respective structures mark the sequence of
events. White arrowheads indicate movement of LHCII. Tripartite arrows
represent the sequential generation or release of the various organization steps of
PSII from dimers up to megacomplexes. This figure was adopted from Dietzel et
al. (2011).
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Figure 5. A proposed model for the remodeling of PSII during the transition
from state 1 to state 2. (A) A top-down view from the stromal side of the
membrane showing the division of the PSII megacomplex and detachment of
peripheral antenna: (1) unphosphorylated LHCIIs stabilize the megacomplex; (2)
the phosphorylation of LHCII type | in the major LHCII trimer triggers the
division of themegacomplex, resulting in discrete C2S2 supercomplexes; (3) the
phosphorylation of CP26 and CP29 as well as PSIl core subunits D2 and
CP43induces the undocking of most LHCIIs from the PSII core complex. (B) A
side-view of the membrane plane showing alterations in the thylakoid
ultrastructure: (1) thylakoids are more stacked in State 1 (left); (2) after
membrane unstacking, which is likely caused by the phosphorylation of LHCII
type 1, more LHCII proteins, including CP26 and CP29 and the core proteins
CP43 and D2 protein, are phosphorylated (middle), leading to the undocking of
most peripheral antenna proteins from PSII (right). This figure was adopted from
Iwai et al. (2008).
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In the presence of light, the damaged PSII is replaced by degradation of damaged
PSII by FtsH and Deg proteases and replaced newly synthesized PSIl (Komenda
et al., 2012). The major target to damage PSII is D1 protein of PSII reaction
center (Nixon et al., 2010). The highly hydrophobic D1 protein contain five
transmembrane helices with N-terminal and C-terminal tails exposed to the
stroma and thylakoid lumen (Loll et al., 2005, Umena et al., 2011). To achieve
this goal different steps are involved for PSII repair cycle in which damaged D1
protein can replace by newly synthetized D1 protein. For the turnover of the
damaged PSII core proteins, in particular the D1 protein, they must go through
the following highly organized steps of PSII repair cycle: (1) Phosphorylation and
photodamaged of PSII proteins, (2) monomerization, migration and disassembly
of photodamaged PSII proteins, (3) dephosphorylation and degradation of PSII
proteins, (4) de novo biosynthesis of D1 protein (5) insertion of newly
synthesized D1 protein in PSII complex and (6) PSII reassembly and functional
PSII (Nath et al., 2013a). To achieve the goal of PSII repair cycle different
protein and phosphorylation of PSII protein are involved. Since PSII consists of
more than 20 subunits and functional PSII must be maintained which is PSII
repair where damaged D1 protein is degraded by proteases and replaced by newly
synthesized D1 protein (Baena-Gonzélez and Aro, 2002) and different auxillary
proteins also involved in the biogenesis and maintenance of PSII (Mulo et al.,
2008). In addition, Psb27 is also essential for PSII repair in thermophilic
cyanobacterium (Grasse et al., 2011). Thus, PSII repair cycle is one of the
complicated biochemical mechanisms in thylakoid membranes (Fig. 6) and to
elucidate this concept here, this dissertation shows protein phosphorylation and

its significance to maintain the functional PSII during light acclimation.

16



Thylakoid protein phosphatases and proteases for PSII repair

It has been proposed that phosphorylated form of D1 protein is poor
substrate for its proteolytic degradation thus dephosphorylation of D1 proteins
seems crucial steps for its degradation in stroma (Sun et al., 2007). Recently,
PBCP phosphatase was identified for dephosphorylation of PSII core protein
(Samol et al., 2012). Previously D1 degradation and PSII repair cycle has been
reported (Tikkanen et al., 2008). Different isoforms of Deg proteases has been

also reported for initial degradation of D1 protein (Kapri-Pardes et al., 2007).

Initially for the degradation of damaged D1 protein, Deg2 cleavage between D
and E helices (DE loop) into 23 kDa and 10 kDa in N-terminal and C-terminal
fragments (Huesgen et al., 2005), Degl cleavage between A and B helices (AB
loop) into 10 kDa and 23 kDa in N-terminal and C-terminal fragments (Huesgen
et al., 2005), Deg5 and Deg8 involve to cleavage between C and D helices (CD
loop) into 18 kDa and 16 kDa in N-terminal and C-terminal fragments (Sun et al.,
2007). Besides degradation of D1 protein, it was observed that photodamaged D2,
CP43 and CP47 also cleaved initially by Deg7 (Sun et al., 2010a). Based on this
study, FtsH proteases further degrade the D1 protein which was initially degraded
by Deg proteases. There are several isoforms of FtsH proteases has been
identified in Arabidopsis which consists FtsH,1 FtsH5, FtsH6, FtsH7, FtsHS,
FtsH9 (Sakamoto et al., 2003), and FtsH2 (Takechi et al., 2000) for D1
degradation. Later Huesgen et al. (2009), suggested that the cleaved D1 protein
by Deg and other proteases follow the progressive degradation in its N-terminal
and C-terminal by FtsH proteases. Thus this evidence suggests that FtsH
proteases are responsible only for degradation of D1 fragments. In PSII, D1 is the
primary target for photodamage so that its degradation and repair is essential. It
was observed that not only D1 protein but also D2, CP43, CP47, LHCII and PsbH
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proteins also damaged during light condition and those damaged protein were
also replaced in PSII (Aro et al., 2005, Sun et al., 2007).

Recent data specifically suggest ATP dependent FtsH metalloprotease and
ATP dependent Deg endoprotease have significant role for D1 degradation in the
thylakoid membrane of higher plants (Kato and Sakamoto, 2009; Komenda et al.,
2012) as well as in vivo cooperative degradation of D1 protein, in which Deg
cleave assists FtsH processive degradation under photoinhibitory condition (Kato
et al., 2012). Based on these data, it can assume that, photodamaged PSII proteins
degraded by Deg and FtsH proteases and most of those proteins are
phosphoproteins. The question arise whether dephosphorylation of D1 protein is
essential for its degradation or not and proteases have that ability to degrade
phosphorylated form of D1 protein?, to get the clear concept for this mechanism
more effort is essential. In addition, there are other proteases that exist which can
degrade photodamaged PSII in appressed grana region. Because if
phosphorylated D1 protein starts degradation in PSII-LHCII supercomplex then
there may have some reasons (1) there are another phosphatases and proteases are
localized in the appressed region of grana where PSII-LHCII supercomplex reside
(2) completely dephosphorylation of D1 protein is not required for its complete
degradation, (3) there are some proteases which can degrade phosphorylated D1
protein in PSIlI supercomplex and (4) phosphorylation, mobilization and

degradation process occur simultaneously.
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Figure 6. Scheme of the PSII repair cycle showing temporal and spatial
segregation of the enzymes and the reactions they catalyze. The thylakoid
subdomains-grana core, grana margins, and stroma lamellae-are demarcated. A
key representing various assembly states and modifications of PSII is given

below the figure. This figure was adopted from Puthiyaveetil et al. (2014).
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Reactive oxygen species (ROS) and PSII repair

Under many biotic and abiotic stress conditions, an imbalance between
ROS generation and scavenging occurs, and the accumulating ROS cause damage
to cells near their generation sites (Hideg et al., 2002). Even though ROS are
scavenged by diverse enzymatic and non-enzymatic antioxidative defense
substances (Mittler, 2002), the levels of ROS may rise rapidly following
environmental changes (Blokhina et al., 2003). The main source of ROS in
chloroplasts is the electron transport chain and the generation site for each ROS
differs depending on the stress applied (Laloi et al., 2004). In the photosynthetic
machinery, the conversion of excitation energy absorbed by chlorophylls into the
energy of separated charges and subsequent water-plastoquinone oxido-reductase
activity are inadvertently coupled with the formation of ROS. Singlet oxygen is
generated by the excitation energy transfer from triplet chlorophyll formed by the
intersystem crossing from singlet chlorophyll and the charge recombination of
separated charges in the PSII antenna complex and reaction center of PSII,
respectively. Apart from energy transfer, the electron transport, associated with
the reduction of plastoquinone and the oxidation of water, is linked to the
formation of ROS including superoxide anion radical and hydrogen peroxide.
PSII evolved a highly efficient antioxidant defense system to scavenge ROS and
protect PSII from oxidative damage. Both the check and balance in the formation
and scavenging of ROS are controlled by the energy level and the redox potential
of the excitation energy transfer and the electron transport carrier, respectively
(Pospisil, 2012). Since the D1 protein is the main target of photoinhibition in PSII
RC, ROS can induce the specific cleavage of the D1 protein in vitro (Okada et al.,
1996). Based on in vivo studies of cyanobacteria, it has also been suggested that
ROS act primarily by inhibiting the synthesis of the Dlprotein but not by
damaging PSII directly (Nishiyama et al., 2004).
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When photosynthetic tissues are illuminated in excess of the energy
utilization potential of carbon reduction, there is a marked decrease in
photosynthetic capacity, and this over-excitation of the photosynthetic apparatus
may result in damage to PSII reaction centers (Krause, 1988; Melis, 1999).
However recent findings demonstrated that PSII repair process is more sensitive
to environmental stress than the damage of PSII, due to inhibitory action of ROS
in D1 protein synthesis (Takahashi and Murata, 2008; Nishiyama et al., 2011). In
addition to other environmental stresses affecting the repair cycle of PSII, it is
evident that PSII photoinhibition as such is enhanced by abiotic stresses (Nath et
al., 2013a). Here, based on the mutation of osstn8 gene in rice which causes
impairment in PSII core protein phosphorylation and renders osstn8 mutants to
photooxidative damage, a new model of the PSII photoinhibition-repair cycle is
proposed (Nath et al., 2013a). Accumulation of damaged D1 protein is possibly
due to impaired disassembly of PSII and/or modified grana stacking in mutant
plants, as reported by (Tikkanen and Aro, 2012). Accumulation of damaged PSI|I
complexes is likely to be the main reason for ROS generation in osstn8 mutant.
ROS generation due to photooxidative damage mainly leads to: i) slow down of
D1 protein degradation, and ii) inhibition of D1 protein de novo synthesis, during
photoinhibition.
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OBJECTIVE OF THE STUDY

The aim of this research was to investigate the role of PSII and LHCII protein
phosphorylation for mobilization of PSII supercomplex and state transition in rice plant.
Phosphorylation of thylakoid membrane proteins in the presence of sunlight, balance the
energy between two photosystems which has major role in the process of photosynthesis.
In recent years there are some controversies regarding the exact role of proteins
phosphorylation in the thylakoid membrane of higher plants. STN7 and STN8 are the
major thylakoid kinases to phosphorylate major LHCII and PSIlI core proteins
respectively. Apart from this PPH phosphatase was identified to dephosphorylate major
LHCII proteins. Therefore STN7, STN8 and PPH phosphatase knock-out mutants of rice
were used to clarify the role of protein phosphorylation and dephosphorylation in the
thylakoid membrane during light illumination.

The main objectives of this research work are given below:

- To clarify the role of PSII core protein phosphorylation for PSII-LHCII
supercomplex mobilization during high light illumination.

- To clarify the role of PSII core protein phosphorylation for PSII repair
during high light illumination.

- To investigate the role of PSII core protein phosphorylation to to suppress
the production of reactive oxygen species (ROS) during high light
illumination.

- To investigate the production site of ROS in the thylakoid membrane.

- To investigate the kinase for CP29 protein phosphorylation during high
light illumination.

- To investigate the process of state transition by LHCII protein
phosphorylation and CP29 protein phosphorylation during low light and
high light illumination respectively.
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PART I

Suppression of Photosystem Il Repair by Blocking the Phosphorylation of
D1 Protein in the OsSTN8 Knock-out Rice Mutant

ABSTRACT

The role of STN8 kinase for photosystem 11 (PSIl) core protein
phosphorylation (PCPP) in PSII repair cycle that was on debate in Arabidopsis
(Bonardi et al., 2005, Nature, 437: 1179-1182) was reinvestigated using a rice
(Oryza sativa) T-DNA insertional STN8 knock-out mutant, osstn8. In the osstn8
mutant, PCPP was significantly suppressed and the grana were thin and elongated.
Upon HL illumination, PSII was strongly inactivated in the mutants, yet the D1
protein was degraded more slowly than in wild type, and the mobilization of the
PSII supercomplex from the grana to stroma lamellae for repair was also
suppressed. In addition, higher accumulation of reactive oxygen species and
preferential oxidation of PSII reaction center core proteins in thylakoid
membranes were observed in the mutants during HL illumination. Taken together,
these data show that the absence of STNS is sufficient to abolish PCPP in osstn8
mutants to produce all of the phenotypes observed in the double mutant of
Arabidopsis, indicating the essential role of STN8-mediated PCPP in PSII repair.
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1. INTRODUCTION

Plants use light during photosynthesis to convert it into chemical energy
however excessive light is harmful to plants. Even in low light, photosystem Il
(PSI1I) can be damaged in proportion to the light intensity (Tyystjéarvi and Aro,
1996; Jansen et al., 1999; Oguchi et al., 2009). Damaged PSIl needs to be
repaired at all light intensities, and the overall level of photosynthetic activity is
reduced when the rate of repair is unable to match the rate of photodamage (Prasil
et al., 1992). The repair of photodamaged PSII, particularly the turnover of the
D1 protein, is thought to be a key regulatory mechanism of the PSII repair cycle
(Yokthongwattana and Melis, 2006). In this cycle, the damaged and
phosphorylated PSII is first relocated from the grana to the stroma lamellae,
where the damaged D1 protein is degraded after dephosphorylation by specific
proteases (Bailey et al., 2002; Kapri-Pradesh et al., 2007; Sun et al., 2010b; Kley
et al.,, 2011; Schuhmann and Adamska, 2012; Wagner et al., 2012; Kirchhoff,
2013a), and the newly synthesized D1 is inserted into PSII (Ohad et al., 1985;
Aro et al., 1993; Rintamaki et al., 1996; Tikkanen et al., 2008; Tikkanen and Aro,
2012).

The phosphorylation/dephosphorylation cycle of PSII core proteins has
been identified as one of the regulatory mechanisms responsible for protecting
PSII from photoinhibition (Tikkanen et al., 2008; Frietedt et al., 2009; Goral et al.,
2010; Tikkanen and Aro, 2012). A serine/threonine protein kinase, STN8, has
recently been identified in Arabidopsis thaliana (hereafter Arabidopsis) to be
specific for the phosphorylation of PSII core proteins, D1, D2, CP43, PsbH and
TSP9 (Bonardi et al., 2005; Vainonen et al., 2005). Osstn7 kinase in Arabidopsis

was found to be involved not only in light harvesting complex Il (LHCII) protein
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phosphorylation (Bellafiore et al., 2005; Bonardi et al., 2005), but also in PSII
core protein phosphorylation (PCPP) (Bonardi et al., 2005; Tikkanen et al., 2008).
Complete inhibition of PCPP was therefore only observed in the Arabidopsis
stn7/stn8 double mutant (Tikkanen et al., 2008, Bonardi et al., 2005).

Recently, the role of PCPP in PSII repair cycle was questioned because
complete inhibition of PCPP did not render any significant effects on PSII
activity and D1 turnover rate in Arabidopsis stn8 and stn7/stn8 double mutants
under high light (HL) illumination (Bonardi et al., 2005). However, under
prolonged illumination of HL, PSII of the stn7/stn8 double mutants became more
sensitive, and the degradation of photodamaged D1 protein was slower compared
with wild-type plants (WT) (Tikkanen et al., 2008; Frietedt et al., 2009). In
addition, in the double mutants the lack of PCPP prevents the disassembly of
PSII-LHCII supercomplex during HL illumination, which blocks the migration of
damaged PSII units from the grana to the stroma (Tikkanen et al., 2008; Tikkanen
and Aro, 2012).

In thylakoid structure, PCPP facilitates this lateral mobility of membrane
proteins, and the restriction in lateral migration of D1in stn8 and stn7/stn8
mutants of Arabidopsis led to the formation of extended appressed grana regions
of thylakoids (Frietedt et al., 2009). More recently, several reports proposed the
central role of PCPP in dynamic restructuring of thylakoid membranes in the light
that involves expansion of granal thylakoid lumen (Kirchhoff et al., 2011) and
lateral shrinkage and vertical destacking of grana (Herbstova et al., 2012;
Kirchhoff, 2013b). Although the evidences for the important role of PCPP in PSlI
repair are accumulated, its detailed regulatory mechanisms and the regulatory
networks are unclear yet, and there are several inconsistencies in the results

obtained from algae, dicots and monocots (Chen et al., 2013).
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In view of the above reports, here | have examined the characteristics of a
T-DNA insertional STN8 knock-out mutant of the monocot rice (Oryza sativa),
osstn8. In comparison with earlier findings in the stn8 mutant of dicot
Arabidopsis, clear phenotypes have been observed in the osstn8 mutants. These
results indicate that the functional redundancy between STN8 and STN7 during
PCPP is much lower in rice than that in Arabidopsis, and that the absence of
STNB8 is sufficient to abolish PCPP in osstn8 mutants to produce all of the
phenotypes observed in the double mutant of Arabidopsis, supporting the

essential role of PCPP through STN8 kinase in PSII repair in rice.
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2. MATERIALS AND METHODS

2.1. Plant materials and growth conditions

From a T-DNA inserted mutant pool, OsSTN8 knock-out mutant osstn8
was used as described in Nath et al., 2013b. Wild-type (WT) rice (Oryza sativa
cultivar ‘Hwayoung-byeo’ (HW) and osstn8 lines were used in the experiments.
One-month-old plants were used to conduct the experiments that were grown in a
glasshouse at 30°C/26°Cwith a 16/8 h day/night photoperiod. The source of
growth light in glasshouse was sun light that changes from 0 to 1,200 umol m?s™
in whole year in Busan, Republic of Korea. Before performing the experiments,
plants kept in rice growth chamber with constant light intensity at 100 pmol ms”
! for 4-6 h for acclimation. Leaf segments were prepared and float on water then
leaves were dark adapted for 6 h before light treatment. Similarly, Arabidopsis
stn7, stn8, pph1-3 and CP29 mutant (KO-CP29) seeds were kindly provided by
professor Roberto Bassi, University of Verona, Italy and plant were grown at 22
+ 2°C at 16 h light and 8 h dark condition.

2.2. Genetic complementation of osstn8

The full-length OsSTN8 cDNA was amplified by PCR using the primers
forward 5’-CGGGATCCCG-AGAGCCCCCTCCTCTCCAT-3’ and reverse 5°-
GACTAGTCCTTCCTCCTCCTTTTCCCTC TCTC-3’ (the underlined sequences
correspond to BamHI and Spel sites, respectively). A cDNA clone (AK287774)
from Knowledge-based Oryza Molecular Biological Encyclopedia (KOME,
http://cdna0l.dna.affrc.go.jp/cDNA/) was used as the template. The PCR product
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was cloned into the pGEM-T Easy vector (Promega, Madison, WI) and
confirmed by sequencing. In accordance with Eom et al. (2011), the insert
digested with BamHI and Spel was placed between the maize (Zea mays)
Ubiquitinl (Ubil) promoter and the Nopaline Synthase (Nos) terminator of the
Ubi/NC4300 binary vector carrying the Phosphomannose Isomerase gene as a
selectable marker. The resulting construct, Ubil::OsSTN8, was used to transform
the osstn8 mutant as described previously (Lucca et al., 2001). The genetic
complementation experiment was kindly done by Dr. Jong-Seong Jeon (Kyung
Hee University). More than ten independent transgenic rice plants were obtained,
among which a line with high expression of OsSTN8 was used in this study as

osstn8 complemented line 1 (Comp-1).

2.3. Measurement of chlorophyll fluorescence

Room temperature chlorophyll fluorescence parameters including
minimum fluorescence (Fo) and maximal fluorescence (Fm) from detached leaf
segments were measured using PAM 2000 (Walz Effeltrich, Germany) following
the manufacturer’s instructions after dark incubation for 30 min. The
photochemical efficiency of PSII, or Fv/Fm, was calculated using the equation,
Fv/Fm = (Fm - Fo) / Fm.

2.4. Infiltration of protease inhibitors or lincomycin and photoinhibitory

treatments

Leaves were chosen from WT and osstn8 mutant rice plants, and about 2-

3 cm leaf segments were prepared in water to protect against severe wounding
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and used for infiltration. For infiltration of protease inhibitors, leaf segments were
floated on either 10 mM phenylmethylsulfonyl fluoride (PMSF) or 10 mg/ml
protease inhibitor cock tail (Sigma) solution for 6 h in darkness. For infiltration of
plastid protein synthesis inhibitor, leaf segments were submerged in 3 mM

lincomycin solution overnight in darkness.

For photoinhibitory treatments, leaf segments were placed under 1,500
umol m?s™ light intensity for 2 h using a metal halide lamp equipped with a
water bath to reduce heat. During HL illumination, 3 mM lincomycin solution

was replaced with 1 mM lincomycin to reduce the toxic effects of this agent.

2.5. Immunoblotting and Oxyblot analysis

For immunoblotting, leaf segments were dark-adapted overnight with or
without 3 mM lincomycin, and then exposed either to Low light (LL) at 200
umol m?s* or to HL illumination at 1,500 pmol m?s™ for 2 h. Thylakoid
membranes were isolated following the protocol described by Oh et al. (2009),
and chlorophyll concentration in isolated thylakoids was measured following
the method of Porra et al. (1989). Sodium dodecyl sulfate polyacrylamide gel
electrophoreses (SDS-PAGE) and immunoblotting were carried out as described
by Towbin et al. (1979). PCPP was detected using a phosphothreonine antibody
(Cell Signaling, Danvers, MA). D1 protein and its degradation fragments were
detected using anti-D1 antibodies as described previously by Miyao (1994). To
analyze oxidation of thylakoid membrane proteins, whole plants were dark-
adapted overnight and leaf segments were illuminated at 1,500 umol m?s™ for

up to 3 h. The oxidation of proteins in thylakoid membranes was detected using
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the OxyBlot™ Protein Oxidation Detection Kit (Millipore, Billerica, MA)

following the manufacturer’s instructions.

2.6. Coomassie staining

Coomassie staining was done to visualize the polypeptides composition
in the SDS gel or in the membrane. Membrane or SDS gel was immerged in
coomassie staining solution containing 0.25 g Coomassie Brilliant Blue R250,
45 ml methanol, 45 ml distilled water, 10 ml glacial acetic acid for 1 h at room
temperature with gentle shaking. After that unspecific binding of coomassie dye
was removed by destaining with destaining solution containing 45 ml methanol,
45 ml distilled water, 10 ml glacial acetic acid until the removal of unspecific

binding of coomassie dye at room temperature.

2.7. Blue-native polyacrylamide gel electrophoresis (BN-PAGE)

BN-PAGE was performed using the procedure described by Reisinger
and Eickacker (2006) with some modifications. Briefly, thylakoid membranes
were isolated in grinding buffer containing 50 mM HEPES (pH 7.6), 0.3 M
sorbitol, 10 mM sodium chloride, 5 mM magnesium chloride, 2 mM EDTA and
5 mM sodium ascorbate. The homogenate was filtered through three layers of
miracloth (Calbiochem, CA). Pellets were then washed three times with
washing buffer containing 50 mM HEPES (pH 7.6), 0.3 M sorbitol, 10 mM
sodium chloride and 5 mM magnesium chloride. About 20 pg thylakoids were
resuspended in 20% glycerol, 25 mM bis-tris, and 10 mM magnesium chloride
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with 2% n-dodecyl-B-D-maltoside for 30 min at 4°C. The solubilized fraction
was loaded onto a 5-13.5 % BN-gel.

2.8. Two Dimensional polyacrylamide gel electrophoreses (2D-PAGE)

After the native BN-PAGE electrophoresis, each lane of the gel was
excised and incubated for 30 min at room temperature in a denaturating buffer
containing 125 mM Tris-HCI (pH 6.8), 2% sodium dodecyl sulfate, 2% beta-
mercaptoethanol, and 10% glycerol. The denatured gel stripwas loaded directly
onto a 5% stacking gel for 2D-SDS-PAGE. The subunits of chlorophyll protein
complexes were resolved on a 12% resolving gel. After electrophoreses at 80V
for 2 h, proteins were transferred into the membrane. The membrane was
incubated at 5% skim milk solution for 1 h. Finally, the membrane was incubated
with D1 antibody to detect D1 protein.

2.9. Isolation of LHCII, PSI and PSII-LHCII supercomplex by sucrose
density gradient ultracentrifugation (SDGU)

LHCII, PSI and PSII-LHCII supercomplex was isolated by using sucrose
density gradient ultracentrifugation according to Tokutsu et al. (2012). About
400 pg thylakoid membranes were used to isolate different CP complexes. Each
complex of isolated SDGU samples was collected then chlorophyll a/b ratio and
absorption spectra were measured at room temperature by using Nano Drop
ND-1000 spectrophotometer. In addition, the composition of LHCII, PSI and
PSIHI-LHCII supercomplex of SDGU was further confirmed by BN-PAGE,
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Immunoblotting with respective antibody and visualized by coomassie staining
of the SDS gel.

2.10. Measurement of state transition

State transitions were measured according to Lunde et al. (2000) with
some modifications using a pulse-amplitude-modulated  fluorometer
(PAM101/102/103, Walz Effeltrich, Germany). Briefly, dark adapted leaf discs
were exposed to saturating white light for two seconds to determine Fm, and
subsequently illuminated for 15 min with 50 pmol ms™ blue light (BL) to create
state 2. The far-red light (FRL) was turned on to create state 1, and after 15
minutes, maximal fluorescence in state 1 (Fm1) was determined by giving the
tissues a two second saturating white light pulse. The FRL was then switched off,
the fluorescence was recorded with BL for 15 min, and the maximum
fluorescence yield in state 2 (Fm2) was then determined by giving a two second
saturating white light pulse. The relative change in maximal fluorescence was
calculated as AF = (Fm1 - Fm2) / Fm2 x 100 according to Bellafiore et al. (2005).

2.11. Measurement of PSI activity

The redox state of P700 was determined with a pulse-amplitude-
modulated fluorometer (PAM101/102/103, Walz Effeltrich, Germany) in the
reflectance mode as described in Kim et al. (2005). The device was equipped
with a dual-wavelength (810/870 nm) emitter-detector unit (ED-P700DW)
consisting of a LED-driver unit and an emitter-detector unit (Walz). The PSI

activity was expressed as the relative amount of far red light-induced P700" in
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the leaf segments (AA810/A810) after 5 min of pre-illumination with 120 pmol
ms™ actinic white light (Klughammer and Schreiber, 1994; lvanov et al., 1998;
Kim et al., 2005). A810 is the absorbance signal after the application of
saturating far red light, and AA810 is the saturating light-induced change in the
absorbance signal during illumination with actinic light.
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3. RESULTS

3.1. Phenotypic analysis of osstn8 mutant plants

For rice plants cultivated in paddy fields as well as in the greenhouse,
the growth rates of osstn8 mutants were slower than WT, and the growth
retardation resulted in a flowering delay of about 7-10 days (Fig. 7A, B, C). The
mutant leaves were dark-green in color than WT, and the chlorophyll a/b ratio
was 3.2 in WT and 3.0 in osstn8 mutant leaves. The total chlorophyll content in
the leaves was similar in WT and osstn8 (Table 1). In osstn8 mutant, the number
of panicle was almost the same as compared with WT, and the length of panicle
was similar to WT. However, total yield was less in osstn8 mutant as compared
to WT (Fig. 8A, B, C, D).

3.2. PSII core protein phosphorylation was significantly repressed in 0sstn8

mutant leaves

Because Arabidopsis STN8 is required for PCPP (Bonardi et al., 2005;
Vainonen et al., 2005), the endogenous phosphorylation of thylakoid membrane
proteins in WT and osstn8 mutant leaves was analyzed by immunoblotting
using a phosphothreonine-specific antibody. Before analyzing the
phosphorylation of thylakoid protein the gene expression was checked in the
transgenic Comp-1 plants carrying a wild copy of OsSTN8 gene (Fig. 9). In dark
adapted WT leaves the phosphorylation of D1 and D2 was negligible, but
phosphorylation of CP43 was shown at detectable levels (Fig. 10A, B). By
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Figure 7. Phenotype of WT and osstn8 mutants of rice. (A) WT and osstn8
mutant plants grown in the green house at the age of one month old, (B) WT and
osstn8 mutant plants in the green house at the age of seed maturation, (C)
Comparison of heights between WT and osstn8 plants measured at the age of 30
and 75 days. Each value represents the mean of fifteen plants with the standard
deviation indicated and (D) WT and osstn8 plants grown in paddy field at the

time of seed harvesting.
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Table 1. Total chlorophyll concentration in leaves of WT and osstn8 mutant.
The total chlorophyll content was estimated according to the method of Porra et
al. (1989) in 80% acetone. All values are the average of three independent

biological repeats given in pg chlorophyll/cm? with the standard deviation
indicated ().

HW ossstn8
Total chlorophyll (atb) 34.21+ 3.66 34.1+ 2.07
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Figure 8. Phenotypic analysis of WT and osstn8 mutants of rice. (A) Number
of panicle per seed, (B) length of panicle per seeds, (C) Number of seeds per
panicle and (D) Total yield of plants was calculated from several panicle obtained
from one seed that was grown. Each data point represents the mean of ten plants

with the standard deviation indicated.
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illumination of either low light (LL) at 200 pmol m™2s™ or HL illumination at
1,500 pmol m™s™ for 2 h, the phosphorylation of the reaction center proteins,
D1 and D2, was induced strongly, but the intensity of CP43 was not
changed significantly. In osstn8 plants, phosphorylation of all PSII core proteins
was significantly repressed. Phosphorylation of LHCII was also induced under
LL and became negligible under HL, but it was not significantly repressed by
the mutation of OsSTN8 (Fig. 10A, B). The extent of phosphorylation of PSII
core proteins and LHCII in the transgenic Comp-1 plants carrying a wild copy
of OsSTN8 gene (Fig. 9) was comparable to that of WT (Fig. 10A, B),
suggesting that the specific inhibition of PCPP in osstn8 mutants was due to the
mutation of OsSTN8. Taken together, these datas indicate that OsSSTNS8 kinase is
responsible for PCPP, but not for the phosphorylation of LHCII proteins, and
therefore the state transition, in the monocot rice plant.

3.3. Mutant leaves were more susceptible to HL and light chilling

Because 0sstn8 mutants showed growth retardation, its susceptibilities to
HL and light chilling were compared with WT. Under GL, the Fv/Fm values of
osstn8 mutant leaves were found to be very similar to those of WT leaves (Fig.
approximately 0.8, 11A, B), indicating that the mutant leaves had remained
healthy. However, osstn8 mutant leaves were found to be more susceptible to
HL illumination at 2,000 pmol ms™ as well as light chilling treatment than WT
leaves (Fig. 11A, B).

To test whether the higher susceptibility to photoinhibition in the mutant
leaves was due to accelerated damage to PSII or to impaired repair of
photodamaged PSII; the plants were illuminated in the presence of lincomycin,
which blocks PSII repair by inhibiting chloroplast protein synthesis. The
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Figure 9. Complementation test of osstn8 mutant of rice. RT-PCR of WT,
0sstn8 mutant and osstn8 complemented (Comp-1) plants using gene specific
primers. OsUBQS5 was used as internal control. Transgenic complement plant was

confirmed by checking the gene expression of STN8 kinase.
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Figure 10. Analysis of phosphorylation of thylakoid membrane protein by
immunoblotting with phosphothreonine antibody. (A) Immunoblotting
analysis of phosphoproteins in WT, osstn8 and osstn8 complement plant (Comp-
1). (B) WT and osstn8 with including light chilling treatment. The thylakoid
membranes containing 2 pg chlorophyll was used in each lane. The SDS-PAGE
after commassie blue stainingof the gel is shown in the bottom of each figure. D
= dark adapted leaves sample, LL = low light at 200 pmol m™s™ for 2 h, HL =
high light at 1,500 pmol m2s™ for 2 h and LC = light chilling at 200 pmol m%s™
for 12 h.



addition of lincomycin induced a more pronounced degree of PSII inactivation
and the Fv/Fm decreased at similar rates between WT and 0sstn8 mutant leaves
(Fig. 11B). The results obtained in the presence of lincomycin suggest that the
rate of PSII inactivation in the mutant leaves under HL illumination does not
differ from that of WT leaves. However, in the absence of lincomycin, the
decrease in the Fv/Fm in the mutants was more rapid than that in WT (Fig. 11B),
suggesting that the PSII repair system was significantly impaired in the osstn8
leaves. In both plant types upon treatment with lincomycin, the decreased Fv/Fm
did not recover under dim light (Fig. 11C), indicating that lincomycin infiltration
was sufficient to block the de-novo synthesis of D1 protein almost completely,
which was also found to be the case in the samples illuminated with HL at
different intensities (Nath et al., 2013b).

3.4. State transition was similar between WT and o0sstn8

State transition was detected as differential changes in fluorescence from
PSIl when leaves are exposed alternately to light favouring PSII and light
favouring PSI. The relative change in maximal fluorescence during state
transition, AF was 6.25 % in WT and 6.45 % in osstn8 mutant as shown in Fig.
12A and B. Maximal fluorescences were measured between Fml and Fm2’ at
the interval of 2 min and the fluorescence pattern in the mutant was similar to
that in WT (Fig. 12C, D).

3.5. D1 protein degradation was suppressed in 0sstn8 mutant leaves
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Figure 11. PSII photoinactivation of PSII during HL illumination and light
chilling treatment. Fv/Fm ratio was calculated after high light and light chilling
treatment in WT and osstn8 mutant leaf samples. (A) Fv/Fm ratio of WT and
osstn8 mutant after high light and light chilling treatment. GL = low growth
light at 200 umol m™?s™ for 2 h and LC = light chilling at 4-5°C with 200 pmol
m?s™ for 15 h. (B) Decline of photochemical efficiency of PSII or Fv/Fm
during photoinhibition under 2,000 pmol m?st light intensity in the
presence/absence of the plastid protein synthesis inhibitor lincomycin (Lin) for
up to 6 h and (C) subsequent recovery for 4 h of photoinhibited samples under
dim light intensity of 20 umol m™s™ for up to 12 h. Values are the means + SD

of five replicates. Figure B and C adopted from Nath et al. (2013b).
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Figure 12. Measurement of state transition. (A) State transition in WT and (B)
State transition in 0sstn8 mutant.Uphead blue arrow: turn on blue light, uphead
red arrows: turn on far-red light, downhead red arrow: turn off far red light,
downhead blue arrow: turn off blue light. ML = measuring light, BL = blue light,
FR = far red light, Fm, Fm1 and Fm2 was obtained by applying the saturated
pulse at 4,000 pmol m™s™ for 0.5 seconds. Similarely, maximal fluorescences
were measured between Fm1 and Fm2’ at the interval of 2 min. (C) Maximal

fluorescences in WT and (D) in osstn8.
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To examine whether the susceptibility of osstn8 mutants to HL
illumination was related to the preferred degradation pathway for D1 protein,
immunoblotting experiments for D1 protein and its degradation products were
performed. This analysis revealed that the level of D1 protein decreased both in
WT and osstn8 complement leaves after HL illumination in the absence of
lincomycin, but the extent of the decrease was less in 0sstn8 mutants compared
with WT or Comp-1 lines (Fig. 13A). In the presence of lincomycin, where the
de novo synthesis of D1 protein is blocked, the difference in the level of D1
protein between the mutant and WT (or Comp-1) leaves after HL illumination
became greater, suggesting that the degradation of photodamaged D1 protein
was repressed in the mutant leaves. This result was verified by comparing the
band intensities of degradation products of D1 protein. The level of D1
fragment accumulation was less in 0sstn8 mutant leaves compared with WT (or
Comp-1) leaves, particularly in the absence of lincomycin (Fig. 13A). These
results were verified again using an antibody raised against the DE loop of D1
protein, suggesting that the degradation process for D1 was repressed as a
consequence defected PCPP by the mutation in the OsSTN8 gene (Fig. 13A). On
the contrary, degradation of D1 protein was similar between WT and osstn7
(Fig. 13B). The result suggests that PCPP but not LHCII phosphorylation is

essential for PSII repair cycle in rice plant.

3.6. The photoinactivation of photosystem | (PSI) was similar between WT

and osstn8 mutants

Because superoxide is believed to be produced by PSI in plants under
stress conditions (Asada, 1999; Sonoike, 2006), PSI activity as the relative

amount of far red light-induced P700" (by AA810/A810) has been measured in
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Figure 13. Immunoblotting of thylakoid membrane protein in WT, osstn7,

osstn8 and osstn8 complement plant by using D1 antibody. (A)
Immunoblotting analysis of D1 protein and its degradation in WT, osstn8 and
osstn8 complement (Comp-1) against D1 antibodies before and after HL
treatment in the presence and absence of lincomycin (+ Lin and - Lin). Lhcbl was
used as a loading control, (B) Immunoblotting analysis of D1 protein and its
degradation in WT and osstn7 plants against D1 antibodies before and after HL
treatment. Aliquot of thylakoid membranes containing 0.5 pg chlorophyll was
loaded in each lane. Coomassie staining of membrane shows the loading control.
in the bottom panal. D = Dark adopted leaf sample and HL = high light
illuminated leaf sample at 1,500 pmol m?s™ for 2 h respectively, LC = light

chilling at 4°C for 15 h.
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the leaves of WT and osstn8 mutant plants. The PSI activity in the mutant leaf
segments was found to be similar to that of WT (Table 2). After HL illumination
at 1,500 pmol m™s™ for 1 h, the PSI activity decreased by 41.6% and 39.1% in
WT and osstn8 mutants, respectively, compared with their controls, indicating

that the photoinactivation of PSI in 0sstn8 mutants was not more severe than WT.

3.7. The mobilization of PSII-LHCII supercomplex was suppressed in the

0sstn8 mutant

In Arabidopsis stn7/stn8 double mutants, the PSII-LHCII supercomplex was not
likely to be properly disassembled to enable the mobilization of damaged proteins
for degradation during HL illumination (Tikkanen et al., 2008). In BN-PAGE
experiment, the mobilization of PSII supercomplex was observed in WT plants
during HL illumination as well as light chilling treatment, and this process was
significantly blocked in osstn8 mutants, a result which was also confirmed in the
SDGU experiment (Fig. 14A, B). The mobilization of PSII supercomplex was
observed in WT plants during HL illumination, and this process was significantly
blocked in osstn8 mutant (Fig 14A, B). This result suggests that defects in PCPP

in osstn8 mutant leaves block the disassembly of PSII-LHCII supercomplex.

To check whether the damaged PSII centers in the mutant accumulate
and degraded as PSII monomers, the 2D gels were run by using BN-gel of WT
and osstn8 mutant. In WT, more PSII complexes were monomerized and D1
degradation was faster, whereas in the osstn8 mutant D1 degradation was slower
and most of the D1 was still in PSII dimer and even in PSII supercomplex (Fig.
15). This result suggests that mutant accumulated damaged PSII reaction center

during HL illumination. The composition of each complex isolated by SDGU was
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Table 2. Photoinactivation of PSI in leaves of WT and osstn8 mutant. PSI

activity was measured before and after HL illumination at room temperature.

Dark HL
HW ossstn8 HW ossstn8
AA810/A810 0.67+0.07  0.69+0.05 0.39+0.06 042+0.13
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SDGU was further confirmed by BN-PAGE, immunoblotting with respective
antibodies and visualization by Coomassie staining of the SDS gel. (Fig. 16A, B,
C).

Mobilization of PSII supercomplex was further examined, using single
mutants of Arabidopsis Atstn7, Atstn8 and AtCP29-KO. The result showed that
PSII supercomplex were mobilized both in stn7 and stn8 mutant (Fig. 17A).
However, there was not complete inhibition of phosphorylation of PSII core and
LHCII proteins in each mutant of Arabidopsis stn7 and stn8 mutants (Fig. 17B).
But mutation of CP29 protein in Arabidopsis shows less amount of PSII

supercomplex (Fig. 17A).

3.8. Protease was essential for mobilization and degradation of PSII

supercomplex

To investigate any possible role of protease in the mobilization of PSII
supercomplex during high light illumination, protease inhibitor infiltrated leaf
samples were illuminated with HL and subjected to BN-PAGE as well as
immunoblotting analysis. Two different protease inhibitors such as phenyl methyl
sulfonyl fluoride (PMFS) and protease inhibitor cocktail (Cocktail, purchased
from Sigma) were infiltrated in leaf sample. Interestingly, in the presence of
protease of protease inhibitors, PSII supercomplex was not mobilized during HL
illumination and D1 degradation was also blocked (Fig. 18A, B). But, treatment
of protease inhibitors had no influence on the phosphorylation of PSII proteins
(Fig. 18C). Although, infiltration of cocktail showed more effective than PMSF.
This result indicates that PSII core protein phosphorylation was not enough

to mobilized PSII supercomplex.
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Figure 14. Separation of PSII-LHCII supercomplex by BN-PAGE and
sucrose density gradient ultracentrifugation. About 10 pg thylakoids from
each plant’s leaves were solubilized in n-dodycyl B-D-maltoside, and separated
by 5-13.5 % BN-PAGE and different chloroplast protein (CP) complexes were
separated. (A) BN-PAGE of rice WT and osstn8 mutant, (B) Isolation of LHCII,
PSI and PSII-LHCII supercomplex in WT and osstn8 mutant by using sucrose
density gradient ultracentrifugation. D = dark adapted leaves sample, HL = high
light at 1,500 pmol m™?s™for 2 h and LC = light chilling at 200 pmol ms™ for
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Figure 15. Analysis of mobilization of damaged D1 protein by using two
dimensional SDS gel electrophoreses. BN-PAGE was performed in WT and
osstn8 mutant as shown in Figure 14A. Two dimensional of BN-PAGE was
performed for immunoblotting with D1 antibody. D = dark adapted leaves sample,
HL = high light at 1,500 umol m™?s™ for 2 h.
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Figure 16. Confirmation of sucrose gradient samples of LHCII, PSI and
PSII-LHCII supercomplex from WT plants. Isolated CP complexes by using
Sucrose density gradient ultracenterfugation in Figure 14B was confirmed by
using several methods. (A) BN-PAGE analysis of each complexeobtained by
sucrose gradient from WT samples. Each complexes obtained by sucrose gradient
were separated by 5-12.5% BN-PAGE. Isolated thylakoidsfrom WT (Thy WT)
were used as a positive control. Each complex resolved usinga sucrose density
gradient is indicated above the gel, (B) Protein profile of LHCII, PSI and PSII-
LHCII supercomplex of WT sample of sucrose gradient where kDa represents the
protein marker size in kilodalton, (C) Immunoblotting detection of major proteins
of the LHCII, PSI and PSII-LHCII supercomplex obtained by SDGU. Lhcbl, D1
and PsbS antibodies were used as marker proteins for LHCII and PSII-LHCII
supercomplex and PsaA/B antibody was used as a marker protein for PSI

complex.
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Figure 17. Separation of PSII-LHCII supercomplex by BN-PAGE and
phosphorylation of PSII-LHCII proteins in Arabidopsis. (A) About 10 pg
thylakoids from WT, stn7, stn8 and KO-CP29 (CP29 knock out mutant) plant’s
leaves were solubilized in n-dodycyl B-D-maltoside, and separated by 5-13.5 %
BN-PAGE and different chloroplast protein (CP) complexes were separated. (B)
Immunoblotting analysis of phosphoproteins in WT, stn7, stn8, pphl-3, and KO-
CP29 mutants. The thylakoid membranes containing 2 pg chlorophyll was used
in each lane. Immunoblotting was conducted by using phosphothreonine antibody.
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Figure 18. Analysis of mobilization of PSII supercomplex, degradation of D1

protein and phosphorylation of PSII-LHCII proteins in protease inhibitor
infiltrated leaf sample of WT rice. Leaf segments were infiltrated with phenyl
methyl sulfonyl fluoride (PMSF) and protease inhibitor cock tail (Cocktail) and
applied to high light illumination. Thylakoid membranes were isolated and equal
amount of thylakoid membranes were used. (A) About 10 pg thylakoids from
each plant’s leaves were solubilized in n-dodycyl B-D-maltoside, and separated
by 5-13.5 % BN-PAGE and different chloroplast protein (CP) complexes were
separated, (B) Immunoblotting analysis of D1 protein and its degradation in WT,
(C) Immunoblotting analysis of phosphoproteins in WT. Aliquot of thylakoid
membranes that containing 0.5 pg chlorophyll was loaded in each lane for
immunoblotting assay. D = dark adapted leaves sample, HL = high light at 1,500

umol m?s*for 1 and 2 h.
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3.9. The oxidation of thylakoid proteins was elevated in osstn8 plants

The consequence of mutation of STN8 kinase was observed in terms of
oxidative stress in plants. When the leaves were illuminated with HL light, the
oxidation of thylakoid proteins was found more pronounced in mutant as
compared to WT. Higher production of ROS in the mutant leaves was observed
when comparing the oxidation of thylakoid proteins between WT and 0sstn8
mutant leaves during HL illumination at an intensity of 1,500 umol ms™ for up
to 3 h. In osstn8 plants PSII core proteins were found to be carbonylated more
rapidly than in WT (Fig. 19). These results again indicate that higher levels of
ROS are produced in osstn8 plants than in WT, particularly from PSII complexes.
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Figure 19. Analysis of reactive oxygen production in thylakoid membranes of

WT and osstn8 mutants by using Oxyblot assay. Immunoblotting analysis of
oxidation of thylakoid membranes proteins in WT and osstn8 mutant plants
before and after high light at 1,500 pmol m?s™ for 30 min, 1, 2 and 3 h
illumination. The thylakoid membranes containing 5 pg chlorophylls were loaded
in each lane and kDa represents the protein marker size in kilodaltons. Botton panel
shows the SDS-PAGE after commassie blue staining showing major LHCII

proteins as a loading control.



4. DISCUSSION

The results obtained in this study of a monocot model rice plant strongly
support the classical view of the PSII repair cycle (Aro et al., 1993), which was
challenged by Bonardi et al. (2005) on the basis of studies carried out in stn8
single and stn7/stn8 double mutants of Arabidopsis suggested that protein

phosphorylation by STN8 kinase was not essential for PSII repair.

In rice, the mutation of OsSTN8 alone was found to be sufficient to
significantly suppress PCPP (Fig. 10), in contrast to Arabidopsis stn8 single
mutants in which PCPP was little affected (Bonardi et al., 2005; Tikkanen et al.,
2008; Fristedt et al., 2009). Defects in PCPP in osstn8 mutants were also enough
to suppress the mobilization of PSII supercomplex under HL illumination as
shown by BN-PAGE and SDGU experiments (Fig. 14A, B). Because the
damaged PSII was mostly unable to be mobilized for degradation in 0sstn8
mutants, the degradation of D1 protein was largely suppressed in osstn8 plants
(Fig. 13A). Lincomycin infiltration experiments (Fig. 13A) further suggested that
the rate of photodamage in PSII in osstn8 mutants was similar to WT, but that the
repair process was blocked in the mutants. Hence, PSII of the osstn8 mutants was
highly susceptible to HL illumination (Fig. 11A, B). In the case of Arabidopsis
stn7/stn8 mutants, PSII inactivation under HL illumination was not found
previously to be significant (Bonardi et al., 2005) or became noticeable following

prolonged illumination (Tikkanen et al., 2008).

Although the STNB8 kinase is specific to PCPP in Arabidopsis, STN7
seems to be also involved in this process, because significant suppression of both

PCPP and mobilization of PSII supercomplex was found to be only possible in
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the stn7/stn8 double mutant of Arabidopsis (Bellafiore et al., 2005; Bonardi et al.,
2005; Vainonen et al., 2005; Tikkanen et al., 2008; Frietedt et al., 2009). In
contrast, the obtained results in rice reveal that the mutation in OsSTN8 alone was
sufficient to produce all of the phenotypes observed in the double mutants of
Arabidopsis, which suggests that the overlap of the function or cross-talk of
STN7 and STN8 for PCPP is much less in the monocot rice plant, compared with
dicot Arabidopsis. In addition, the growth of osstn8 mutants was slightly retarded
(Fig. 7), and the time of flowering and seed harvest time were delayed as
compared to WT (Fig 7B).

In contrast, the phosphorylation of LHCII protein is specific to STN7 in
Arabidopsis (Bellafiore et al., 2005; Tikkanen et al., 2008), and the process was
not influenced significantly by the mutation of OsSTNS in rice (Fig. 10A, B). The
phosphorylation of CP43 was not found to be light-induced unlike other PSII core
proteins including D1 and D2 (Fig. 10A, B), suggesting that the phosphorylation
of CP43 is differently regulated from that of D1 and D2, although all of these
PSII core proteins are phosphorylated by STN8 in rice. The differential regulation
of CP43 phosphorylation was also reported previously in Arabidopsis (Bonardi et
al., 2005; Vainonen et al., 2005; Tikkanen et al., 2008). CP43 phosphorylation
was reported to be important for PSII supercomplex mobilization in Arabidopsis
(Dietzel et al., 2011). Consistently, similar result has obtained in the rice plant in
the research (Fig. 10A, B).

In the PSII repair cycle, photodamaged and phosphorylated PSII moves
from the granal to stromal areas for subsequent degradation of the D1 protein, and
then eventually replaced by newly synthesized D1 in the newly assembled PSII
complex (Aro et al., 1993; Tikkanen et al., 2008). In this linear process, the PSII

repair cycle can be blocked either at the phosphorylation step or degradation step.
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It was reorted earlier that when the degradation step was blocked by the mutation
of the responsible proteases, the repair cycle seemed to stop working, as shown in
FtsH knock-out mutants (Bailey et al., 2002) and in degl mutants (Kapri-Pardes
et al., 2007). In these mutants, the degradation of D1 was significantly suppressed,
indicating that the degradation steps involving these two proteases are unique to
the PSII repair cycle. However, earlier work showed that the inhibition of DEG5
or DEGS8 protease did not seem to block the repair cycle completely, but a double
mutation of these two proteases might do so (Sun et al., 2007). Similarly, partial
inactivation of PSII was also observed in the deg5 or deg7 mutant, and the degree
of PSII photoinactivation was more severe in the corresponding double mutants
(Sun et al., 2010a).

In this study, the blockade of the degradation step in the PSII repair cycle
in osstn8 mutants was found to be partial based on the results of PSII
photoinactivation experiments (Fig. 11A, B), In contrast to this, the
phosphorylation step for the photodamaged D1 protein was significantly blocked
in osstn8 mutants (Fig. 10A). Moreever PSII supercomplex was not mobilized
efficiently in osstn8 mutants (Fig. 14A, B). Photodamaged D1 protein that is not
mobilized and not phosphorylated may be degraded slowly by unknown
housekeeping proteases, although the degradation of D1 protein after
mobilization is mainly governed by FtsH and Deg proteases.

The current analyses of the oxidation of thylakoid proteins suggest that
PSII core proteins are oxidized to a greater extent in 0sstn8 mutants than in WT
(Fig. 19). In Arabidopsis, a preferential oxidation of photosynthetic machineries
was observed only in the stn7/stn8 double mutants that lack complete PCPP
(Tikkanen et al., 2008). Under stress, superoxide is believed to be produced

mostly by PSI (Asada, 1999; Sonoike, 2006). However, the suppression of the far
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red light-induced P700" formation in the leaves was not more severe in the
mutants compared with WT after HL illumination, and this was also the case in
both plant types before HL illumination (Table 2). The present study suggests that
the PSII supercomplex with damaged-but-not-phosphorylated PSII core proteins
were unable to mobilize under HL illumination and are the possible site of
superoxide production in osstn8 mutants, but the underlying mechanism of this

superoxide production remains to be further investigated.

Under growth light, osstn8 mutants that had been grown in rice paddy
field showed growth retardation, and also delayed flowering and seed harvesting
times compared with WT. In contrast, no phenotype was reported in the
Arabidopsis single stn8 mutant (Bonardi et al., 2005; Tikkanen et al., 2008).
Indeed growth retardation was observed only in the stn7 and stn7/stn8 double
mutants in Arabidopsis (Bonardi et al., 2005; Frenkel et al., 2007; Tikkanen et al.,
2008). These results suggest that the suppression of PCPP significantly influences
the structure and function of plants under normal growth conditions. Grana
stacking were reduced and the length of grana became longer in 0sstn8 mutants
(Nath et al., 2013b), as occurs in the stn7/stn8 mutant of Arabidopsis (Fristedt et
al., 2009). This macroscopic rearrangement of the entire network of thylakoid
membranes with elongated grana might be due to the hindrance of lateral
migration of photodamaged PSII complexes due to a deficiency of PCPP, in
agreement with Fristedt et al. (2009). In conclusion, under HL illumination, PSII
repair cycle involving PCPP and the migration of PSII supercomplex was blocked
in the osstn8 mutants, and for those reasons the osstn8 mutant is considerd to
show susceptibility to HL illumination, although the Arabidopsis stn7/stn8
mutants became susceptible only after prolonged illumination (Tikkanen et al.,
2008).
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PART Il

Production of Superoxide from Photosystem I1-Light Harvesting Complex 11
Supercomplex in OsSTN8 Knock-out Rice Mutants under Photoinhibitory

Illumination

ABSTRACT

When phosphorylation of Photosystem (PS) Il core proteins is blocked in
STN8 knock-out mutants of rice (Oryza sativa) under photoinhibitory
illumination, the mobilization of PSII supercomplex is prevented. Previously it
has been proposed that more superoxide was produced from PSII in the mutant
(Nath et al., 2013, Plant J., 76: 675-686). Here, the presented data clarify the type
and site for the generation of reactive oxygen species (ROS). Using both
histochemical and fluorescence probes, it has been observed that, when compared
with wild-type (WT) rice leaves, levels of ROS, including superoxide and
hydrogen peroxide, were increased when leaves from mutant plants were
illuminated with excess light. However, singlet oxygen production was not
enhanced under such conditions. When superoxide dismutase was inhibited,
superoxide production was increased indicating that superoxide production is the
initial event prior to hydrogen peroxide production. In thylakoids isolated from
WT leaves, the kinase was active in the presence of ATP, and spectrophotometric
analysis of nitroblue tetrazolium absorbance for superoxide confirmed that PSII-

driven superoxide production was more in the mutant thylakoids than in the WT.
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This contrast in levels of PSII-driven superoxide production between the mutants
and the WT plants was confirmed by conducting protein oxidation assays of PSII
particles from osstn8 leaves under strong illumination. Those assays also
demonstrated that PSII-LHCII supercomplex proteins were oxidized more in the
mutant, thereby implying that PSII particles incur more damage even though that
step in degradation is partially blocked. These results suggest that superoxide is
the major form of ROS produced in the mutant, and that the damaged PSII in the

supercomplex is the primary source of superoxide.
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1. INTRODUCTION

Although plants convert light into chemical energy during photosynthesis,
excessive irradiance levels can be harmful. PSII is vulnerable to high light (HL)
illumination, which causes photoinhibition, a process determined by the balance
between the rate of photodamage to PSII and its repair (Prasil et al., 1992).
Photosynthetic organisms utilize a multi-step strategy, i.e., the PSII repair cycle,
to prevent the accumulation of photo-damaged PSII proteins. Turnover of those
damaged PSII core proteins, in particular D1 protein (Nath et al., 2013a), requires
several highly organized stages: 1) reversible phosphorylation and de-
phosphorylation of core proteins by STN8 kinase (Bonardi et al., 2005, Vainonen
et al., 2005) and the PSII core phosphatase PBCP (Samol et al., 2012),
respectively; 2) monomerization and disassembly of PSIlI complexes; 3)
proteolytic degradation of damaged D1 protein; 4) de novo synthesis of D1
protein and its insertion into the partially disassembled PSII complex; and (5)

reassembly of that PSII complex.

Kinases specific to the phosphorylation of LHCII and PSII core proteins
are named STN7 and STNS8, respectively (Bonardi et al., 2005; Vainonen et al.,
2005). The availability of their single and double mutants in Arabidopsis thaliana
(hereafter Arabidopsis) has made it easier to understand the regulatory
mechanism for PSII core protein phosphorylation during the PSII repair cycle.
However, the classic role of phosphorylating damaged D1 protein for PSII repair
has been challenged by Bonardi et al., (2005) who characterized of the
Arabidopsis stn8 and stn7xstn8 double mutant. Because the mutation of both
kinase genes did not render PSII very sensitive to photoinhibition, the authors

suggested that phosphorylation of the STN8-mediated PSIl core protein is
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perhaps not crucial for D1 protein turnover and PSII repair. However, it is shown
that a single mutation of rice STN8 is sufficient to produce most of the
phenotypes observed in stn7xstn8 double mutants of Arabidopsis, there by
suggesting that the overlap of functioning or cross-talk between STN7 and STN8
is much less in the monocot model system of rice than in the model dicot
Arabidopsis (Nath et al., 2013b). All characteristic features of the osstn8 mutants
seem to be a direct consequence of the suppression of PSII core protein
phosphorylation. This supports the hypothesis that the essential role of STN8-
mediated phosphorylation of PSII core proteins, in particular D1 protein, is as
part of the PSII repair mechanism during photoinhibition.

Under both in vivo and in vitro photoinhibitory conditions, the osstn8
mutants produce more reactive oxygen species (ROS) than wild-type (WT) plants
(Nath et al., 2013b). Similarly, in Arabidopsis, the production of ROS, in
particular the superoxide anion radical (O, ") (hereafter superoxide) and hydrogen
peroxide (H,O,), has been demonstrated in var2 mutants, where the protein
degradation stage in the PSII repair cycle is blocked due to the mutation of FtsH
(Miura et al., 2010). The PSII-LHCII supercomplexes are highly abundant in the
grana regions of the thylakoid membranes, and are mobilized to the granal margin,
where damaged proteins are degraded by housekeeping chloroplast proteases
such as FtsH and Deg (Puthiyaveetil et al., 2014; Yoshioka-Nishimura and
Yamamoto, 2014). It has been previously reported that more superoxide seems to
be produced from the PSII of osstn8, even though mobilization of PSII

supercomplex was blocked (Nath et al., 2013b).

Because the generation site for each type of ROS depends upon the stress
applied, it can be difficult to detect a particular ROS and locate its site of

production (Zulfugarov et al., 2011, Zulfugarov et al., 2014; Foyer and Shigeoka
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2011; Schmitt et al., 2014), even though the main source of ROS in the
chloroplasts is the electron transport chain (Foyer and Noctor, 1999; Laloi and
Apel, 2004; Mittler et al., 2004; Foyer and Shigeoka, 2011). Therefore, in this
study, several biochemical, biophysical, and molecular biology approaches has
been applied to clarify individual types of ROS and their sites of production in
0sstn8 mutants. In this dissertation, it is suggested that the damaged PSII in PSII-
LHCII supercomplex is possibly the main site of superoxide production in

response to excess levels of light.
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2. MATERIALS AND METHODS

2.1. Plant materials and growth conditions

From a T-DNA inserted mutant pool, OsSTN8 knock-out mutant osstn8
was used as described in Nath et al. (2013b). Wild-type (WT) rice (Oryza sativa
cultivar ‘Hwayoung’) and 0sstn8 lines were used in the experiments. One-month-
old plants were used to conduct the experiments that were grown in a glasshouse
at 30°C/26°C with a 16/8 h day/night photoperiod. The source of growth light in
glasshouse was sun light that changes from 0 to 1,200 pmol m?s™ in whole year
in Busan, Republic of Korea. Before performing the experiments, plants were
kept in rice growth chamber with constant light intensity at 100 pmol ms™ for 4-
6 h for acclimation. Leaf segments were prepared and float on water then leaves

were dark adapted for 6 h before light treatment.

2.2. Photoinhibitory treatment and measurement of chlorophyll

concentrations

Prior to photoinhibitory illumination (i.e., high-light treatment = HL),
plants were acclimated in a growth chamber and exposed for 4 to 6 h to a constant
100 pmol m?s™. Afterward, 2- to 3-cm-long leaf segments were excised, floated
on water, and dark-adapted for 6 h. For HL, the segments were then illuminated
for 2 h with a metal halide lamp (1,500 pmol m™s™) equipped with a water bath
to reduce the temperature. Samples were frozen in liquid nitrogen for further
experiments. Chlorophyll concentrations in the isolated thylakoids were measured

after extracting the pigments with 80% acetone (Porra et al., 1989).
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2.3. Blue-native polyacrylamide gel electrophoresis (BN-PAGE)

For separating the chlorophyll protein (CP) complexes, BN-PAGE was
performed according to a standard method (Reisinger and Eichacker, 2006), but
with some modifications. Briefly, the thylakoid membranes were isolated in a
grinding buffer containing 50 mM HEPES (pH 7.6), 0.3 M sorbitol, 10 mM
sodium chloride, 5 mM magnesium chloride, 2 mM EDTA and 5 mM sodium
ascorbate, using a mortar and pestle with liquid nitrogen. As a phosphatase
inhibitor, 10 mM sodium fluoride was added to the buffer. The homogenate was
filtered through three layers of Miracloth (Calbiochem), and the pellets were
washed three times with a buffer that comprised 50 mM HEPES (pH 7.6), 0.3 M
sorbitol, 10 mM sodium chloride, and 5 mM magnesium chloride. Afterward, an
aliquot of the thylakoid membrane extract containing 10 pug of chlorophyll was
re-suspended in a buffer containing of 20% glycerol, 25 mMBis-Tris, and 10mM
magnesium chloride (with 2% n-dodecyl-p-D-maltoside) for 10 min at 4°C with
gentle agitation. Each detergent-solubilized sample was mixed with a one-tenth
volume of Serva Blue G buffer [100 mM Bis-Tris (pH 7.0), 0.5M aminocarporic
acid, 30% (w/v) sucrose, and 50 mg ml™* Serva Blue G (Serva)]. The samples
were then centrifuged at 16,000xg for 20 min at 4°C. The solublized fractions
were loaded on a 5%-t0-13.5%-gradient BN-gel, and BN-PAGE was conducted at

a constant current of 30 mA.

2.4. Histochemical assay for detection of superoxide

The accumulations of superoxide in the leaf segments was monitored by
staining with nitroblue tetrazolium (NBT) as previously described (Fryer et al.,

2002), but with some modifications. Briefly, the segments were infiltrated with
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either a 6 mM NBT solution containing 50 mM HEPES buffer (pH 7.5) for 2 h in
the dark. Afterward, they were illuminated at 1,500 pmol m™s™ for 30 min. The
segments were then immersed with 95% ethanol in a 65°C water bath to extract
all pigments. Finally, those accumulations were visualized based on segment

staining and then photographed.

2.5. Histochemical assay for detection of hydrogen peroxide

The accumulations of hydrogen peroxide (H2O,) in leaf segments was
monitored by staining with 3,3’-diaminobenzidine (DAB), respectively, as
previously described (Fryer et al., 2002), but with some modifications. Briefly,
the segments were infiltrated with 5 mM DAB solution containing 10 mM MES
(pH 3.8) for 8 h in the dark. Afterward, they were illuminated at 1,500 umol ms’
! for 30 min. The segments were then immersed with 95% ethanol in a 65°C
water bath to extract all pigments. Finally, those accumulations were visualized

based on segment staining and then photographed.

2.6. Analysis of ROS production by using antioxidant, SOD inhibitor in the

leaf segments

To confirm the results for ROS production that were obtained by
histochemical assays, it has investigated the effects of an antioxidant (5 mM
ascorbic acid, or ASC) or an inhibitor of superoxide dismutase (SOD), i.e., 4 mM
diethyldithiocarbamic acid (DDC), by adding the ASC or DDC to the

histochemical assay solution for infiltration.
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2.7. Quantification of singlet oxygen using fluorescence probes

Singlet oxygen production was detected by infiltrating the leaves with
singlet oxygen sensor green (SOSG). Singlet oxygen production was monitored
by using vacuum infiltration with 200 uM singlet oxygen sensor green (SOSG)
(Dall’Osto et al., 2010). The SOSG fluorescence emission was measured at 530
nm with excitation at 480 nm before and after HL treatment at 1,000 pmol m%s™
for 5to 15 min.

2.8. Measurement of superoxide production in the thylakoid membrane of
WT and osstn8

PSI- and PSlI-driven superoxide production was monitored in thylakoid
membrane using corresponding donor-acceptor pairs for PSI and PSII,
respectively according to Zulfugarov et al. (2014). To detect levels of individual
ROS generated by PSII-driven electron transport with a reaction buffer containing
0.1 M sucrose, 10 mM NaCl, 10 mM KCI, 5 mM MgCl;, 10 mM Tricine, 1 mM
KH,PO, and 0.2% BSA, pH 8.0. The following ingredients were added to the
reaction buffer immediately prior to the experiments: 30 mM sodium ascorbate to
mediate deepoxidation of violaxanthin to zeaxanthin; 3 mM phenyl-p-
benzoquinone to mediate PSII-driven electron transport and 0.3 mM ATP to fuel
ATP hydrolysis. To detect levels of individual ROS generated by PSI-driven
electron transport, again used the reaction mixture which contained 0.1 M sucrose,
10 mM NaCl, 10 mM KCI, 5 mM MgCl;,, 10 mM Tricine, 1 mM KH,PO, and 0.2%
BSA, pH (8.0). The following ingredients were added to the reaction buffer
immediately prior to the experiments: 5 mM NH,4CI as an uncoupler of oxygen-
evolving complex, 20 uM 3-(4,4-dichlorophenyl)-1,1-dimethylurea (DCMU) as a
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PSII electron transport inhibitor, 30 mM sodium ascorbate and 0.1 mM 2,6-
dichlorophenol-indophenol as electron donor for PSI; 50 pM methyl viologen or
1 mM NADP" supplemented with 10 uM ferredoxin to mediate linear electron
transport, and 0.3 mM ATP to fuel ATP hydrolysis. ROS sensors ie; 15 uM NBT
was used to detect superoxide. In all experiments chlorophyll concentration was
10 pg per ml. Samples were illuminated at 700 pmol ms™ for photoinhibition.

2.9. Sucrose density gradient ultracentrifugation

Sucrose density gradient ultracentrifugation (SDGU) was performed to
isolate different CP complexes, including PSI and PSII complexes, as described
previously (Dunahay and Staehelin, 1985). Aliquots of the thylakoid membrane
extract containing 500 ug of chlorophyll were suspended in
octylglucoside/sodium dodecyl sulfate (SDS). The solubilized fractions were then
centrifuged at 100,000xg for 15 h at 4°C, using a SW41 Ti rotor (Beckman).
Similarly, the LHCII, PSI, and PSII-LHCII supercomplex were isolated by
SDGU according to a standard method of (Tokutsu et al., 2012). Aliquots of
thylakoid membrane extract containing 400 pg of chlorophyll were suspended in
1% n-dodecyl-a-D-maltopyranoside. Unsolubilized fractions was removed by
centrifuge at 18,000xg for 10 min at 4°C,The solubilized fraction was centrifuged
at 90,000xg for 24 h at 4°C, on the SW41 Ti rotor.

Samples from these SDGU-isolated complexes were used for further
experiments. The composition of each complex was verified by BN-PAGE and
immunoblotting with appropriate antibodies against D1, Lhcbl, PsbS, PsaA/B
proteins. The CP complex band, separated by SDGU, was mixed with a one-tenth
volume of Serva Blue G buffer for BN-PAGE.
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2.10. Measurement of active PSI complex of Sucrose density gradient

ultracentrifugation

PSI activity of isolated complex of PSI of sucrose density gradient
ultracentrifugation was measured by the method of (Bassi and Simpson, 1987)
with some modification. About 2 pg of isolated complex of PSI of SDGU was
used to check the active P700. About 2ug isolated PSI complex was added in
reaction buffer (50 mM Tris-HCI, pH 8.8 supplemented with 0.05% Triton X-
100). Now, 25 mM potassium ferricyanide (5 pl of a 5 mM solution per ml) was
added to oxidize the sample then measured the absorbance at 700 nm. Similarly,
0.5 mM ascorbic acid (5 pl of 0.1 M ascorbic acid per ml) was added to reduce
the sample then measured the absorbance at 700 nm. Hence the difference value
of oxidation and reduction of the sample at 700 nm reveal that the isolated PSI

complex was active.

2.11. Measurement of room temperature absorption spectra of isolated

complexes of SDGU

Absorption spectra of isolated complex of sucrose density gradient
ultracentrifugation were recorded at room temperature. Each complex of isolated
samples (LHCII, PSI, PSII and PSII-LHCII supercomplex) was collected then
absorption spectra were measured from 350 nm to 700 nm at room temperature

by using Nano Drop ND-1000 spectrophotometer.

2.12. Measurement of chlorophyll a/b ratio

About 2 pg of isolated PSI and PSII complex was solublized in 2 ml 80%
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acetone. The concentration of chlorophyll a and chlorophyll b was measured
following the method of Porra et al. (1989). Chlorophyll a/b ratio was calculated
by dividing the value of chlorophyll a by chlorophyll b.

2.13. Immunoblot analysis of thylakoid membranes and chloroplast protein

complexes separated by SDGU

Immunoblotting assay in thylakoid membrane proteins was conducted as
previously described (Towbin et al., 1979) that is described in the part | of this
dissertation. Similarly Lhcb1, PsaA/B, and PsbS proteins were detected by using

respective antibodies provided by Agrisera.

2.14. Confirmation of isolated complexes by SDGU with immunoblotting,

BN-PAGE and coomassie staining

Representative complexes (LHCII, PSI and PSII-LHCII supercomplex)
from SDGU for respective complex were loaded and separated by SDS gel.
Immunoblotting was carried out according to previous method. D1 antibody
was used to detect PSII core protein, Lhcbl, D1 and PsbS antibody was used to
detect the marker protein of PSII-LHCII supercomplex, Lhcbl antibody was
used to detect a marker protein of LHCII and PsaA/B antibody was used to
detect the marker protein of PSI. Similarly each complex was further confirmed
by using 5-12.5% BN-PAGE. Isolated thylakoids were used as positive control.
In addition the composition of polypeptides of LHCII, PSI and PSII-LHCII
supercomplex were separated by SDS-PAGE and visualized by commassie blue

staining.
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2.15. Invitro protein phosphorylation in the thylakoid membranes

Leaf segments were taken and incubated at dark for 6 h. Thylakoid
membranes were isolated in dim light condition according to Rintamaki et al.,
1996 with following modifications. Leaf segments were ground in morter and
pistle at 4°C in isolation buffer [50 mM HEPES-NaOH, pH 7.5, 300 mM sucrose,
5 mM MgCl,, 1 mM Na-EDTA, 10 mM NaF, and 1% (w/v) bovine serum
albumin] then the homogenates was filtered through Miracloth and centrifuged at
3000 g for 5 min. The pellets were washed with washing buffer [10 mM HEPES-
NaOH, pH 7.5, 5 mM sucrose, 5 mM MgCl,, and 10 mM NaF] and centrifuged at
4000xg for 5 min. Thylakoid pellets were resuspended in a small amount of
storage buffer [10 mM HEPES-NaOH, pH 7.5, 100 mM sucrose, 5 mM NaCl and
10 mM MgCl;]. Chlorophyll concentration in thylakoid membrane was measured
according to Porra et al. (1989). Invitro phosphorylation was performed according
to Rintamaki et al. (2000). Thylakoid membrane aliquot that containsl0 ug
chlorophyll was resuspended in assay buffer [50 mM Hepes-NaOH (pH 7.5), 100
mM sucrose, 5 mM NaCl, 10 MgCl2, and 10 mM NaF at a final chlorophyll
concentration of 0.4 mg ml™. Finally 0.4mM ATP was added then thylakoid
membrane aliquot was illuminated at 100 pmol m?s™ from 5 to 20 min at room
temperature. After the illumination, the thylakoid sample was immediately
centrifuged at 13000xg for 3 min then proteins were extracted by adding 1XSDS
sample. Electrophoreses and immunoblotting was carried out that is explained in
part in previous section or in part I. Finally invitro phosphorylation was carried
out by using phosphothreonine antibody that can detect CP43, D1 and LHCII
protein phosphorylation.
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2.16. Measurements of superoxide production in isolated PSI, PSII, and
PSII-LHCII supercomplex

Superoxide production in isolated CP complexes, i.e., PSI, PSII, and PSII-
LHCII supercomplex, was determined with corresponding electron donors and
acceptors as previously described (Zulfugarov et al., 2011; Zulfugarov et al.,
2014). An aliquot of each complex containing 5 pg of chlorophyll and areaction
buffer comprising 0.1 M sucrose, 10 mM NaCl, 10 mM KCI, 5 mM MgCl,, 10
mM Tricine, 1 mM KH,PO,, and 0.2% BSA (pH 8.0). The following additions
were made immediately before the measurements were taken: 30 mM sodium
ascorbate to mediate the de-epoxidation of violaxanthin to zeaxanthin; 3 mM
phenyl-p-benzoquinone to mediate PSII-driven electron transport; or 0.3 mM
ATP to fuel ATP hydrolysis. Superoxide production through PSI-driven electron
transport was also measured in isolated CP complexes by using the same reaction
buffer described above. For this, the following additions were made immediately
before measurements were taken: 5 mM NH4ClI as an uncoupler of the oxygen-
evolving complex; 20 pM 3-(4,4-dichlorophenyl)-1,1-dimethylurea as a PSII
electron transport inhibitor; 30 mM sodium ascorbate and 0.1 mM 2,6-
dichlorophenol-indophenol as an electron donor for PSI; or 50 uM potassium
ferricyanide supplemented with 0.3 mM ATP to fuel ATP hydrolysis. After 15
UM NBT was added, the samples were illuminated at 700 pmol ms™ to promote
photoinhibition. Hence, superoxide production in isolated CP complexes was
evaluated by monitoring the changes in NBT absorbance at 560 nm (Auclair and
Voisin, 1985), using a UV-1650PC UV-visible spectrophotometer (Shimadzu).

2.17. Analysis of protein oxidation in isolated complexes LHCII, PSII, PSII-
LHCII supercomplex and PSI
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Different chloroplast protein complexes ie; LHCII, PSII, PSII-LHCII
supercomplex and PSI complex was used to detect the oxidation of respective
protein complex. An equal amount of chlorophyll was taken and the overall
oxidation of proteins was detected with an OxyBlot™ Protein Oxidation

Detection Kit (Millipore), according to the manufacturer’s instructions.

2.18. Analysis of photodamaged PSII-LHCII supercomplex of SDGU

Isolated PSII-LHCII supercomplex of SDGU sample of dark adapted and
high light illuminated leaf segments of WT and osstn8 were collected as
mentioned above. Aliquot of PSII-LHCII supercomplex that contain 1pg
chlorophyll were denatured with SDS sample buffer and polypeptides were
separated by SDS-PAGE using 12% (w/v) acrylamide gel. Proteins were
electrotransferred into nitrocellulose membrane (Amersham Hybond™-P).
Photodamaged of PSII-LHCII supercomplex was identified by detecting the
damaged D1 protein on the basis of its degradation fragments using anti-D1

antibody as described previously by Miyao, (1994).
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3. RESULTS

3.1. HL induced generation of superoxide and hydrogen peroxide from

osstn8 mutants and WT rice plants

As 0sstn8 mutant leaves of rice are more susceptible to photoinhibition
and assumed to accumulate more ROS when compared with WT leaves. The type
and location of ROS generation in the mutants has been characterized.
Histochemical staining with NBT and DAB revealed that more superoxide and
H20O, were produced in the mutant than in WT leaves under HL treatment (Fig.
20A, B). Although artifacts can cause problems during the time of histochemical
assays, e.g., NBT acting as an electron acceptor for PSII (Zulfugarov et al., 2014;
Halliwell and Gutteridge, 1989), so the effect of the antioxidant ASC and DDC,
an inhibitor of the antioxidizing enzyme SOD is tested. When leaf segments were
infiltrated with NBT or DAB plus ASC, less superoxide or H,O,was produced
than in segments treated with NBT or DAB alone. This supported the conclusion
from histochemical assays that less superoxide or H,O, is accumulated in HL-
treated tissues. Similarly, when DDC was added to the infiltration solution with
NBT or DAB, superoxide production was enhanced (Fig. 20A, B) while H,0,
production declined (Fig. 20B) when compared with the controls. These results
suggested that the increase in NBT staining was due to superoxide production that
could be dismutated by SOD. Furthermore, the results from DDC-infiltration
indicated that significantly more superoxide was initially produced in the mutant
than in the WT plants, leading us to predict that the next event would probably be
a SOD-related increase in H,O,. Previously it was reported that superoxide is
produced earlier than H,O, production which was delayed by 2~3 min (Nath et al.,

2013b). Therefore, it can be proposed that superoxide is the more common form
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Figure 20. Measurements of ROS production in leaf segments from WT and
osstn8 plants. (A) Histochemical assay of superoxide using NBT in segments
under high light (HL) treatment. To confirm that NBT staining was due to
superoxide production, 5 mM ASC (as an oxidant) or 4 mM DDC (as a SOD
inhibitor) was infiltrated along with NBT, (B) Histochemical assay of hydrogen
peroxide using DAB in leaf segments under HL conditions. To test effect of ASC

or DDC treatment, each chemical was infiltrated together with DAB.



of ROS produced in the mutants.

3.2. More superoxide was produced in the thylakoid membrane of osstn8 rice

mutants than in the WT plants under HL conditions

Thylakoid membranes were isolated from dark adapted leaf sample and
superoxide production was measured by using NBT. The result reveals that
superoxide production in PSII driven superoxide production was higher in osstn8
mutant (Fig. 21A), although superoxide production in total ETR was similar
between WT and osstn8 mutant (Fig. 21B). However, superoxide production in
PSI driven ETR was significantly less in both WT and osstn8 mutant (Fig. 21C).
This result suggests that superoxide production was higher in osstn8 mutant
where PSII core protein phosphorylation was block. Similarly, phosphorylation of
PSII core proteins was analyzed to confirm whether they can phosphorylate
during the time of measurement of superoxide. Hence the in vitro
phosphorylation assay has done and interestingly it has observed that PSII core
protein phosphorylation was observed when thylakoid membranes were
illuminated with the addition of ATP (Fig. 21D).

3.3. Singlet oxygen production was similar between WT and osstn8 mutant

Singlet oxygen production was monitored in the leaf segments of WT and
osstn8 mutant. After imposing photoinhibitory illumination for 15 min, it is found
this result to be interesting because it implied that singlet oxygen production in
HL-treated leaves was not any higher in the osstn8 mutant than in the WT plants,

even though leaves of the former are more susceptible to strong irradiance
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Figure 21. Measurements of superoxide production in isolated thylakoid

membranes from WT and osstn8 plants and subsequent

in vitro

phosphorylation of thylakoid membrane proteins. (A) PSII driven superoxide
production in the thylakoid membrane of WT and osstn8, (B) Whole chain-driven
superoxide production in the thylakoid membrane, (C) PSI driven superoxide

production in the thylakoid membrane, (D) Analysis of in vitro protein

phosphorylation in the thylakoid membrane of WT and osstn8. Thylakoid

membranes were isolated in dim light condition from dark adopted leaf samples.

In vitro protein phosphorylation was conducted by illumination with or without

addition of ATP in the aliquot.
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Figure 22. Measurement of singlet oxygen production in WT and osstn8 leaf.
Time course of singlet oxygen generation in leaf segments was monitored as
increase in SOSG fluorescence emission at 530 nm with excitation at 480 nm at
room temperature. SOSG solution was infiltrated in the leaf segments of WT and
osstn8. For evaluating effect of HL treatment, leaf segments were illuminated at

1,000 pmol m™s™ for 15 min and SOSG fluorescence emission was recorded.
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(Nath et al., 2013b). To confirm this, the fluorescence emission of SOSG between
the WT and the osstn8 mutants after HL treatment was compared. Although those
emissions were increased by illumination, singlet oxygen generation did not
differ significantly between the WT and the osstn8 mutants (Fig. 22). Depending
upon the type of fluorescence probe, the average amount of singlet oxygen
produced in the mutant was slightly less when treated with DanePy by Nath et al.
(2013b) or slightly more when treated with SOSG (Fig. 22), although the

differences were not significant.

3.4. More superoxide was produced from PSII in osstn8 mutants than in the
WT plants

Because the oxidation of thylakoid proteins seemed to be more
pronounced in PSII proteins (Part I, Fig. 19), hence PSI and PSII complexes were
separated by SDGU (Fig. 23A). Before the measurement of superoxide
production in isolated complex, the activity of PSI complex was measured by
using potassium ferricyanide and ascorbic acid. Potassium ferricyanide oxidized
PSI and the subsequent addition of ascorbic reduced PSI hence the difference in
the absorption of PSI is known as active PSI (Fig. 23B), therefore isolated PSI
complex was active during the time of superoxide production measurement. The
composition of each complex was further confirmed by Coomassie staining of
polypeptides separated by SDS-PAGE as well as by immunoblotting of the SDS-
PAGE gels with antibodies raised against their specific proteins, chlorophyll a/b
ratio, or by measuring absorption spectra (Fig. 24A, B, C, D, E, F).

Production of superoxide from isolated complexes under HL conditions

(illumination at 700 wmol ms™) was recorded as the increase in absorbance of
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Figure 23. Separation of PSI and PSIlI complexes by sucrose gradient
ultracentrifugation in WT and osstn8 and subsequent measurements of
reactive oxygen species (ROS). (A) Isolation of PSI and PSII complex in WT
and osstn8 mutant. Thylakoid membranes were isolated from dark adapted leaves
sample of WT and osstn8 mutant and subjected to sucrose density gradient
ultracentrifugation. (B) Measurement of PSI activity in isolated PSI complex of
sucrose gradient WT sample, (C) Aliquot of PSII complex from WT and osstn8
was taken and superoxide production was measured by PSII driven superoxide
production, (D) Aliguot of PSI complex from WT and osstn8 was taken and
superoxide production was measured by PSI driven superoxide production. In Fig.
B and C, aliquot of PSI and PSII complex that contain 10 pg chlorophyll dark
samples of PSI and PSIlI and NBT absorbance changes at 560 nm for WT and

0sstn8 was measured after HL at 700 pmol m™s™ up to 20 min of illumination.
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NBT at 560 nm. Here, the amount of superoxide from the isolated PSIlI complex
was greater in the osstn8 (Fig. 23C). However, the difference between the WT
plants and the osstn8 mutants was not significant from the isolated PSI complex
when compared with values obtained for production from the PSII complex (Fig.
23D).

At the thylakoid level, the greater production of ROS in the mutants was
confirmed by comparing the oxidation of thylakoid proteins between the WT and
mutant leaves during 3 h of HL treatment at 1,500 umol m™?s™. In the osstn8
plants, PSII core proteins seemed to be carbonylated more rapidly than in the WT
plants (Part I, Fig. 19). The oxidation of thylakoid membrane proteins under HL
conditions has also been shown in Arabidopsis stn7xstn8 double mutants where
PSII core protein phosphorylation was completely blocked (Tikkanen et al., 2008).

3.5. PSII proteins were more oxidized than PSI protein in 0sstn8 mutants
than in the WT

To test this further, WT and osstn8 leaves were illuminated to HL then
PSI and PSII complex were isolated by SDGU (Fig. 25A). Protein oxidation was
compared between the WT and osstn8 mutant plants with respect to the oxidation
of thylakoid proteins in each PSI or PSII complex (Fig. 25B, C). These results
clearly indicated that PSII proteins were preferentially oxidized to a greater extent
when compared with PSI proteins, and that PSII proteins were more oxidized in

0sstn8 leaves than in WT leaves.
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Figure 24. Confirmation of sucrose gradient samples of PSI and PSII. (A)
Isolated PSI and PSII complex shown in Figure 23A, (B) Chlorophyll a/b ratio of
PSI and PSII comples of WT and osstn8, (C) Protein profile of PSI and PSII
complex of WT and osstn8 sample of sucrose gradient where kDa represents the
protein marker size in kilodalton, (D) Immunoblotting detection of major proteins
of thePSI and PSllicomplexes obtained by SDGU. D1 antibodywas used as
marker proteins for PSlicomplex and PsaA/B antibody was used as a marker
protein for PSI complex. (E, F) Room temperature absorption spectrum of PSI
and PSII complex that was isolated by SDGU was recorded. (E) Absorption
spectra of PSII showing maximum absorbance at 673nm, (F) Absorption spectra

of PSI showing maximum absorbance at 679 nm wavelength.
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Figure 25. Separation of PSI and PSIlI complexes by sucrose gradient
ultracentrifugation in WT and osstn8 after high light illumination and
subsequent detection of oxidation of proteins. (A)Thylakoid membranes
isolated after dark and high light illumination from WT and osstn8 mutant plants
were subjected to sucrose density gradient ultracentrifugation. Isolated PSI and
PSII complexes are shown. (B,C) Detection of oxidation of PSI and PSII proteins
in WT and osstn8. PSI and PSII complexes of sucrose gradient sample containing
5 ug of chlorophyll were loaded in each lane. Oxidation status of proteins in PSII
complex (B) and oxidation status of proteins in PSI complex (C), Protein marker
is shown in the left side of the figure. The major LHCII proteins for PSII complex
and PsaA/B protein for PSI complex in SDS-PAGE results after coomassie blue
staining (CBS) is shown in the bottom panel for equal loading. D, dark-
adaptedleaf segments for 12 h; HL, leaf segments illuminated at 1,500 pmol m™s

! for 2 h, kDa, represents the protein size marker in kilodaltons.
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3.6. Preferential production of superoxide in PSII-LHCII supercomplex

isolated from osstn8 leaves

Because the mobilization of PSII-LHCII supercomplex was suppressed in
HL-treated osstn8 leaves (Part I, Fig. 14A, B), hence superoxide production in
that complex has analyzed. As shown in Fig. 26A, LHCII, PSI, and PSII-LHCII
supercomplex were separated by SDGU from WT and osstn8 leaves and their
individual identities were confirmed by BN-PAGE (Fig. 27A), by
immunoblotting of the SDS-PAGE with antibodies raised against several proteins
specific to each complex (Fig. 27B), by Coomassie staining of polypeptides
separated by SDS-PAGE (Fig. 27C) and the absorption spectra were measured in
each isolated complex (Fig. 27D, E, F).

Production of superoxide from isolated PSII-LHCII supercomplex under
HL conditions (illumination at 700 pmol m™s™) was recorded as the increase in
absorbance of NBT at 560 nm. Here, values were higher from osstn8 mutant
leaves than from the WT leaves (Fig. 26C). However, the difference in
productivity between WT and osstn8 plants was not significant from the isolated
PSI-LHCI complex when compared with the PSII complex (Fig. 26D). The
activity of isolated complex of PSI was measured by using potassium ferricyanide
and ascorbic acid to oxidize and reduce PSI respectively. The difference in the
absorbance in Fig. 26B showed that PSI complex was active during the time of

measurement of superoxide production in Fig. 26C, D.

3.7. PSII-LHCII supercomplex proteins were more oxidized than PSI protein
in osstn8 mutants than in the WT

For further investigation, leaf samples placed under HL treatment then
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Figure 26. Separation of LHCII, PSI and PSII-LHCII supercomplex by
sucrose gradient ultracentrifugation in WT and osstn8 and subsequent
measurement of reactive oxygen species (ROS). (A) Isolation of LHCII, PSI
and PSII-LHCII supercomplex in WT and osstn8 mutant. Thylakoid membranes
were isolated from dark adopted leaves sample of WT and osstn8 mutant and
subjected to sucrose density gradient ultracentrifugation. (B) Measurement of PSI
activity in isolated PSI complex of sucrose gradient WT sample, (C) Aliquot of
PSIHI-LHCII supercomplex from WT and osstn8 was taken and superoxide
production was measured by PSII driven superoxide production, (D) Aliguot of
PSI-LHCI complex from WT and osstn8 was taken and superoxide production
was measured by PSI driven superoxide production. In fig C and D, about aliquot
of each complex that contain 10 pg chlorophyll was used from dark samples of
PSI-LHCI and PSII-LHCII supercomplex and NBT absorbance changes at 560
nm for WT and osstn8 was measured after HL at 700 pumol m™s™ up to 20 min of

illumination.
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Figure 27. Confirmation of sucrose gradient samples of LHCII, PSI and
PSIHI-LHCII supercomplex. Sucrose gradient samples LHCII, PSI and PSII-
LHCII supercomplex from WT plants in Figure 26A was confirmed by using
following methods. (A) BN-PAGE analysis of each complexeobtained by sucrose
gradient from WT samples. Each complexes obtained by sucrose gradient were
separated by 5-12.5% BN-PAGE. Isolated thylakoids from WT (Thy WT) were
used as a positive control, (B) Immunoblotting detection of major proteins of the
LHCII, PSI and PSII-LHCII supercomplex obtained by SDGU. Lhcbl, D1 and
PsbS antibodies were used as marker proteins for LHCII and PSII-LHCII
supercomplex and PsaA/B antibody was used as a marker protein for PSI
complex, (C) Protein profile of LHCII, PSI and PSII-LHCII supercomplex of WT
sample of sucrose gradient where kDa represents the protein marker size in
kilodalton, (D-F) Room temperature absorption spectra of LHCII, PSI and PSII-
LHCII supercomplex that was isolated by SDGU was recorded. (D) Absorption
spectra of LHCII showing maximum absorbance at 673nm wavelength, (E)
Absorption spectra of PSII-LHCII supercomplex showing maximum absorbance
at 676 nm wavelength, (F) Absorption spectra of PSII-LHCII supercomplex

showing maximum absorbance at 679 nm wavelengths.
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then PSI, LHCII, PSII-LHCII supercomplex were isolated by SDGU (Fig. 28A).
Each complex was taken and oxidation of proteins were compared between WT
and osstn8 mutant as before, proteins in PSII-LHCII supercomplex were
preferentially oxidized to a greater extent in response to HL when compared with
PSI proteins. Furthermore, PSII proteins, especially those in PSII-LHCII
supercomplex, were preferentially more oxidized in osstn8 leaves than in WT
(Fig. 28B). The oxidation of PSI proteins was undetectable and the oxidation of
LHCII proteins was similar between WT and osstn8 during high light
illumination (Fig. 28C, D).

Overall, these data demonstrated that the accumulation of damaged-but-
unphosphorylated PSII in PSlI-supercomplex may enhance the production of
ROS, especially superoxide, in osstn8 leaves under excess illumination. The level
to which D1 fragments accumulated was less in PSII-LHCII supercomplex of the
osstn8 mutants when compared with that supercomplex in WT plants (Fig. 28E).
This indicated that the damaged and phosphorylated PSlls in the supercomplex
had already started to become fragmented by proteases even while being
mobilized in WT plants. In contrast, this process was completely blocked in the

0sstn8 mutants.
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Figure 28. Separation of LHCII, PSI and PSII-LHCII supercomplex by
sucrose gradient ultracentrifugation in WT and osstn8 after high light
illumination and subsequent detection of oxidation of proteins. (A) Thylakoid
membranes were subjected to sucrose density gradient ultracentrifugation to
isolate LHCII, PSI and PSII-LHCII supercomplex, (B) Oxidation status of
proteins in PSI1I-LHCII supercomplex. Coomassie staining of membrane showing
LHCII is shown in the bottom for loading control, (C) Oxidation status of
proteins in LHCII complex, Coomassie staining of membrane showing LHCII is
shown in the bottom for loading control, (D) Oxidation status of proteins in PSI
complex, Coomassie staining of membrane showing PsaA/B protein is shown in
the bottom for loading control. In (B-D), aliquot of each complex that containing
5 ug of chlorophyll were loaded in each lane and (E) Detection of D1 protein
damaged in PSII-LHCII supercomplex from WT and osstn8 plants. An aliquot of
PSII-LHCII supercomplex containing 1ug chlorophyll was loaded in each lane.
Immunoblot analysis of D1 protein and its degradation fragments was performed
using anti-D1 antibody. Major LHCII proteins separated by SDS-PAGE after
Coomassie blue staining (CBS) shown in bottom panel were used for equal
loading. D, leaf segments dark-adapted for 6 h; HL, segments illuminated at
1,500 pmol m™s™ for 2 h.
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4. DISCUSSION

Several approaches were performed to determine the major site for the
production of ROS, especially superoxide, in OsSTN8 knock-out rice leaves
under HL illumination. The results showed that the site of ROS production is PSII.
As shown by spectrophotometric assay of NBT absorbance, PSII particles
produced more superoxide in osstn8 mutants than in the WT plants. When PSII-
LHCII supercomplex was separated by SDGU, it produced more superoxide in
the mutants than in the WT plants, but differences between PSI particles from the
two types of plants were not significant. The results are in contrast to PSlI-related
superoxide production between mutant and WT plants, which had been examined
by protein oxidation assays of PSII particles in osstn8 mutants under HL
treatment. In addition, the protein oxidation assays showed that PSII-LHCII
supercomplex proteins were more oxidized in the mutant (Fig. 28B), implying
that PSII particles in that supercomplex were more damaged even though their
degradation step was partially blocked. All of these findings provided evidence
that the damaged PSII in PSII-LHCII supercomplex is the major source of

superoxide in 0sstn8 mutants upon exposure to excess illumination.

Among the ROS, singlet oxygen either can be quenched by B-carotene or
a-tocopherol or otherwise can react with the D1 protein as a target (Krieger-
Liszkay, 2004; Noguchi, 2002; Nishiyama et al., 2001). In the present stusy,
singlet oxygen did not accumulate to a greater extent in osstn8 mutants than in the
WT plants under HL treatment. Under photoinhibitory illumination, H,O, was
reported to damage cells and cause oxidative bursts, leading to cell death and
interfere with the transcription of D1 protein in the PSII repair cycle (Nishiyama

et al., 2004; Nishiyama et al., 2006). In this study, osstn8 mutant was found to
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produce H,O, and superoxide, probably due to failure in the phosphorylation of
damaged PSII core proteins. Previously it has learned that, in osstn8 mutant of
rice, this accumulation begins earlier for superoxide than for H,O, (Nath et al.,
2013b). Together with this, the results with a SOD inhibitor DDC indicate that, in
the mutants, superoxide is the major form of ROS produced.

Not only are ROS toxic but they can also function as signaling molecules
(Mittler et al., 2004; D’ Autréaux and Toledano, 2007; Foyer and Shigeoka, 2011;
Schmitt et al., 2014). They are produced at various locations within the cells,
including mitochondria, peroxisomes, glyoxysomes, plasma membranes,
endoplasmic reticulum, cell walls, and chloroplasts (Gechev et al., 2006; Das and
Roychoudhury, 2014). Many enzymatic sources of ROS production have been
found in those organelles: cell wall-bound peroxidases, including apoplastica
peroxidases (Minibayevaet al., 1998; Minibayeva et al 2009; Bolwell et al., 2002);
plasma membrane NADPH oxidases (Sagi and Fluhr, 2001; Mori and Schroeder,
2004; Sagi and Fluhr, 2006) and oxalate oxidase (Svedruzi¢ et al., 2005);
apoplastic polyamine oxidases and oxalate oxidase; peroxisomal flavin oxidases
(Das and Roychoudhury, 2014); and amino oxidases (Angermdiller et al., 2009).
In the chloroplasts, PSI is considered the main site of superoxide generation in the
thylakoids under photoinhibitory illumination (Ogawa et al., 1995; Asada, 1999;
Gechev et al., 2006; Sonoike 2006, Miyake, 2010). Therefore, if most of the
superoxide is generated from PSI, it can be expect that, under HL conditions, PSI
should be more severely damaged in osstn8 mutants than in WT plants. However,
in this study PSI activity was found to be similar between both genotypes (Part I,
Table 2). Light-induced generation of superoxides has been found on both sides
of electron acceptor and electron donor of PSII (Ananyev et al., 1994; Cleland
and Grace, 1999; Pospisil et al., 2006; Pospisil, 2009; Pospisil, 2012).
Cytochrome bssg may also be involved in this generation, as proposed by the
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reports that superoxide radicals can be located by electron paramagnetic
resonance (EPR) spectroscopic analysis of PSII particles isolated from a
cytochrome bssg mutant of tobacco (PospiSil et al., 2006). The detection of
superoxide in isolated thylakoids by a voltammetric method suggests that, when
the photosynthetic electron transport chain is over-reduced, superoxide may be
generated at the site of Qa, the primary electron acceptor of PSII (Cleland and
Grace, 1999). Because phosphorylation affects the conformation and organization
of PSII supercomplex (Kiss et al., 2008; Kereche et al., 2010; Lambrev et al.,
2010; Zulfugarov et al., 2010).

In comparisons of osstn8 and WT leaves, it is calculated more superoxide
production in PSII for the mutant, but the same was not true in PSI. However, it is
not compare the amounts of superoxide produced by PSII and PSI. Researchers
have also questioned the role of the Mehler reaction as a major sink for excess
excitation energy when CO; assimilation is restricted in C3 and Crassulacean acid
metabolism plants (Badger et al., 2000; Driever and Baker, 2011). Furthermore, it
is not observe that PSI did not seem to incur more photodamage in treated plants,
and also observed superoxide production in PSII particles, especially in PSII-
LHCII supercomplex. Recently it is reported that, when compared with the WT
plants, more superoxide is produced in PSII of PsbS knock-out rice plants lacking
a major component of non-photochemical quenching, gE (Johansson et al., 2013;
Zulfugarov et al., 2014). However, the major site of superoxide production in
those knock-out mutants might be different from that of osstn8 plants. Both the
conformation and organization of PSIl supercomplex affect superoxide
production in PSII (Zulfugarov et al., 2014). Phosphorylation of PSII proteins
increases membrane fluidity and, hence, the mobility of the protein complex
within the thylakoid membrane when plants are exposed to strong irradiance
(Goral et al., 2010; Herbstova et al., 2012). For STN mutants, it is expected their
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membrane fluidity and mobility of CP complexes to decrease, thereby leading to
ROS production. Therefore, the lack of any conformational changes due to STN8
kinase-induced phosphorylation in osstn8 mutants may have been related to the

reason for more superoxide production in those particular plants.

Finally, protein oxidation assay of CP complexes isolated by SDGU
clearly demonstrated that superoxide production from PSII particles is greater in
0sstn8 mutants than in the WT plants. Furthermore, PSII-LHCII supercomplex
cannot be mobilized to the grana margin for degradation of damaged proteins,
and the damaged PSII in PSII-LHCII supercomplex of osstn8 mutants is the

major source of superoxide.
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Part 111

Role of CP29 and LHCII Phosphorylation during State Transition and
Supercomplex Mobilization

ABSTRACT

Unlike with Arabidopsis, spinach and cucumber, CP29 protein
phosphorylation (CP29-P) was easily observed in rice when exposed to high light
(HL) or light chilling treatment by using immunoblotting assay. The result
indicates that monocots and dicot plants seems to have a difference in the
capacity to phosphorylate CP29. To clarify corresponding kinase and phosphatase
for reversible CP29-P are still unknown, T-DNA insertion knock-out mutants of
rice STN7 and STN8 kinase as well as PPH phosphatase mutants were used to
study the reversible phosphorylation of CP29. Upon exposure to high light or
light chilling treatment, CP29-P was observed in WT, osstn7 and ospph mutant
but not in osstn8 mutant. In addition, CP29-P was also observed in o0sstn8
complement plant. However dephosphorylation of CP29-P was observed in all
genotypes during dark incubation. The phosphorylation of LHCII protein was
blocked in osstn7 mutant and dephosphorylation of LHCII was blocked in ospph
mutant, as a consequence, state transition was strongly impaired. Mobilization of
PSII supercomplex was observed in osstn7 mutant during high light illumination
but it was suppressed in ospph mutant. This result proposed that

dephosphorylation of LHCII protein was also essential for mobilization of PSII
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supercomplex. The relative change in maximal fluorescence during state
transition, AF was similar in WT and osstn8 mutant during low blue light and far
red light illumination. And, mobilization of PSII supercomplex was not observed
in both genotypes. However, AF became negligible in osstn8 mutant but not in
WT during high light illumination and mobilization of PSII supercomplex was
only observed in WT. Upon high light illumination, CP29-P was observed in PSI
complex in WT but not in osstn8 mutant. Finally, it can be proposed that lack of

CP29-P also impaired high light induced state transition in osstn8 mutant of rice.
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1. INTRODUCTION

Photosystem Il (PSII) is surrounded by LHCII proteins with outer trimeric
and inner monomeric antenna proteins (Dekker and Boekema, 2005). Peripheral
antenna proteins bind with both side of PSII core and each consists of one LHCI|I
trimer and two LHCII monomers in higher plants (Boekema et al., 1995).
Additionally, CP29 encoded by Lhcb4 and CP26 encoded by Lhcb5, are minor
monomeric LHCII proteins among higher plants and green algae while another
minor monomeric LHCII protein, CP24 encoded by Lhch6 is present only in
higher plants (Minagawa and Takahashi, 2004). CP29, a light harvesting complex
in photosystem Il of plants, plays multiple putative roles in vivo: in addition to
collecting solar energy, its location at the periphery of the reaction center core
implies that the excitation originating in other regions of the photosynthetic
antenna must be channeled through it. Furthermore, it has been implicated in the
non photochemical quenching of excess chlorophyll excitation in high light

conditions for the protection of plants from oxidative stress (Ahn et al., 2008).

There are several PSII proteins such as D1, D2, CP43, CP47, PsbH, CaS,
TSP9, light harvesting complex (Lhcbl, Lhcb2) and CP29 that are
phosphorylated under different environmental conditions (Bennet, 1980; Carlberg
et al., 2003; Fristedt et al., 2010; Chen et al., 2009; Bellafiore et al., 2005; Samol
et al., 2012). Whereas STN8 kinase phosphorylates PSII core protein and STN7
kinase phosphorylates LHCII protein in Arabidopsis (Bonardi et al., 2005). Some
result suggest that, minor light-harvesting antenna protein CP29 phosphorylated
in C3 plant (barley) and C4 plant (maize) but not in spinach during water stress
(Liu et al., 2009) or salt and cold stress (Pursineimo et al., 2003). The
phosphorylation of CP29 can modulate the spectral properties of photosystem 11
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subunit and provide a possible mechanism for the regulation of excitation energy
supply to the reaction center (Croce et al., 1996).

Tikkanen et al. (2006) observed the phosphorylation of CP29 protein
isoform Lhcb4.2 by STN7 kinase during PSII light illumination in Arabidopsis.
There are other reports claiming that phosphorylation of CP29 are common in
monocots but not in dicots (Chen et al., 2009), and that CP29 phosphorylation
plays a role in state transition in Chlamydomonas (Tokutsu et al., 2009). Later,
Frietedt and Vener (2011) observed high light induced disassembly of PSII
supercomplex required phosphorylation of CP29 by STN7 kinase in Arabidopsis.
Recently, it has been demonstrated that the phosphorylation of CP29 protein is
independent of STN7 kinase in rice (Betterle et al., 2015). In order to address
those controversies, phosphorylation of CP29 was investigated between dicot and
monocot plants. Finally, it has identified the Kkinase that regulates the
phosphorylation of CP29 during high light and light chilling treatment in rice.
The present study successfully demonstrated that STN8 kinase was responsible
for phosphorylation of CP29 protein in rice plants during high light and light
chilling treatment. These results also suggested that the two stages of state
transition ie; state transition 1 [ST1] and state transition 2 [ST2] due to the

phosphorylation of LHCII and CP29 antennae proteins phosphorylation.
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2. MATERIALS AND METHODS

2.1. Plant materials and growth conditions

From a T-DNA inserted mutant pool, OsSTN8 knock-out mutant osstn8
was used as described in Nath et al., 2013b. Wild-type (WT) rice (Oryza sativa
cultivar ‘Hwayoung-byeo’, HW), osstn8 mutant and osstn8 complemented line 1
(Comp-1) were used according to Nath et al. (2013b). OsPSBS knock-out mutant
osPsbS were used according to Zulfugarov et al. (2014). Similarly, Wild-type rice
(O. sativa L. japonica cultivar ‘Nipponbare’, NIPP), and OsSTN7 knock-out
mutant osstn7, were kindly provided by professor Roberto Bassi, University of
Verona, Italy (Betterle et al., 2015) were screened from a T-DNA inserted mutant
pool from Oryza Tag line at http://oryzatagline.cirad.fr/. The gene name of osstn7
is AJTHO5. For OsPPH mutant, Wild-type rice (O. sativa L. japonica cultivar
‘Zhonghua 11°, ZHI11), and OsPPH knock-out mutant ospph, also kindly
provided by professor Roberto Bassi, University of Verona, Italy (Betterle et al.,
2015) were screened from T-DNA inserted mutant pool from Rice Mutant
Database at http:// http://rmd.ncpgr.cn/. The gene name of ospph is 04Z110K94.
All plants were grown in a greenhouse at 30/26°C in the 16/8 h day/night
photoperiod.

2.2. Photoinhibitory and light chilling treatment

Leaves were chosen from WT, osstn8, osstn7 and ospph mutant plants.
About 2-3 cm leaf segments were prepared in water to protect against severe
wounding, and then floated on water. The segments were incubated at dark for
overnight before high light (HL) and light chilling (LC) treatment. For

photoinhibitory treatment, leaf segments were placed under 1,500 pmol m?s™*
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provided with a metal halide lamp equipped with a water bath to reduce heat.
Leaf segments were illuminated at 200 pmol m?s™® for 2 h for low light
illumination. Similarly light-chilling treatment was applied at 4°C in the low light

for several time periods that is mentioned in the figure legends.

2.3. Measurement of photochemical efficiency of PSII

Room temperature chlorophyll fluorescence parameters including
minimum fluorescence (Fo) and maximal fluorescence (Fm) from detached leaf
segments were measured using PAM 2000 (Walz Effeltrich, Germany) following
the manufacturer’s instructions after dark incubation for 30 min. The
photochemical efficiency of PSII, or Fv/Fm, was calculated using the equation,
Fv/Fm = (Fm - Fo) / Fm.

2.4. Isolation of thylakoid membrane and immunoblotting

Thylakoid membranes were isolated following the protocol described by
(Oh et al., 2009), and 10 mM NaF was used during the time of isolation of
thylakoid membranes. Chlorophyll concentration in isolated thylakoids was
measured following the method of Porra et al., 1989. The procedure for isolation
of thylakoid membrane and immunoblotting has been described in the part | of
this dissertation. Finally, D1 antibody, phosphothreonine antibody, Lhcbl
antibody, PsaA/B antibody, PsbS antibodies etc., were used for immunoblotting
assay for respective proteins. The phosphorylation of CP29 protein was detected
by using CP29 antibody (Hwang et al., 2003) and phosphorylation of PSII and
LHCII proteins was detected using phosphothreonine antibody (Cell Signalling).
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2.5. Blue native gel electrophoreses (BN-PAGE)

Two different methods of BN-PAGE were performed to isolate different
chloroplast protein (CP) complexes. Method 1, separation of different CP
complex with PSII-LHCII supercomplex. BN-PAGE was performed using the
procedure described by Reisinger and Eickacker (2006) with some
modifications. The detail procedure is described in Part | of this dissertation.
Similarly, Method 2, separation of different CP complex with PSI-LHCII and
PSI-CP29 supercomplex were separated by BN-PAGE. Isolation of thylakoid
and separation of different CP complexes were done according to Jarvi et al.
(2011).

2.6. Two dimensional polyacrylamide gel electrophoreses (2D-PAGE)

After the native BN-PAGE, each lane of the gel was excised and
incubated for 30 min at room temperature in a denaturating buffer containing 125
mM Tris-HCI (pH 6.8), 2% sodium dodecyl sulfate, 2% beta-mercaptoethanol,
and 10% glycerol. The denatured gel strip was loaded directly onto a 5% stacking
gel for 2D-SDS-PAGE. The subunits of chlorophyll protein complexes were
resolved on a 12% resolving gel. After electrophoreses at 80V for 2 h, proteins
were transferred into the membrane. The membrane was incubated at 5% skim
milk solution for 1 h. Finally, the membrane was incubated with CP29 antibody
to detect CP29 protein.

2.7. Sucrose density gradient ultracentrifugation (SDGU)

Sucrose density gradient ultracentrifugation (SDGU) was performed to
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isolate different chloroplast protein complex. PSI and PSIlI complexes were
isolated by using SDGU according to (Dunahay and Staehelin, 1985). Similarly,
400 pg thylakoid membranes were used to isolate LHCII, PSI and PSII-LHCII
supercomplex by using SDGU as described by (Tokutsu et al., 2012).

2.8. Immunoblotting analysis of sucrose density gradient ultracentrifugation
(SDGU) sample

Each complex was carefully collected after sucrose density gradient
centrifugation. Chlorophyll concentration was measured and aliquot of each
complex that contained 2 pg chlorophyll were solublized in 25 mM Tris HCI (pH
6.8), 2% SDS, 6% glycerol, 1% B- mercaptoethanol and 0.004% bromophenol
blue for 30 min at room temperature and polypeptides were separated by SDS-
PAGE using 15% (w/v) acrylamide gel. Proteins were electrotransferred into
Immobilon®-P Transfer membrane (Millipore). Immunoblotting has carried out
by using specific antibodies. D1 antibody was used to detect D1 protein and
phosphothreonine antibody was used to detect phosphorylation of PSII and
LHCII proteins. In addition CP29 protein in each complex was detected by using
CP29 antibody (Hwang et al., 2003).

2.9. Measurement of Low temperature chlorophyll fluorescence

Leaves segments were immediately frozen in liquid nitrogen after high
light illumination. Fuorescence spectra of PSI and PSII were analyzed at 77K
with liquid nitrogen by using F4500 fluorescence spectrophotometer (Hitachi,
Tokyo, Japan). The emission spectra were recorded from 600-850 nm with

excitation at 480 nm. Then PSI/PSII fluorescence ratio was calculated by
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multiplying the fluorescence value of 732 nm (for PSI peak) by the value of 685
nm (for PSII peak).

2.10. Measurement of state transition in WT and osstn8

State transitions were measured according to Lunde et al. (2000) with
some modifications using a pulse-amplitude-modulated  fluorometer
(PAM101/102/103, Walz Effeltrich, Germany). Dark adapted leaf discs were
exposed to saturating white light for two seconds to determine maximal
fluorescence (Fm), and subsequently illuminated for 15 min with 50 pmol m2s™
blue light (BL) or 1,000 pmol m?s™ high light (HL) to create state 2. The far-red
light (FRL) was turned on to create state 1, and after 15 minutes the maximal
fluorescence (Fm1) yield in state 1 was determined by giving the tissues a two
second saturating white light pulse. The FRL was then switched off, the
fluorescence was recorded with BL or HL for 15 min, and the maximum
fluorescence yield in state 2 (Fm2) was then determined by giving a two second
saturating white light pulse. The relative change in maximal fluorescence was
calculated as, AF = (Fm1-Fm2) / Fm2 x 100 according to Bellafiore et al. (2005).
Similarly, actinic high light (HL) at 1,000 pmol m™s™ was used instead of blue

light to measure state transition respectively.

2.11. Blue native gel electrophoreses (BN-PAGE) and immunoblotting of

state 1 and state 2 leaves sample

Leaves sample were immediately collected after state 1 and state 2

conditions and immediately frozen in liquid nitrogen. The collection of leaves
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were done each time period of illumination of state 2 and state 1 lights ie; blue
light, high light, far red light respectively during the measurement of state
transition with using PAM101/102/103. Thylakoid membranes were isolated and
BN-PAGE has performed as described above. CP29 protein phosphorylation was
analyzed by immunoblotting with CP29 antibodly.
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3. RESULTS

3.1. Phosphorylation of CP29 was found more in monocot plants

With a view to investigating whether phosphorylation of CP29 was
general phenomenon in monocot plants (Chen et al., 2009), immunoblotting
detection of phosphorylation of CP29 in docot plants such as Arabidopsis,
spinach and cucumber was performed. As a result on contrary, high light
illumination of these plants failed to phosphorylate CP29. The results show the
strong phosphorylation of CP29 in WT rice after high light and light chilling (Fig
29A, B, C, D). In agreement with the results obtained from barley (Liu et al.,
2009) about the phosphorylation of CP29 is general phenomenon in monocot

plants rather than dicot.

3.2. Phosphorylation of CP29 was impaired in osstn8 mutant plant

In Arabidopsis, STN8 kinase is required for the phosphorylation of PSII
core proteins (D1/D2) and STN7 kinase is required for phosphorylation of LHCII
(Bonardi et al., 2005, Vainonen et al., 2005), phosphorylation of CP29 in
thylakoid membrane of both WT, osstn7 and osstn8 mutant leaves by immunoblot
analysis using CP29 antibody has checked (Fig 29C, D, E). In the WT and osstn7
leaves dark-adapted for 12 h, phosphorylation of CP29 was negligible, but
phosphorylation of CP29 was observed by illumination of high light and light
chilling. However the phosphorylation of CP29 was blocked in osstn8 mutant.
These results also reveal that phosphorylation of LHCII was observed at growth
light and dephosphorylation of LHCII was observed at high light in both WT and
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Figure 29. Difference in phosphorylation of CP29 in dicot and monocot

plants. Thylakoid membranes were isolated after low light, high light and light
chilling treatment and immunoblotting was done by using CP29 antibody to
check the phosphorylation of CP29. (A) Analysis of CP29 protein
phosphorylation in  WT Arabidopsis, (B) Analysis of CP29 protein
phosphorylation in spinach and cucumber, (C, D) Analysis of CP29 protein
phosphorylation in rice WT, osstn8 and ospsbs mutants, (E) CP29 protein
phosphorylation in rice WT, osstn8, osstn7 and ospph mutants. Following was the
treatment condition in Arabidopsis, spinach and cucumber. D = Dark adapted for
overnight, LL = Growth light 100 pmol m™?s™ for 2 h, LC1 = Light chilling for 12
h, LC2 = Light chilling for 25 h, HL1 and HL2 = High light illuminated leaf
samples at 1,000 and 1,500 pmol m™s™ for 2 h, HL = High light at 1,000 pmol m"
s for 2 h. In rice, D = Dark adapted leaves for overnight, LL = 200 pmol m?s™
for 2h, LC = Light chilling for 15 h and HL = High light illuminated leaf samples
at 1,500 pmol m™s™ for 2 h. HW, NIPP and ZH11 are wild type of osstn8, osstn7
and ospph mutants respectively.
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osstn8 mutant plants (Part 1, Fig 10A, B). However, CP29 phosphorylation was
observed at high light illumination whereas D1 and CP43 protein were also
phosphorylated. These data indicate that STN8 kinase is responsible for the
phosphorylation of CP29 in rice.

3.3. PPH phosphatase dephosphorylates only LHCII but not CP29

In  Arabidopsis, PPH phosphate has been identified for
dephosphorylation of LHCII. To confirm this result, immunoblotting analysis
by using phosphothreonine and CP29 antibody has used separately. Leaves were
dark adapted to dephosphorylate all PSII and LHCII proteins then subsequently
illuminated at low light and high light to phosphorylated LHCII and
dephosphorylated LHCII. The result reveal that LHCII protein did not
dephosphorylated in ospph mutant at different condition (Fig 31). This result
supports the result of Samol et al. (2010) in Arabidopsis. Although CP29
dephosphorylation was observe in WT, osstn7 and ospph after dark adaptation
(Fig 31). Hence, it can conclude that there is no role of PPH phosphatase for
dephosphorylation of CP29. In addition these data confirmed the role of STN7
kinase for LHCII phosphorylation and role of PPH phosphatase for LHCII
dephosphorylation. Similarly the role of STN8 kinase for PSII core protein as
well as CP29 protein phosphorylation and the role of PPH phosphatase was not
for dephosphorylation of PSII core proteins and CP29 protein (Fig. 29E, Fig.
31). The photoinactivation of PSII was also more in osstn7 and ospph mutants
(Fig. 30).

3.4. STNY kinase did not phosphorylate CP29 protein in rice
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Figure 30. Photochemical efficiency of PSII during photoinhibition under
Low light (LL), high light and light chilling. Fv/Fm ratio was calculated after
high light treated leaf samples of WT, osstn7 and ospph mutants after low light,
high light and light chilling treatments. LL = low growth light at 200 pmol m%s™
for 2 h, HL = 1,500 pmol m?s™ for 1 and 2 h and LC = light chilling at 200 umol
m2s™ for 15 h. Values are means + SD of 5 replicates. NIPP and ZH11 are wild

type of osstn7 and ospph mutants respectively.
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In Arabidopsis, STN7 kinase dependent phosphorylation of CP29
protein was observed (Fristedt and Vener, 2011; Tikkanen et al., 2006).
However, it was hard to detect the CP29 phosphorylation in rice by
immunoblotting with anti phosphothreonine antibody (Fig 31) and CP29
antibody respectively in Arabidopsis (Fig. 29A). Although it was easily detected
the CP29 phosphorylation in WT rice (Fig. 29C, D, E). Similarly, CP29
phosphorylation was easily detected in WT and STN7 kinase mutant of rice
(Betterle et al., 2015). The result suggests that phosphorylation of CP29 protein
was observed in WT, osstn7 and ospph but not in osstn8 at high light
illumination. This result further confirms the phosphorylation of CP29 is
controlled by STN8 kinase in rice that is opposite result that was observed in

Arabidopsis.

3.5. LHCII phosphorylation and dephosphorylation was impaired in osstn7

and ospph mutants respectively

Phosphorylation and dephosphorylation of LHCIlI was analyzed in
osstn7 and ospph mutant. Therefore leaves were illuminated either with low
light and high light or light chilling treatment. The result showed that
phosphorylation of LHCII was blocked in osstn7 mutant and dephosphorylation
of LHCII was blocked in ospph mutant (Fig. 31). Although phosphorylation of
PSII core proteins was similar with WT (Fig. 31).

3.6. State transition was impaired in osstn7 and ospph
State transition can be detected as differential changes in fluorescence of
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Figure 31. Analysis of phosphorylation of thylakoid membrane protein by
immunoblotting with phosphothreonine antibody. Immunoblotting analysis of
PSII and LHCII phosphorylation in WT, osstn8, osstn7 and ospph mutant at
different light illumination. The thylakoid membranes containing 2 pg
chlorophyll was used in each lane. The SDS-PAGE after commassie blue
stainingof the gel is shown in the bottom of each figure. D = dark adapted leaves
sample, LL = low light at 200 pmol ms™ for 2 h, HL = high light at 1,500 pmol
m™2s™*for 2 h and LC = light chilling at 200 pmol m?s™for 12 h. NIPP and ZH11

are wild type of osstn7 and ospph mutants respectively.
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PSIl when leaves are exposed alternately to light favouring PSII and light
favouring PSI. The relative change in maximal fluorescence during state
transition, AF was 9.25 % in WT and 0 % in osstn7 mutant in Fig. 32A and B
respectively. Similarly, state transition was strongly impaired in ospph mutant
because AF was 8.16 % in WT and 1.69 % in ospph mutant in Fig. 32C and D
respectively. Therefore, these data confirm that the role of LHCII
phosphorylation by STN7 kinase (Bellafiore et al., 2005) and LHCII
dephosphorylation by PPH phosphatase (Shapiguzov et al., 2010) are required

for state transition in rice.

3.7. The mobilization of PSII-LHCII supercomplex was suppressed in the

ospph but not in osstn7 mutant plants

In the blue-native polyacrylamide gel electrophoresis (BN-PAGE)
experiment, the mobilization of PSII supercomplex was observed in WT and
osstn7 plants during HL illumination as well as light chilling treatment, and this
process was significantly blocked in ospph mutants (Fig. 33A, B). Mobilization
of PSII supercomplex was also blocked in osstn8 mutant (Part I, Fig. 14A, B).
Therefore, these results reveal that not only phosphorylation of PSII core protein
but also dephosphorylation of LHCII was essential for mobilization of PSII

supercomplex.

3.8. Low light/far red light induce state transition was observed in WT
Arabidopsis but not observed at highlight/far red light

In WT Arabidopsis, LHCII phosphorylation was observed at low light
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Figure 32. Measurement of state transition in WT, osstn7 and ospph
mutants. Measurement of state transition by using PSII light (blue light 20
umol m?s™) and PSI light (far red light) in WT, osstn7 and ospph mutants
Uphead and down head arrows shows theturn on and turn off the respective
light shown in figure. Far red light was illuminated for 15 min. (A) State
transition in WT, (B) State transition in osstn7, (C) state transition in WT and
(D) state transition of ospph mutant. ML = Measuring light, BL = Blue light AL
= Actinic high light, FR = far red light, Fm, Fm1 and Fm2 was obtained by
applying the saturated pulse at 4,000 pmol m™s™ for 0.5 seconds. NIPP and

ZH11 are wild type of osstn7 and ospph mutants respectively.
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Figure 33. Separation of PSII-LHCII supercomplex by BN-PAGE. About 10
pg thylakoids from each plant’s leaves were solubilized in n-dodycyl B-D-
maltoside, and separated by 5-13.5 % BN-PAGE and different chloroplast protein
(CP) complexes were separated. (A) BN-PAGE of rice WT and osstn7 mutant, (B)
BN-PAGE of rice WT and ospph mutant. D = dark adapted leaves sample, HL =
high light at 1,500 pmol m™s™ for 2 h and LC = light chilling at 200 pmol ms™
for 12 h.
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but not at at high light (Part I, Fig 17B). In addition CP29 phosphorylation
could not detected in Arabidopsis (Fig 29A). Therefore, state transition was
measured in such condition where there was LHCII phosphorylation, without
LHCII phosphorylation and with CP29 phosphorylation. The relative change in
maximal fluorescence during state transition, AF was 7.3 % during blue light far
red light and 0 % during high light far red light induce state transition (Fig. 34A,
B). Therefore, result showed there was state transition when there was LHCII
phosphorylation. However there was no state transition when there was no CP29

phosphorylation at HL.

3.9. PSI/PSII fluorescence ratio was increased in WT but not in osstn8 at

high light illumination

Low temperature chlorophyll fluorescence of PSI and PSII was measured
and PSI/PSII fluorescence ratio was calculated. The data showed that low
temperature chlorophyll fluorescence was similar in both WT and osstn8 mutant
leaves before HL illumination. However, PSI fluorescence increased more in the
WT than in the osstn8 mutant, the PSI/PSII fluorescence ratio (F686/F744) was
more in WT and less in osstn8 mutant (Fig. 35). This data support the role of
CP29 phosphorylation to increased PSI fluorescence due to its mobilization from
PSII to PSI during HL illumination.

3.10. State transition was impaired in osstn8 mutant plant at HL illumination

State transition was measured in WT and osstn8 by using actinic high

light instead of low blue light. The actual state transition was altered between WT
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Figure 34. Measurement of state transition in WT Arabidopsis.
Measurement of state transitionby using PSII light either blue light 20 pmol m
25 or high actinic light and PSI light (far red light) in WT Arabidopsis. Uphead
and down head arrows shows the turn on and turn off the respective light shown
in figure. Far red light was illuminated for 15 min. (A) Low blue light far red
light induced state transition, (B) Actinic high light and far red light induce state
transition. ML = Measuring light, BL = Blue light AL = Actinic high light, FR =
far red light, Fm, Fm1 and Fm2 was obtained by applying the saturated pulse at

4,000 pmol m?s™ for 0.5 seconds.
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Figure 35. The 77K fluorescence emission spectra of WT and osstn8 mutant
leaves after high light illumination. 77K fluorescence emission spectra was
recorded from 600-800 nm and PSI/PSII fluorescence was calculated by using the
data of 732 nm emission for PSI and 685 nm emission for PSII. Control = dark
adapted leaf segments and HL = high light illuminated leaf segments at 1,500
umol m?s™ for 2 h.
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and osstn8 when LHCII protein was dephosphorylated at high light (Fig. 31, 36)
and CP29 protein was phosphorylated at high light illumination in rice and
phosphorylation of CP29 was induced at high light illumination in WT but not
osstn8 mutant (Fig. 29C, D, E). The state transition was measured before and
after the phosphorylation of CP29. The result reveal that the actual state transition
was blocked in osstn8 mutant plants as compared to WT before high light
illumination (Fig. 36A, B, C, D) where CP29 was not phosphorylated but when
the leaf were illuminated with high light to induce phosphorylation of CP29 the
actual state transition was altered in 0sstn8 mutant as compared to WT. Therefore
this result show the phosphorylation of CP29 is essential for state transition and
its phosphorylation is controlled by STN8 kinase.

3.11. First stage of state transition did not disassemble the PSII

supercomplex at low light

State transition was also observed in WT and osstn8 at blue light (state 2)
and far red light (state 1). PSII supercomplex mobilization and immunoblotting
analysis has performed to check the phosphorylation status of CP29 protein by
using CP29 antibody. To confirm this result, leaf samples has collected from in
each step during the measurement of state transition by PAM101/102/103.
According to BN-PAGE, PSII supercomplexes were not mobilized at low light
far red light induced state transition (Fig. 37A) and CP29 protein phosphorylation
was not observed (Fig. 37D). In this stage the PSII supercomplexes that were not
disassembled. Therefore, it is proposed that the model of first stage of state

transition where PSII supercomplexes were not disassembled.
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Figure 36. Measurement of state transition by using PSII light either blue
light 20 pmol ms™ or high actinic light and PSI light (far red light) in WT
and osstn8 mutants of rice leaf. Uphead and down head arrows shows the turn
on and turn off the respective light shown in figure. Far red light was illuminated
for 15 min; low blue light or actinic light was also illuminated for 15 min during
the time of measurement. (A) State transition in WT with blue light and far red
light, (B) State transition in WT with high light and far red light, (C) State
transition in osstn8 mutant with blue light and far red light and (D) State
transition in osstn8 mutant with high light and far red light. ML = Measuring light,
BL = Blue light AL = Actinic high light, FR = Far red light, Fm, Fm1 and Fm2
was obtained by applying the saturated pulse at 4,000 pmol ms™ for 0.5 seconds.
Symbols “a” represent the dark condition, “b” represents the blue light or actinic
light illumination time for 15 min, “c” represents the far red light illumination
time 15 min and “d” represent again blue light or actinic light illumination time
for 15 min.
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Figure 37. Analysis of the mobilization of PSII-LHCII supercomplex and
phosphorylation of CP29 protein during state transition. Leaf samples were
collected during the time of measurement of blue light; actinic high light or far
red light induced state transition from Figure 36 A-D. Thylakoid membranes were
isolated and BN-PAGE was performed to separate different CP complexes
including PSII-LHCII supercomplex. (A) BN-PAGE of WT and osstn8 mutant
during low blue light and far red light induced state transition, (B) BN-PAGE of
WT and osstn8 mutant during actinic high light and far red light induced state
transition, (C, D) Immunoblotting assay of thylakoid membranes to detect CP29
protein phosphorylation as in Fig A and B. Symbols “a” represent the dark
condition, “b” represents the blue light or actinic light illumination time for 15

min, “c” represents the far red light illumination time 15 min and “d” represent

again blue light or actinic light illumination time for 15 min.
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3.12. Second stage of state transition disassembled the PSII supercomplex at
high light

Previous research has identified the role of CP29 protein phosphorylation
for state transition in Arabidopsis (Tikkanen et al., 2006; Fristedt and Vener
2011), and state transition in Chlamydomonas (Tokutsu et al., 2009). To confirm
this result, leaf segments of WT and osstn8 were illuminated at high light. It is
found that PSII supercomplex mobilization was impaired in osstn8 where CP29
phosphorylation was blocked at high light illumination. To confirm this result,
again leaf samples were collected in each step during the measurement of state
transition by PAM101/102/103. Immunoblotting result showed the
phosphorylation of CP29 protein was observed at state 2 (white high light) in WT
but not in 0sstn8 mutant where PSII supercomplex were mobilized in WT but not
in osstn8 (Fig. 37B, D). Therefore based on this result, this stage was name as
second stage of state transition that was controlled by CP29 protein

phosphorylation.

3.13. Phosphorylation of LHCII was observed at low light but not high light
and light chilling treatment

LHCII protein phosphorylation kinetics has studied and it was observed
that LHCII phosphorylate only at low light but not at high light. Even short
period of high light illumination and long period of light chilling does not
phosphorylates LHCII protein (Fig. 38A, B). Therefore according to result, the

phosphorylation of LHCII was only observed at low light illumination.
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3.14. High light induce phosphorylation of CP29 form the PSI-LHCI-CP29

supercomplex

To further examine the association of CP29 in PSI, BN-PAGE of
thylakoid membranes from WT and osstn8 mutant after dark and high light
illumination. First PSI and PSIlI complex were isolated by SDGU in WT
andosstn8 mutant (Fig. 39A). Each complex of PSI and PSIlI were used for
immunoblotting with CP29 and phosphothreonine antibody. According to Fig.
39B, one phospho protein was appeared in PSI only in WT and that was absent in
osstn8 mutant. The phosphoprotein that has similar size with phospho D1 protein
may be the phosphor CP29 protein. Similarly, immunoblotting with CP29
antibody has performed in the same sample and found that CP29 was detected in
the PSI complex in WT but not in osstn8 after high light illumination (Fig. 39C).
Similar result was obtained in isolated complex of LHCII, PSI and PSII-LHCII
supercomplex that was obtained by SDGU (Fig 40A, C, D).

To check the mobilization of CP29 from PSII supercomplex to PSI/PSII
dimer, 2D-PAGE of BN-gel has performed and immunoblotting was carried by
using CP29 antibody. The data showed CP29 was detected in PSI complex of
BN-gel after high light illumination in WT. The 2D result show the presence of
extra bands in PSI complex of WT but not in osstn8 mutant and this extra band
was disappeared in dark adapted leaves in WT (Fig 41A, B). This data clearly
shows that phosphorylation of CP29 is found during high light illumination which
causes its dissociation from PSII and reassociation into PSI during high light

illumination.
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3.15. Low light induce phosphorylation of LHCII form the PSI-LHCI-LHCII
complex and high light induce phosphorylation of CP29 form PSI-CP29

complex

Formation of PSI-LHCII and PSI-CP29 complex during low light and high light
illumination has observed in WT leaf. According to BN-PAGE result, PSI-LHCII
complex was observed at low light illuminated leaf sample and PSI-CP29
complex was observed only at high light illuminated leaf sample (Fig. 42). This
result conclude that both major and minor light harvesting complex proteins
LHCII and CP29 are phosphorylates at low light and high light and moves into

PSI for state transition.
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Figure 38. Analysis of phosphorylation of LHCII protein in WT rice at
different environmental condition. After dark adapted, leaf segments from WT
rice were treated with different environmental condition. Thylakoid membranes
were isolated and phosphorylation of LHCII protein was detected by using
phosphothreonine antibody. (A) LHCII protein phosphorylation in WT rice
during light chilling treatment at 4°C for 2 to 14 h and (B) LHCII protein
phosphorylation during low light and high light illumination.
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Figure 39. Separation of PSI and PSII complexes by sucrose density gradient
ultracentrifugation (SDGU) in WT and osstn8 mutant and immunoblotting
assay. (A) Isolation of PSI and PSII complex in WT and osstn8 mutant.
Thylakoid membranes isolated from WT and osstn8 mutant plants were subjected
to sucrose density gradient ultracentrifugation. D, dark-adapted leaf segments for
12 h; HL, high light illuminated leaf samples at 1,500 pmol m?s™ for 2 h, (B) PSI
and PSIl complexes were subjected to immunoblotting to check the
phosphorylation of PSII proteins. Phosphothreonine antibody was used to detect
several phosphoproteins, (C) PSI and PSII complexes were subjected to
immunoblotting to check the CP29 protein by using CP29 antibody. Aliquot of
isolated PSI and PSII complexes containing 2 pg chlorophylls was used.
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Figure 40. Separation of LHCII, PSI and PSII-LHCII supercomplex by
sucrose density gradient ultracentrifugation (SDGU) in WT and observation
of CP29 mobilization into PSI during high light illumination. (A) Isolation of
LHCII, PSI and PSH-LHCII supercomplex in WT rice leaf samples.Thylakoid
membranes isolated from WTmutant plants were subjected to sucrose density
gradient ultracentrifugation. D, dark-adaptedleaf segments for 12 h; HL= high
light illuminated leaf samples at 1,500 umol ms™ for 2 h. (B) Phosphorylation
status of CP29 protein was checked in same thylakoid membranes that was
subjected to SDGU, (C) LHCII, PSI and PSII-LHCII supercomplex were
subjected to immunoblotting to check the phosphorylation of PSII proteins by
using Phosphothreonine antibody, (D) LHCII, PSI and PSII-LHCII supercomplex
was subjected to immunoblotting to check the CP29 protein by using CP29
antibody. Aliquot of isolated LHCII, PSI and PSII-LHCII supercomplex

containing 2 pg chlorophylls was loaded in each lane.
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Figure 41. Separation of PSII-LHCII supercomplex by BN-PAGE and
analysis of CP29 mobilization into PSI with two dimensional electrophoreses
during high light illumination. About 10 pg thylakoids from each plant’s leaves
were solubilized in n-dodycyl B-D-maltoside, and separated by 5-13.5 % BN-
PAGE and different chloroplast protein (CP) complexes were separated. (A) BN-
PAGE of rice WT and osstn8 mutant, (B) two dimensional immunoblotting of
BN-PAGE was conducted and immunoblotting with CP29 antibody. D = dark
adapted leaves sample, HL = high light at 1,500 pmol m?s™for 2 h and LC =

light chilling at 200 umol m2s™for 12 h.
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Figure 42. Separation of different chloroplast protein (CP) complexes PSI-
LHCI-LHCII supercomplex and PSI-LHCI-CP29 supercomplex by BN-
PAGE during low light and high light illumination. An aliquot of thylakoid
membranes that contain About 10 pg chlorophyll from each plant’s were
solubilized in n-dodycyl B-D-maltoside, and separated by 5-13.5 % BN-PAGE
and different chloroplast protein (CP) complexes were separated. BN-PAGE of
rice WT and osstn8 mutant, D = dark adapted leaves sample, LL = low light at 50
umol m?s™ for 1 and 2 h, HL = High light at 1,500 umol m?s™ for 1 and 2 h, and
LC = light chilling at 200 pmol m?s™ for 12 h.
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4. DISCUSSION

Previously, it has been observed that the CP29 protein was
phosphorylated in C3 (barley) and C4 (maize) plants during cold treatment
(Bergantino et al., 1995; Bergantino et al., 1998) and CP29 phosphorylation was
weakly detected in Arabidopsis during PSII light illumination (Tikkanen et al.,
2006) and high light illumination by STN7 kinase (Fristedt and Vener, 2011).
Later Chen et al. (2013) proposed the phosphorylation of CP29 is widespread
phenomenon in monocot plants but not in dicot plants. Hence, based on above
controversies the phosphorylation of CP29 protein in Arabidopsis, spinach, and
cucumber as docot model plants as well as rice as a monocot model plants at
different environmental condition has checked. Interestingly the result clearly
demonstrates the phosphorylation of CP29 was only observed in monocotyledons
plant (rice) during high light illumination and light chilling treatment. However
CP29 phosphorylation was not observed in dicot plants such as Arabidopsis,
cucumber and spinach during high light illumination and light chilling treatment
(Fig. 29). Recently, Betterle et al. (2015) observed the phosphorylation residue of
CP29 between dicot and monocot model plants rice and Arabidopsis. According
to their result CP29 was phosphorylated at Thr-82 in the sequence of mature
CP29 protein in rice but they could not observed CP29 phosphorylation at Thr-
112 or Thr-114 that were previously identified as phosphorylation site in dicot
Arabidopsis at high light treatment (Betterle et al., 2015). Hence this result
clearly suggest that rapid phosphorylation of CP29 is a general phenomenon in

monocots, but not in dicots under highlight and light chilling treatment.

In recent year two major kinases has been identified in the the thylakoid
membrane proteins of higher plants. STN8 kinase has identified for PSII core
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protein phosphorylation and STN7 kinase has identified for LHCII protein
phosphorylation (Bonardi et al., 2005; Nath et al., 2013b; Betterle et al., 2015).
Reversible phosphorylation of major PSII-LHCII proteins and their substrates
was known although reversible phosphorylation of minor light harvesting
complex Il, CP29 and its kinase and phosphatase was still controversial. Hence,
in this dissertation, a kinase that is specific for CP29 protein phosphorylation has
identified. These data clearly shows the CP29 phosphorylation was blocked in
osstn8 mutant but not in osstn7 and ospph mutant, and recovery of CP29
phosphorylation was observed in osstn8 complement plant during high light
illumination. These results verify the role of STN8 kinase not only
phosphorylates PSII core protein (D1, D2 and CP43) but also phosphorylates
minor LHCII protein CP29. It has been postulated that lacks of NPQ deactivates
STN7 kinase (Tikkanen et al., 2010), hence CP29 phosphorylation in osPsbS
mutant of rice was checked. Interestingly CP29 phosphorylation was observed in
osPsbS mutant during high light illumination. This result further confirm the
STNB8 kinase in rice regulates CP29 phosphorylation since inactivation of STN7
kinase did not blocked CP29 phosphorylation. Similarly two phosphatases for
dephosphorylation of LHCII protein by PPH1 and TAP38 was previously
identified (Shapiguzov et al., 2010; Pribil et al., 2010). Recently photosystem 11
core phosphatase (PBCP) has identified for dephosphorylation of PSII core
proteins (Samol et al., 2012) that facilitate the mobilization of damaged PSII from
grana to stroma lamellae for PSII repair (Vainonen et al., 2005; Tikkanen et al.,
2008). To verify this result, dephosphorylation assay of CP29 protein by
activating phosphatase in the dark has performed. Interestingly, PSII core proteins,
LHCII and CP29 proteins dephosphorylated at dark in osstn7, osstn8 and ospph
mutants. It has been noted that CP29 protein dephosphorylated in ospph mutant
that suggest the role of PPH phosphatase only for dephosphorylation of LHCII
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but not CP29 because dephosphorylation of LHCII was blocked in ospph mutant.
Hence kinase and phosphatase for LHCII and CP29 might be different to each
other although both of them are light harvesting complex proteins. Therefore
STNB8 kinase is suitable candidate for CP29 phosphorylation in monocot plants
rice. At the present, the phosphatase of CP29 is still unknown and probably PBCP
phosphatase might be the suitable candidate to dephosphorylate CP29 although
PBCP phosphatase mutant of rice has not identified yet.

The low blue light and far red induced state transition was similar between
WT and osstn8 where only LHCII was phosphorylated. Similarly, the data of BN-
PAGE shows mobilization of supercomplex could not observed during blue light
and far red light induced state transition in WT and osstn8 mutant. It means PSII
supercomplex could not mobilized when LHCII protein was phosphorylated
during state transition. This data further support the result obtained in Arabidopsis
by Wientjes et al. (2013a). However, state transition was impaired in osstn7 and
ospph mutants where LHCII phosphorylation and dephosphorylation was blocked.
Therefore, the reversible phosphorylation of LHCII protein was required for state

transition.

Several theories has been proposed about state transition however, a
question arose whether the first step of high light induced mobilization is the
same as the first step of PSII light induced state transition, or not?. The
mobilization of PSII-LHCII supercomplex was observed before the start of PSII
repair during high light illumination, which involved the phosphorylation of PSII
core proteins including CP43. In the second step of the state transition to State 2
the actual mobilization of PSII supercomplex is initiated by the phosphorylation
of LHCII by STN7, which decouples LHCII from the supercomplex to be
migrated to PSI. However, LHCII is known to be phosphorylated and
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dephosphorylated very rapidly in the beginning of high light illumination. In the
agreement of Galka et al. (2012), LHCII serves as an antenna of both PSI and
PSII in most natural light conditions to achieve excitation balance between the
two photosystems (Wientjes et al., 2013b). Through the time-resolved
fluorescence measurements on the photosynthetic thylakoid membranes they
could show that LHCII even became more efficient light harvester when it was
associated with PSI than with PSII (Wientjes et al., 2013b). In Chlamydomonas
reinhardtii PSI-LHCI supercomplex strongly associated with CP29 was isolated
and this complex help binding with LHCII in State 2 (Kargul et al., 2005; Kargul
and Barber, 2008; Tokutsu et al., 2009). Phosphorylation of Lhcb proteins was
important for the regulation of state transitions (Depege et al., 2003; Pesaresi et
al., 2009) and CP29 was known to be strongly phosphorylated during high light
illumination and under stress conditions including chilling in the light (Hwang et
al., 2003; Chen et al., 2013) .

This research work has investigated the important aspects of state
transition in rice plants at the level of PSII protein phosphorylation and
supercomplex mobilization. However, note that other mechanisms, such as
thylakoid membrane reorganization also occur during state transitions (Wientjes
et al., 2013a). To test the possible role of phosphorylation of LHCII and CP29 in
WT and mutant, state transition was measured before and after high light
illumination (before and after phosphorylation of LHCII and CP29) was
measured. The result reveals that the actual state transition was similar in WT and
0sstn8 mutant however when the leaves were illuminated with high light, the
actual state transition was impaired in osstn8 but not in WT. To confirm this
result low temperature chlorophyll fluorescence before and after high light
illumination was measured. The data show the increased in PSI/PSII fluorescence
ratio only in WT but not in osstn8 mutant. When leaves were illuminated with
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high light there were only PSIlI core protein and CP29 protein were
phosphorylated and but not LHCII protein. Hence 77K fluorescence data show
the additional role of CP29 phosphorylation for state transition during high light
illumination. Hence based on above observation, two types of state transition
have been proposed ie; first stage of state transition [ST1] and second stage of
state transition [ST2] that is discussed below:

In low light state transition was observed in osstn8 mutant when there was
only LHCII protein was phosphorylated without PSII supercomplex mobilization.
Hence PSII core protein phosphorylation was not required for state transition and
PSII supercomplex bwas not mobilized at low light. In addition PSII core protein
and CP29 protein phosphorylation was observed in WT but not in osstn8 mutant.
This data suggest that both PSII core protein and CP29 protein are required for
PSII supercomplex mobilization. In addition, when leaves were illuminated under
high light, PSII core protein and CP29 protein are phosphorylated and the
dephosphorylation of LHCII causes PSIl supercomplex mobilization and
phosphorylated CP29 moves to PSI. In ospph mutant PSIlI supercomplex
mobilization was slower therefore dephosphorylation of LHCII was required as in
high light illumination in WT. For further evidence, during high light illumination,
PSII supercomplex mobilization was observed in osstn7 mutant where LHCII
phosphorylation was blocked. Hence only LHCII phosphorylation was not
required for mobilization of PSII supercomplex. Therefore based on this current
research two stages of state transition ie; ST1 and ST2 has been proposed. In ST1
phosphorylated LHCII moved to PSI without PSII supercomplex mobilization
and in ST2 phosphorylated CP29 moves to PSI with PSIl supercomplex
mobilization in rice plants. In rice plant it is hard to predict the role of PSII core
protein phosphorylation in ST2. Therefore at the end, it is proposed the PSII
supercomplex mobilization induce PSII repair and state transition distribute
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energy between PSI and PSII and PSII supercomplex mobilization in high light
was for both PSII repair and energy distribution in ST2.

To look high light induced phosphorylation dependent CP29 dissociation
from PSII supercomplex different chloroplast protein (CP) complex including
PSII supercomplex, PSI complex etc were isolated either by sucrose density
gradient ultracentrifugation (SDGU) or by BN-PAGE in WT and osstn8 mutant
after highlight illuminated leaf samples. Immunoblotting assay by CP29 antibody
has performed in each complex isolated by SDGU. The distribution of CP29
protein in PSI was observed in WT but not in osstn8 mutant during high light
illumination. This result confirms the mobilization of CP29 from PSII
supercomplex to PSI is phosphorylation dependent by STN8 kinase. Similarly
phosphorylation dependent mobilization of CP29 into PSI was observed in
Chlamydomonas reinhardtii during state 2 conditions (Takahashi et al., 2006;
Tokutsu et al., 2009). According to Fristedt and Vener, 2011 the relocation of
CP29 from PSII supercomplex was phosphorylation dependent by STN7 kinase
in Arabidopsis. Later Betterle et al., 2015 verified that the phosphorylation of
CP29 was not controlled by STN7 kinase in rice and they could not observe the
CP29 in stroma lamellae during high light illumination. However some CP29 was
found in PSI during high light illumination in WT but not in osstn8. The
difference in the result might be due to isolation procedure and detergent used.

For further proof that supports the mobilization of phospho CP29 into PSI
by STN8 Kkinase, different CP-complexes were separated by BN-PAGE.
Interestingly, it was observed PSI-LHCII complex when the leaf were illuminated
in low light where LHCII was phosphorylated. The result was similar with
phosphorylation of LHCII at low light and its mobilization into PSI (Jarvi et al.,
2011). Interestingly PSI-CP29 complex was observed only in WT during high
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light and light chilling treatment only in WT but not in osstn8 mutant. Hence PSI-
CP29 complex was only observed where CP29 was phosphorylated. This result
suggests the phosphorylation dependent mobilization of CP29 into PSI is
controlled by STN8 kinase in rice. Again when leaves were switch from high
light to low light then dephosphorylation and relocation of CP29 from PSI to PSlI
supercomplex was observed. In addition, 77K chlorophyll fluorescence was
measured in WT and osstn8 mutant’s leaf before and after high light illumination.
These data shows the increment of PSI/PSII fluorescence ratio in WT but not in
0sstn8 mutant after high light illumination. This result also support the increment
of PSI antenna size was due to mobilization of CP29 at high light illumination.

In overall, this research work clearly suggest the role of STN8 kinase in
rice not only for the phosphorylation of PSII core proteins but also for
phosphorylation of minor light harvesting complex protein, a CP29 during high
light illumination. These data by using osstn8 complement plant show the core
kinase for CP29 phosphorylation is STN8 kinase but not STN7 kinase. In this
study, it is shown that the movement of phosphorylated CP29 at high light and
phosphorylated LHCII at low light shows state transition. Therefore, it has given
two new names for the process of state transition ie state transition 1 [ST1] and
state transition 2 [ST2].

Finally it is concluded that the process of ST1 occur when LHCII become
phosphorylated and move to PSI although PSII supercomplex does not mobilize.
However in ST2 the CP29 proteins become phosphorylates and moves to PSI
where PSII supercomplex was mobilized. These two processes of state transition
are regulated by LHCII phosphorylation by STN8 kinase in low light and CP29
phosphorylation by STN8 kinase at high light in rice plants (Fig. 43).
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Figure 43. Schematic representations of mobilization of PSII supercomplex
and phosphorylation of PSIl proteins sequential events during state
transition. In fully functional PSII complex, LHCII is phosphorylates at LL and
it form PSI-LHCII complex without PSII supercomplex mobilization at state
transition 1 (ST1) and CP29 is phosphorylates and form PSI-CP29 complex
during high light illumination to state transition 2 (ST2). Although the
mobilization of PSII supercomplex is required for state transition is not identified

yet.

134



5. REFERENCES

Ahn, T.K,, Avenson, T.J., Ballottari, M., Cheng, Y.C., Niyogi, K.K., Bassi, R.
and Fleming, G.R. (2008) Architecture of a charge-transfer state regulating light

harvesting in a plant antenna protein. Science, 320, 794-797.

Albertsson, P.A. (2001) A quantitative model of the domain structure of the
photosynthetic membrane. Trends Plant Sci. 8, 349-358.

Allen, J.F. (1992) Protein phosphorylation in regulation of photosynthesis.
Biochim. Biophys. Acta, 1098, 275-335.

Allen, J.F. and Forsberg, J. (2001) Molecular recognition in thylakoid structure
and function. Trends Plant Sci. 6, 317-326.

Ananyev, G., Renger, G., Wacker, U. and Klimov, V. (1994) The
photoproduction of superoxide radicals and the superoxide dismutase activity of
Photosystem I1. The possible involvement of cytochrome b559. Photosynth. Res.
41, 327-338.

Anderson, J.M., Chow, W.S. and De Las Rivas, J. (2008) Dynamic flexibility
in thestructure and function of photosystem Il in higher plant thylakoid
membranes: the grana enigma. Photosynth. Res. 98, 575-587.

Angermiller, S., Islinger, M. and V0lkl, A. (2009) Peroxisomes and reactive
oxygen species, a lasting challenge. Histochem. Cell Biol. 131, 459-463.

Aro, E.-M. and Ohad, I. (2003) Redox regulation of thylakoid protein
phosphorylation. Antioxid. Redox Signal. 5, 55-67.

135



Aro, E.-M., Suorsa, M., Rokka, A., Allahverdiev, Y., Paakkarinen, V.,
Saleem, A., Battchikova, N. and Rintaméki, E. (2005) Dynamics of
photosystem I1: a proteomic approach to thylakoid protein complexes. J. Exp. Bot.
56, 347-356.

Aro, E.-M., Virgin, I. and Andersson, B. (1993) Photoinhibition of
Photosystem Il Inactivation, protein damage and turn over. Biochim. Biophys.
Acta, 1143, 113-134.

Asada, K. (1999) The water-water cycle in chloroplasts: scavenging of active
oxygens and dissipation of excess photons. Annu. Rev. Plant Physiol. Plant Mol.
Biol. 50, 601-639.

Auclair, C. and Voisin, E. (1985) Nitro blue tetrazolium reduction, in: R.A.
Greenwald (Ed.), CRC Handbook of Methods for Oxygen Radical Research,
CRC Press Inc., Boca Raton, FL, pp. 123-132.

Badger, M.R., von Caemmerer, S., Ruuska, S. and Nakano, H. (2000)
Electron flow to oxygen in higher plants and algae: rates and control of direct
photoreduction (Mehler reaction) and rubisco oxygenase. Phil.Trans. R. Soc.
Lond. B, 355, 1433-1446.

Baena-Gonzalez, E. and Aro, E.-M. (2002) Biogenesis, assembly and turnover
of photosystem Ilunits. Phil. Trans. R. Soc. Lond. B, 357, 1451-1459.

Baena-Gonzélez, E., Barbato, R. and Aro, E.-M. (1999) Role of
phosphorylation in repair cycle and oligomeric structure of photosystem two.
Planta, 208, 196-204.

Bailey, S., Thompson, E., Nixon, P.J., Horton, P., Mullineaux, C.W.,
Robinson, C. and Mann, N.H. (2002) A critical role for the Var2 FtsH

136



homologue of Arabidopsis thaliana in the photosystem Il repair cycle in vivo. J.
Biol. Chem. 277, 2006-2011.

Bassi, R. and Simpson, D. (1987) Chlorophyll-protein complexes of barley
photosystem I. Eur. J. Biochem. 163, 221-230.

Bellafiore, S., Barneche, F., Peltier, G. and Rochaix, J.-D. (2005) State
transitions and light adaptation require chloroplast thylakoid protein kinase STN7.
Nature, 433, 892-895.

Bennett, J. (1977) Phosphorylation of chloroplast membrane polypeptides.
Nature, 269, 344-346.

Bennett, J. (1980) Chloroplast phosphoproteins. Evidence for a thylakoid-bound
phosphoprotein phosphatase. Eur. J. Biochem. 104, 85-89.

Bergantino, E., Sandona, D., Cugini, D. and Bassi, R. (1998)
The photosystem 11 subunit CP29 can be phosphorylated in both C3 and C4
plants as suggested by sequence analysis. Plant Mol. Biol. 36, 11-22.

Bergantino, E., Dainese, P., Cerovic, Z., Sechi, S. and Bassi, R. (1995) A post-
translational modification of the photosystem Il subunit CP29 protects maize
from cold stress. J. Biol. Chem. 270, 8474-8481.

Betterle, N., Ballottari, M., Baginsky, S. and Bassi, R. (2015) High light-
dependent phosphorylation of photosystem Il inner antenna CP29 in monocots is
STN7 independent and enhances nonphotochemical wuenching. Plant Physiol.
167, 457-471.

Blokhina, O., Violainen, E. and Fagerstedt, K.V. (2003) Antioxidants,

oxidative damage and oxygen deprivation stress: a review. Ann. Bot. 91, 179-194.

137



Boekema, E.J., Hankamer, B., Bald, D., Kruip, J., Nield, J., Boonstra, A.F.,
Barber, J., and Rogner, M. (1995) Supramolecular structure of the photosystem
Il complex from green plants and cyanobacteria. Proc. Natl. Acad. Sci. USA, 92,
175-179.

Bolwell, G.P., Bindschedler, L.V., Blee, K.A., Butt, V.S., Davies, D.R,,
Gardner, S.L., Gerrish, C. and Minibayeva, F. (2002) The apoplastic oxidative
burst in response to biotic stress in plants: a three-component system. J. Exp. Bot.
53, 1367-1376.

Bonardi, V., Pesaresi, P., Becker, T., Schleiff, E., Wagner, R., Pfannschmidt,
T., Jahns, P. and Leister, D. (2005) Photosystem Il core phosphorylation and
photosynthetic acclimation require two different protein kinases. Nature, 437,
1179-1182.

Carlberg, I., Hansson, M., Kieselbach, T., Schréder, W.P., Andersson, B. and
Vener, AV. (2003) A novel plant protein undergoing light-
induced phosphorylation and release from the photosynthetic thylakoid
membranes. Proc. Natl. Acad. Sci. USA, 100, 757-762.

Chen, Y.-E., Yuan, S., Du, J.-B., Xu, M.-Y., Zhang, Z.-W. and Lin, H.-H.
(2009) Phosphorylation of photosynthetic antenna protein CP29 and photosystem
Il structure changes in monocotyledonous plants under environmental stresses.
Biochemistry, 48, 9757-9763.

Chen, Y.-E., Zhao, Z.-Y., Zhang, H.-Y., Zeng, X.-Y. and Yuan, S. (2013) The
significance of CP29 reversible phosphorylation in thylakoids of higher plants
under environmental stresses. J. Expt. Bot. 64, 1167-1178.

138



Chow, W.S., Kim, E.H., Horton, P. and Anderson, J.M. (2005a). Granal
stacking of thylakoid membranes in higher plant chloroplasts: the
physicochemical forces at work and the functional consequences that ensue.
Photochem. Photobiol. Sci. 4, 1081-1090.

Chow, W.S., Kim, E.H., Horton, P. and Anderson, J.M. (2005b) Granal
stacking of thylakoid membranes in higher plant chloroplasts: the
physicochemical forces at work and the functional consequences that ensue.
Photochem. Photobiol. Sci. 4, 1081-1090.

Cleland, R.E. and Grace, S.C. (1999) Voltammetric detection of superoxide
production by photosystem Il. FEBS Lett. 457, 348-352.

Croce, R., Breton, J. and Bassi, R. (1996) Conformational Changes Induced by
Phosphorylation in the CP29 Subunit of Photosystem Il. Biochemistry, 35, 11142-
11148.

Cui, Z., Wang, Y., Zhang, A. and Zhang, L. (2014) Regulation of Reversible
Dissociation of LHCII from PSII by Phosphorylation in Plants. Am. J. Plant Sci.
5, 241-249.

D’Autréaux, B. and Toledano, M.B. (2007) ROS as signalling molecules:
mechanisms that generate specificity in ROS homeostasis. Nat. Rev. Mol. Cell.
Biol. 8, 813-824.

Dall’Osto, L., Cazzaniga, S., Havaux, M. and Bassi, R. (2010) Enhanced
photoprotection by protein-bound vs free xanthophyll pools: a comparative
analysis of chlorophyll b and xanthophyll biosynthesis mutants. Mol. Plant, 3,
576-593.

139



Damkjaer, J.T., Kerexhe, S., Johnson, M.P., Kovacs, L., Kiss, A.Z.,
Boekema, E.J., Ruban, A.V., Horton, P. and Jansson, S. (2009) The
photosystem Il light-harvesting protein Lhcbh3 affects the macrostructure of
photosystem Il and the rate of state transitions in Arabidopsis. Plant Cell, 21,
3245-3256.

Das, K. and Roychoudhury, A. (2014) Reactive oxygen species (ROS) and
response of antioxidants as ROS-scavengers during environmental stress in plants.
Front. Environ. Sci. 2, 53.doi: 10.3389/fenvs.2014.00053.

Dekker, J.P. and Boekema, E.J. (2005) Supramolecular organization of
thylakoid membrane proteins in green plants. Biochim. Biophys. Acta, 1706, 12-
39.

Depege, N., Bellafiore, S. and Rochaix, J.D. (2003) Role of chloroplast protein
kinase Stt7 in LHCII phosphorylation and state transition in Chlamydomonas.
Science, 299, 1572-1575.

Dietzel, L., Brautigam, K., Steiner, S., Schiffler, K., Lepetit, B., Grimm, B.,
Schottler, M.A. and Pfannschmidt, T. (2011) Photosystem Il supercomplex
remodeling serves as an entry mechanism for state transitions in Arabidopsis.
Plant Cell, 23, 2964-2977.

Driever, S.M. and Baker, N.R. (2011) The water-water cycle in leaves is not a
major alternative electron sink for dissipation of excess excitation energy when
CO; assimilation is restricted. Plant Cell Environ. 34, 837-846.

Dunahay, T.G. and Staehelin, L.A. (1985) Isolation of photosystem I
complexes from octylglucoside/sodium dodecyl sulfate solubilized spinach
thylakoids. Plant Physiol. 78, 606-613.

140



Eom, J.S,, Cho, J.-1., Reinders, A., Lee, S.-W., Yoo, Y., Tuan, P.Q., Choi, S.-
B., Bang, G., Park, Y.-1., Cho, M.-H., Bhoo, S.H., An, G., Hahn, T.-R., Ward,
J.M. and Jeon, J.-S. (2011) Impaired function of the tonoplast-localized sucrose
transporter in rice, OsSUT2, limits the transport of vacuolar reserve sucrose and
affects plant growth. Plant Physiol. 157, 109-1109.

Foyer, C.H. and Noctor, G. (1999) Leaves in the dark see the light. Science, 284,
599-601.

Foyer, C.H. and Shigeoka, S. (2011) Understanding oxidative stress and
antioxidant functions to enhance photosynthesis. Plant Physiol. 155, 93-100.

Frenkel, M., Bellafiore, S., Rochaix, J.D. and Jansson, S. (2007) Hierarchy
amongst photosynthetic acclimation responses for plant fitness. Physiol. Plant.
129, 455-459.

Fristedt, R., Granath, P. and Vener, A.V. (2010) A protein phosphorylation
threshold for the functional stacking of plant photosynthetic membranes. PLoS
ONE, 5: €10963.

Fristedt, R. and Vener, A.V. (2011) High Light Induced Disassembly of
Photosystem Il Supercomplexes in Arabidopsis Requires STN7-Dependent
Phosphorylation of CP29. PLoS ONE, 6: e24565.

Fristedt, R., Wasilewska, W., Romanowska, E. and Vener, A.V. (2012)
Differential phosphorylation of thylakoid proteins in mesophyll and bundle
sheath chloroplasts from maize plants grown under low or high light. Proteomics,
12, 2852-2861.

Fristedt, R., Willig, A., Granath, P., Crevecoeur, M., Rochaix, J.D. and
Vener, A.V. (2009) Phosphorylation of photosystem Il controls functional

141



macroscopic folding of photosynthetic membranes in Arabidopsis. Plant Cell, 21,
3950-3964.

Fryer, M.J., Oxborough, K., Mullineaux, P.M. and Baker, N.R. (2002)

Imaging of photo-oxidative stress responses in leaves. J. Exp. Bot. 53, 1249-1254.

Galka, P., Santabarbara, S., Khuong, T.T.H., Degand, H., Morsomme, P.,
Jennings, R.C., Boekema, E.J. and Caffarri, S. (2012) Functional analyses of
the plant photosystem I-light harvesting complex Il supercomplex reveal that
light-harvesting complex 1l loosely bound to photosystem Il is a very efficient
antenna for photosystem I in state Il. Plant Cell, 24, 2963-2978.

Gechev, T.S., Breusegem, F.V., Stone, J.M., Denev, I. and Laloi, C. (2006)
Reactive oxygen species as signals that modulate plant stress responses and
programmed cell death. BioEssays, 28, 1091-1101.

Goral, T.K., Johnson, M.P., Brain, A.P.R., Kirchhoff, H., Ruban, A.V. and
Mullineaux C.W. (2010) Visualizing the mobility and distribution of chlorophyll
proteins in higher plant thylakoid membranes: effects of photoinhibition and
protein phosphorylation. Plant J. 262, 948-9509.

Grasse, N., Mamedov, F., Becker, K., Styring, S., Rogner, M. and Nowaczyk,
M.M. (2011) Role of Novel Dimeric Photosystem Il (PSII)-Psb27 Protein
Complex in PSII Repair. J. Biol. Chem. 286, 29548-29555.

Haldrup, A., Jensen, P.E., Lunde, C., and Scheller, H.V. (2001) Balance of
power: a view of the mechanism of photosynthetic state transitions. Trends Plant
Sci. 6, 301-305.

Halliwell, B. and Gutteridge, J.M.C. (1989) Free Radicals in Biology and

Medicine, 2nd ed., Clarendon Press, Oxford.

142



Hammer, M.F., Markwell, J. and Sarath, G. (1997) Purification of a protein
phosphatase fromchloroplast stroma capable of dephosphorylating the light-
harvesting complex-I1. Plant Physiol. 113, 227-233.

Hanks, S.K., Quinn, A.M., and Hunter, T. (1988) 'The protein kinase family:
conserved features and deduced phylogeny of the catalytic domains'. Science, 241,
42-52.

Hansson, M. and Vener, A.V. (2003) Identification of three previously unknown
in vivo protein phosphorylation sites in thylakoid membranes of Arabidopsis
thaliana. Mol. Cell Proteomics, 2, 550-559.

Hausler, R.E., Geimer, S., Kunz, H.H., Schmitz, J., Dormann, P., Bell, K.,
Hetfeld, S., Guballa, A. and Flugge, U.l. (2009) Chlororespiration and grana
hyperstacking: how an Arabidopsis double mutant can survive despite defects in
starch biosynthesisand daily carbon export from chloroplasts. Plant Physiol. 149,
515-533.

Heber, U. and Walker, D. (1992) Concerning a dual function of coupled cyclic
electron transport in leaves. Plant Physiol. 100, 1621-1626.

Herbstova, M., Tietz, S., Kinzel, C., Turkina, M.V. and Kirchhoff, H. (2012)
Architectural switch in plant photosynthetic membranes induced by light stress.
Proc. Natl. Acad. Sci. USA, 109, 20130-20135.

Hideg, E., Barta, C., Kalai, T., Vass, |., Hideg, K. and Asada, K. (2002)
Detection of singlet oxygen and superoxide with fluorescent sensors in leaves
under stress by photoinhibition or UV radiation. Plant Cell Physiol. 43, 1154-
1164.

143



Hou, C.X., Rintamaki, E. and Aro, E.-M. (2003) Ascorbate-mediated LHCII
protein phosphorylation--LHCII kinase regulation in light and in darkness.
Biochemistry, 42, 5828-5836.

Huesgen, P.F., Schuhmann, H. and Adamska, I. (2005) The family of
Degproteases in cyanobacteria and chloroplasts of higher plants. Physiol. Plant.
123, 413-420.

Huesgen, P.F., Schuhmann, H. and Adamska, I. (2009) Deg/HtrA proteases as
components of a network for photosystem Il quality control in chloroplasts and
cyanobacteria. Res. Microbiol. 160, 726-732.

Hwang, H.J., Xu, C.C., Moon, B.Y., Lee, C.-H. (2003) Recovery from low-
temperature photoinhibition is related to dephosphorylation of phosphorylated

CP29 rather than zeaxanthin epoxidation in rice leaves. J. Plant Biol. 46, 122-129.

Ivanov, A.G., Morgan, R.M., Gray, G.R., Velitchkova, M.Y. and Huner,
N.P.A. (1998) Temperature/light dependent development of selective resistance
to photoinhibition of photosystem I. FEBS Lett. 430, 288-292.

Iwai, M., Takahashi, Y., Minagawa, J. (2008) Molecular Remodeling of
Photosystem 1l during State Transitions in Chlamydomonas reinhardtii. Plant
Cell, 20, 2177-2189.

Jansen, M.A.K., Mattoo, A.K. and Edelman, M. (1999) D1-D2 protein
degradation in the chloroplast complex light saturation kinetics. Eur. J. Biochem.
260, 527-532.

Jarvi, S., Suorsa, M., Paakkarinen, V., Aro, E.-M. (2011) Optimized native gel
systems for separation of thylakoid protein complexes: novel super- and mega-
complexes Biochem. J. 439, 207-214.

144



Johansson, J.H., Frenkel, M., Zulfugarov, 1., Reichelt, M., Krieger-Liszkay,
A., Gershenzon, J., Moen, J., Lee, C.-H. and Jansson, S. (2013) Non-
photochemical quenching capacity in Arabidopsis thaliana affects herbivore
behavior. PLoS ONE 8: €53232.

Joliot, P. and Joliot, A. (2002) Cyclic electron transfer in plant leaf. Proc. Natl.
Acad. Sci. USA, 99, 10209-10214.

Joshi, P., Gartia, S., Pradhan, M.K. and Biswal, B. (2011) Photosynthetic
response of clusterbean chloroplasts to UV-B radiation: energy imbalance and
loss in redox homeostasis between Q(A) and Q(B) of photosystem Il. Plant Sci.
181, 90-95.

Kapri-Pardes, E., Naveh, L. and Adam, Z. (2007) The thylakoid lumen
protease Degl is involved in the repair of PSII from photoinhibition in
Arabidopsis. Plant Cell, 19, 1039-1047.

Kargul, J. and Barber, J. (2008) Photosynthetic acclimation: structural
reorganisation of light harvesting antenna--role of redox-dependent
phosphorylation of major and minor chlorophyll a/b binding proteins. FEBS J.
275, 1056-1068.

Kargul, J., Turkina, M.V., Nield, J., Benson, S., Vener, A.V. and Barber, J.
(2005) Light-harvesting complex Il protein CP29 binds to photosystem | of
Chlamydomonas reinhardtii under State 2 conditions. FEBS J. 272, 4797-4806.

Kato, Y. and Sakamoto, W. (2009) Protein quality control in chloroplasts: a
current model of D1 protein degradation in the photosystem Il repair cycle. J.
Biol. Chem. 146, 463-469.

145



Kato, Y., Sun, X., Zhang, L. and Sakamoto, W. (2012) Cooperative
D1degradation in the photosystem Il repair mediated by chloroplastic proteases in
Arabidopsis. Plant Physiol. 159, 1428-1439.

Kerekhe, S., Kiss, A.Z., Kouril, R., Boekema, E.J. and Horton, P. (2010) The
PsbS protein controls the macro-organisation of photosystem Il complexes in the

grana membranes of higher plant chloroplasts. FEBS Lett. 584, 759-764.

Kieselbach, T., Hagman, A ., Andersson, B. and Schroder, W.P. (1998) The
thylakoid lumen of chloroplasts. Isolation and characterization. J. Biol. Chem.
273, 6710-6716.

Kim, E.H., Li, X.P., Razeghifard, R., Anderson, J.M., Niyogi, K.K., Pogson,
B.J. and Chow, W.S. (2009) The multiple roles of light-harvesting chlorophyll
a/b-protein complexes define structure and optimize function of Arabidopsis
chloroplasts: a studyusing two chlorophyll b-less mutants. Biochim. Biophys. Acta,
1787, 973-984.

Kim, J.-H., Kim, S.-J., Cho, S.H., Chow, W.S. and Lee, C.-H. (2005)
Photosystem | acceptor side limitation is a prerequisite for the reversible decrease
in the maximum extent of P700 oxidation after short-term chilling in the light in
four plant species with different chilling sensitivities. Physiol. Plant. 123, 100-
107.

Kiss, A.Z., Ruban, A.V. and Horton, P. (2008) The PsbS protein controls the
organization of the photosystem Il antenna in higher plant thylakoid membranes.
J. Biol. Chem. 283, 3972-3970.

146



Klughammer, C. and Schreiber, U. (1994) An improved method, using
saturating light pulses, for the determination of photosystem | quantum yield via
P700"-absorbance changes at 830nm. Planta, 192, 261-268.

Komenda, J., Sobotka, R. and Nixon, P.J. (2012) Assembling and maintaining
the photosystem Il complex in chloroplasts and cyanobacteria. Curr. Opin. Plant
Biol. 15, 245-251.

Koufil, R., Zygadlo, A., Arteni, A.A., de Wit, C.D., Dekker, J.P., Jensen, P.E.,
Scheller, H.V. and Boekema, E.J. (2005) Structural characterization of a
complex of photosystem | and light-harvesting complex Il of Arabidopsis
thaliana. Biochemistry, 44,10935-10940.

Krause G.H. (1988) Photoinhibition of photosynthesis. An evaluation of
damaging and protective mechanisms. Physiol. Plant. 74, 566-574.

Krieger-Liszkay A. (2004) Singlet oxygen production in photosynthesis. J. Exp.
Bot. 56, 337-346.

Laloi, C., Apel, K. and Danon, A. (2004) Reactive oxygen signaling: the latest
news. Curr. Opin. Plant Biol. 7, 323-328.

Lambrev, P.H., Nilkens, M., Miloslavina, Y., Jahns, P. and Holzwarth, A.R.
(2010) Kinetic and spectral resolution of multiple non-photochemical quenching
components in Arabidopsis leaves. Plant Physiol. 152, 1611-1624.

Lemeille, S. and Roahaix, J.D. (2010) State transitions at the crossroad of

thylakoid signalling pathways. Photosynth. Res. 106, 33-46.

Liu, W.J., Chen, Y.E., Tian, W.J., Du, J.B., Zhang, ZW., Xu, F., Zhang, F.,
Yuan, S. and Lin, H.H. (2009) Dephosphorylation of photosystem Il proteins

147



and phosphorylation of CP29 in barley photosynthetic membranes as a response
to water stress. Biochim. Biophys. Acta, 1787, 1238-1245.

Lohrig, K., Miiller, B., Davydova, J., Leister, D. and Wolters, D.A. (2009)
Phosphorylation site mapping of soluble proteins: bioinformatical WItering
reveals potential plastidic phosphoproteins in Arabidopsis thaliana. Planta, 229,
1123-1134.

Loll, B., Kern, J., Saenger, W., Zouni, A. and Biesiadka, J. (2005) Towards
complete cofactor arrangement in the 3.0 A resolution structure of photosystem II.
Nature, 438, 1040-1044.

Lucca, P., Ye, X. and Potrykus, 1. (2001) Effective selection and regeneration

of transgenic rice plants with mannose as selective agent. Mol. Breed. 7, 43-49.

Lunde, C., Jensen, P.E., Haldrup, A., Knoetzel, J. and Scheller, H.V. (2000)
The PSI-H subunit of photosystem I is essential for state transitions in plant
photosynthesis. Nature, 408, 613-615.

Melis A. (1999) Photosystem Il damage and repair cycle in chloroplast:

whatmodulates the rate of photodamage in vivo? Trends Plant Sci. 4, 130-135.

Meurer, J., Plucken, H., Kowallik, K.V. and Westhoff, P. (1998) A nuclear-
encodedprotein of prokaryotic origin is essential for the stability of photosystem
Il in Arabidopsis thaliana. EMBO J. 17, 5286-5297.

Minagawa, J. and Takahashi, Y. (2004) Structure, function and assembly of
Photosystem Il and its light-harvesting proteins. Photosynth. Res. 82, 241-263.

Minibayeva, F., Kolesnikov, O., Chasov, A., Beckett, R.P., Lithjs, S,
Vylegzhanina, V., Buck, F. and Bottger, M. (2009) Wound-induced apoplastic

148



peroxidase activities: their roles in the production and detoxification of reactive
oxygen species. Plant Cell Environ. 32, 497-508.

Minibayeva, F.V., Kolesnikov, O.P. and Gordon, L.K. (1998) Contribution of
a plasma membrane redox system to the superoxide production by wheat root
cells. Protoplasma, 205, 101-106.

Mittler, R., Vanderauwera, S., Gollery, M. and Breusegem, V. (2004)
Reactive oxygen gene network of plants. Trends Plant Sci. 9, 490-498.

Mittler, R. (2002). Oxidative stress, antioxidants and stress tolerance. Trends
Plant Sci. 9, 405-410.

Miura, E., Kato, Y. and Sakamoto, W. (2010) Reactive oxygen species derived
from impaired quality control of photosystem Il are irrelevant to plasma-
membrane NADPH oxidases. Plant Signal. Behav. 5, 264-266.

Miyake, C. (2010) Alternative electron flows (water-water cycle and cyclic
electron flow around PSI) in photosynthesis: molecular mechanisms and
physiological functions. Plant Cell Physiol. 51, 1951-1963.

Miyao, M. (1994) Involvement of active oxygen species in degradation of the D1
protein under strong illumination in isolated subcomplexes of Photosystem II.
Biochemistry, 33, 9722-9730.

Mori, 1.C. and Schroeder, J.I. (2004) Reactive oxygen species activation of
plant Ca?* channels. A signaling mechanism in polar growth, hormone
transduction, stress signaling, and hypothetically mechanotransduction. Plant
Physiol. 135, 702-708.

149



Mulo, P., Sirpi6, S., Suorsa, M. and Aro, E.-M. (2008) Auxiliary proteins
involved in the assembly and sustenance of photosystem Il. Photosynth. Res. 98,
489-501.

Munekage Y., Hashimoto M., Miyake C., Tomizawa K., Endo T., Tasaka M.
and Shikanai T. (2004) Cyclic electron flow around photosystem | is essential
for photosynthesis. Nature, 429: 579-582.

Mustardy, L. and Garab, G. (2003) Granum revisited. A three-dimensional
model -- where things fall into place. Trends Plant Sci. 8, 117-122.

Nath, K., Jajoo, A., Poudyal, R.S., Timilsina, R., Park, Y.S., Aro, E.-M, Nam,
H.G. and Lee, C.-H. (2013a) Towards a critical understanding of the
photosystem 1l repair mechanism and its regulation during stress conditions.
FEBS Lett. 587, 3372-3381.

Nath, K., Poudyal, R.S., Eom, J.-S, Park, Y.S., Zulfugarov, 1.S., Mishra, S.R.,
Tovuu, A., Ryoo, N., Yoon, H.-S., Nam, H.-G., An, G., Jeon, J.-S., Lee, C.-H.
(2013b) Loss-of-function of OsSTN8 suppresses the photosystem Il core protein
phosphorylation and interferes with the photosystem Il repair mechanism in rice
(Oryza sativa). Plant J. 76, 675-686.

Nishiyama, Y., Allakherdiev, S.I., Murata, N. (2011) Protein synthesis is the
primary target of reactive oxygen species in the photoinhibition of photosystem I1.
Physiol. Plant, 142, 35-46.

Nishiyama, Y., Allakhverdiev, S.1., Murata, N. (2006) A new paradigm for the
action of reactive oxygen species in the photoinhibition of photosystem II.
Biochim. Biophys. Acta, 1757, 742-749.

150



Nishiyama, Y., Allakhverdiev, S.I., Yamamoto, H., Hayashi, H., Murata, N.
(2004) Singlet oxygen inhibits the repair of photosystem Il by suppressing the
translation elongation of the D1 protein in Synechocystis sp. PCC 6803.
Biochemistry, 43, 11321-11330.

Nishiyama, Y., Yamamoto, H., Allakhverdiev, S.1., Inaba, M., Yokota, A.,
Murata, N. (2001), Oxidative stress inhibits the repair of photodamage to the
photosynthetic machinery. EMBO J. 20, 5587-5594.

Nixon, P.J., Michoux, F., Yu, J., Boehm, M. and Komenda, J. (2010) Recent
advances in understanding the assembly and repair of photosystem II. Ann. Bot.
106, 1-16.

Noguchi, T. (2002) Dual role of triplet localization on the accessory chlorophyll
in the photosystem 11 reaction center: photoprotection and photodamage of the D1
protein. Plant Cell Physiol. 43, 1112-1116.

Ogawa, K., Kanematsu, S., Takabe, K. and Asada, K. (1995) Attachment of
CuZn-superoxide dismutase to thylakoid membranes at the site of superoxide
generation (PSI) in spinach chloroplasts: detection by immuno-gold labeling after
rapid freezing and substitution method. Plant Cell Physiol. 36, 565-573.

Oguchi, R., Terashima, I. and Chow, W.S. (2009) The involvement of dual
mechanisms of photoinactivation of photosystem Il in Capsicum annuum L.
plants. Plant Cell Physiol. 50, 1815-1825.

Oh, M.-H., Safarova, R.B., Eu, Y.-J., Zulfugarov, 1.S., Kim, J.-H., Hwang,
H.J., Lee, C.B. and Lee, C.-H. (2009) Loss of peripheral polypeptides in the
stromal side of photosystem | by light-chilling in cucumber leaves. Photochem.
Photobiol. Sci. 8, 535-541.

151



Okada, K., Ilkeuchi, M., Yamamoto, N., Ono, T. and Miyao, M. (1996)
Selective and specific cleavage of the D1 and D2 proteins of photosystem Il by
exposure to singlet oxygen: factors responsible for the cleavage of proteins.
Biochim. Biophys. Acta, 1274, 73-79.

Pesaresi, P., Hertle, A., Pribil, M., Kleine, T., Wagner, R., Strissel, H.,
Ihnatowicz, A., Bonardi, V., Scharfenberg, M., Schneider, A., Pfannschmidt,
T., Leister, D. (2009) Arabidopsis STN7 kinase provides a link between short-
and long-term photosynthetic acclimation. Plant Cell, 21, 2402-2423.

Pesaresi, P., Pribil, M., Wunder, T. and Leister, D. (2011) Dynamics of
reversible protein phosphorylation in thylakoids of flowering plants: the roles of
STN7, STN8 and TAP38. Biochim. Biophys. Acta, 1807, 887-896.

Porra, R.J., Thompson, W.A. and Kriedemann, P.E. (1989) Determination of
accurate extinction coefficients and simultaneous equations for assaying
chlorophyll a and b extracted with four different solvents: verification of the
concentration of chlorophyll standards by atomic absorption spectroscopy.
Biochim. Biophys. Acta, 975, 384-394.

Pospisil P. (2009) Production of reactive oxygen species by photosystem II.
Biochim. Biophys. Acta, 1787, 1151-1160.

Pospisil P. (2012) Molecular mechanisms of production and scavenging of
reactive oxygen species by photosystem Il. Biochim. Biophys. Acta, 1817, 218-
231.

Pospisil, P., Snyrychova, I, Kruk, J., Strzalka, K. and Nau§, J. (2006)

Evidence that cytochrome bssg is involved in superoxide production in

152



photosystem 11: effect of synthetic short-chain plastoquinone in a cytochrome bssg
tobacco mutant. Biochem. J. 397, 321-327.

Prasil, O., Adir, N. and Ohad, I. (1992) Dynamics of photosystem II:
mechanism of Photoinhibition and recovery processes. In The Photosystems:
Structure, Function and Molecular Biology (Barber, J., Ed.), pp. 295-348,
Elsevier, Amsterdam-London-New York-Tokyo.

Pribil, M., Pesaresi, P., Hertle, A., Barbato, R. and Leister, D. (2010) Role of
plastid protein phosphatase TAP38 in LHCII dephosphorylation and thylakoid
electron flow. PLoS Biol. 8:¢1000288.

Pursiheimo, S., Martinsuo, P., Rintaméki, E., Aro, E.-M. (2003) Photosystem
Il protein phosphorylation follows four distinctly different regulatory patterns

induced by environmental cues. Plant Cell Environ. 26, 1995-2003.

Puthiyaveetil, S., Tsabari, O., Lowry, T., Lenhert, S., Lewis, R.R., Reich, Z.,
Kirchhoff, H. (2014) Compartmentalization of the protein repair machinery in
photosynthetic membranes. Proc. Natl. Acad. Sci. USA, 111, 15839-15844.

Reiland, S., Messerli, G., Baerenfaller, K., Gerrits, B., Endler, A,
Grossmann, J., Gruissem, W. and Baginsky, S. (2009) Large-scale Arabidopsis
phosphoproteome profiling reveals novel chloroplast kinase substrates and
phosphorylation networks. Plant Physiol. 150, 889-903.

Reisinger, V. and Eichacker, L.A. (2006) Analysis of membrane protein complexes by
blue native PAGE. Proteomics, 6, 6-15.

Rintamaki, E., Salonen, M., Suoranta, U.-M., Carlberg, 1., Andersson, B. and

Aro, E.-M. (1997) Phosphorylation of light-harvesting complex Il and

153



photosystem |1 core proteins shows different irradiance-dependent regulation in
Vivo. J. Biol. Chem. 272, 30476-30482.

Rintamaki, E., Martinsuo, P., Pursiheimo, S., Aro, E.-M. (2000)
Cooperative regulation of light-harvesting complex Il phosphorylation via the
plastoquinol and ferredoxin-thioredoxin system in chloroplasts. Proc. Natl. Acad.
Sci. USA, 97, 11644-11649.

Rintamaki, E., Kettunen, R. and Aro, E.-M. (1996) Differential D1
dephosphorylation in functional and photodamaged photosystem Il centers.
Dephosphorylation is a prerequisite for degradation of damaged D1. J. Biol.
Chem. 27, 14870-14875.

Rochaix J.-D. (2007) Role of thylakoid protein kinases in photosynthetic
acclimation. FEBS Lett. 581, 2768-2775.

Sagi, M. and Fluhr, R. (2001) Superoxide production by plant homologues of
the gp91P"™ NADPH oxidase. Modulation of activity by calcium and by tobacco
mosaic virus infection. Plant Physiol. 126, 1281-1290.

Sagi, M. and Fluhr, R. (2006) Production of reactive oxygen species by plant
NADPH oxidases. Plant Physiol. 141, 336-340.

Sakamoto, W., Zaltsman, A., Adam, Z. and Takahashi, Y. (2003) Coordinated
regulation and complex formation of yellow variegatedl and yellow variegated?,
chloroplastic FtsH metalloproteases involved in the repair cycle of photosystem I
in Arabidopsis thylakoid membranes. Plant Cell, 15, 2843-2855.

Samol, I., Shapiguzov, A., Ingelsson, B., Fucile, G., Crévecoeur, M., Vener,
A.V. Rochaix, J.-D. and Goldschmidt-Clermont, M. (2012) Identification of a

154



Photosystem 1l Phosphatase Involved in Light Acclimation in Arabidopsis. Plant
Cell, 24, 2596-2609.

Schenk, P.W. and Snaar-Jagalska, B.E. (1999) Signal perception and
transduction: the role of protein kinases. Biochim. Biophys. Acta, 1449, 1-24.

Schmitt, F.-J., Renger, G., Friedrich, T., Kreslavski, V.D., Zharmukhamedov,
S.K,, Los, D.A., Kuznetsov, V.V. and Allakhverdiev, S.I. (2014) Reactive
oxygen species: re-evaluation of generation,monitoring and role in stress-

signaling in phototrophic organisms. Biochim. Biophys. Acta, 1837, 835-845.

Schonberg, A. and Baginsky, S. (2012) Signal integration by chloroplast
phosphorylation networks: an update. Front. Plant Sci. 3, 256.

Sculley, M.J., Duniec, J.T., Thorne, S.W., Chow, W.S. and Boardman, N.K.
(1980) The stacking of chloroplast thylakoids. Quantitative analysis of the
balance of forces between thylakoid membranes of chloroplasts, and the role of
divalent cations. Arch. Biochem. Biophys. 201, 339-346.

Shapiguzov, A., Ingelsson, B., Samol, 1., Andres, C., Kessler, F., Rochaix, J.-
D., Vener, AV. and Goldschmidt-Clermont, M. (2010) The PPH1 phosphatase
is specifically involved in LHCII dephosphorylation and state transitions in
Arabidopsis. Proc. Natl. Acad. Sci. USA, 107, 4782-4787.

Silverstein, T., Cheng, L., Allen, J.F. (1993) Chloroplast thylakoid protein
phosphatase reactions are redox-independent and Kkinetically heterogeneous.
FEBS Lett. 334, 101-105.

Snyders, S. and Kohorn, B.D. (1999) TAKs, thylakoid membrane protein
kinases associated with energy transduction. J. Biol. Chem. 274, 9137-9140.

155



Sonoike, K. (2006) Photoinhibition and protection of photosystem I, in: J.H.
Golbeck (Ed.), Photosystem 1. The Light-Driven Plastocyanin: Ferredoxin
Oxidoreductase in Photosynthesis, Springer, Dordrecht, pp. 657-668.

Sun, X,, Fu, T., Chen, N., Guo, J., Ma, J., Zou, M., Lu, C. and Zhang, L.
(2010a) The stromal chloroplast Deg7 protease participates in the repair of
photosystem Il after photoinhibition in Arabidopsis. Plant Physiol. 152, 1263-
1273.

Sun, X., Ouyang, M., Guo, J., Ma, J., Lu, C., Adam, Z. and Zhang, L. (2010b)
The thylakoid protease Degl is involved in photosystem-1I assembly in
Arabidopsis thaliana. Plant J. 62, 240-249.

Sun, X.W., Peng, L.W., Guo, J.K., Chi, W., Ma, J.F., Lu, C.M. and Zhang,
L.X. (2007) Formation of DEG5 and DEG8 complexes and their involvement in
the degradation of photodamaged photosystem Il reaction center D1 protein in
Arabidopsis thaliana. Plant Cell, 19, 1347-1361.

Svedruzi¢, D., Jonsson, S., Toyota, C.G., Reinhardt, L.A., Ricagnoc, S.,
Lindqgvist, Y. and Richards, N.G.J. (2005) The enzymes of oxalate metabolism:

unexpected structures and mechanisms. Arch. Biochem. Biophys. 433, 176-192.

Takahashi, H., Iwai, M., Takahashi, Y., Minagawa, J. (2006) Identification of
the mobile light-harvesting complex Il polypeptides for state transitions in
Chlamydomonas reinhardtii. Proc. Natl. Acad. Sci. USA, 103, 477-482.

Takahashi, S. and Murata, N. (2008) How do environmental stresses accelerate
photoinhibition? Trends Plant Sci. 13, 178-182.

156



Takechi, K., Sodmergen, Murata, M., Motoyoshi, F. and Sakamoto, W. (2000)
The YELLOW VARIEGATED (VARZ2) locus encodes a homologue of FtsH, an
ATP-dependent protease in Arabidopsis. Plant Cell Physiol. 41, 1334-1346.

Tikkanen, M., Grieco, M. and Aro, E.-M. (2010) Novel insights into plant
light-harvesting complex II phosphorylation and ‘state transitions’. Trends Plant
Sci. 16, 126-131.

Tikkanen, M., Piippo, M.,  Suorsa, M., Sirpi6, S., Mulo, P.,  Vainonen, J.,
Vener, AV., Allahverdiyeva Y., Aro, E.-M. (2006) State transitions revisited-a
buffering system for dynamic low light acclimation of Arabidopsis. Plant Mol.
Biol. 62, 779-793.

Tikkanen, M. and Aro, E.-M. (2012) Thylakoid protein phosphorylation in
dynamic regulation of photosystem Il in higher plants. Biochim. Biophys. Acta,
1817, 232-238.

Tikkanen, M., Nurmi, M., Kangasjarvi, S. and Aro, E.-M. (2008) Core protein
phosphorylation facilitates the repair of photodamaged photosystem Il at high
light. Biochim.Biophys. Acta, 1777, 1432-1437.

Tokutsu, R., lwai, M. and Minagawa, J. (2009) CP29, a monomeric light-
harvesting complex Il protein, is Essential for state transitions in Chlamydomonas
reinhardtii. J. Biol. Chem. 284, 7777-7782.

Tokutsu, R., Kato, N., Bui, K.H., Ishikawa, T. and Minagawa, J. (2012)
Revisiting the Supramolecular Organization of Photosystemll in Chlamydomonas
reinhardtii. J. Biol. Chem. 287, 31574-31581.

157



Towbin, H., Staehelint, T. and Gordon, J. (1979) Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: Procedure and some
applications. Proc. Natl. Acad. Sci. USA, 76, 4350-4354.

Tyystjarvi, E. and Aro, E.-M. (1996) The rate constant of photoinhibition,
measured in lincomycin-treated leaves, is directly proportional to light intensity.
Proc. Natl. Acad. Sci. USA, 93, 2213-2218.

Umena, Y., Kawakami, K., Shen, J.R. and Kamiya, N. (2011) Crystal structure
of oxygen-evolving photosystem 11 at a resolution of 1.9 A . Nature, 473, 55-60.

Vainonen, J.P., Hansson, M. and Alexander, A.V. (2005) STN8 protein kinase
in Arabidopsis thaliana is specific in phosphorylation of photosystem Il core
proteins. J. Biol. Chem. 280, 33679-33686.

Vener, A.V., van Kan, P.J., Rich, P.R., Ohad, I. and Andersson, B. (1997)
Plastoquinol at the quinoloxidation site of reduced cytochrome bf mediates signal
transduction between lightand protein phosphorylation: Thylakoid protein kinase
deactivation by a single turn over flash. Proc. Natl. Acad. Sci. USA, 94, 1585-
1590.

Wientjes, E., Drop, B., Koufil, R., Boekema, E.J., Croce, R. (2013a) During
state 1 to state 2 transition in Arabidopsis thaliana, the photosystem Il
supercomplex gets phosphorylated but does not disassemble. J. Biol. Chem. 288,
32821-32826.

Wientjes, E., van Amerongen, H., Croce, R. (2013b) LHCII is an antenna of
both photosystems after long-term acclimation. Biochim. Biophys. Acta, 1827,
420-426.

158



Wise, R.R. and Hoober, J.K. (2007) The Structure and Function of Plastids, Vol
23. Springer.

Yokthongwattana, K. and Melis, A. (2006) Photoinhibition and recovery in
oxygenic photosynthesis: Mechanism of a photosystem Il damage and repair
cycle. In Photoprotection, Photoinhibition, Gene Regulation and Environment
(Demming-Adams, B., Adams, W. & Mattoo, A. K.eds). Springer, pp. 175-191.

Yoshioka-Nishimura, M. and Yamamoto, Y. (2014) Quality control of
Photosystem 1I: the molecular basis for the action of FtsH protease and the
dynamics of the thylakoid membranes. J. Photochem. Photobiol. B: Biol. 137,
100-106.

Zito, F., Finazzi, G., Delosme, R., Nitschke, W., Picot, D. and Wollman, F.
(1999) The Qo site of cytochrome b6f complexes controls the activation ofthe
LHCII kinase. EMBO J. 18, 2961-29609.

Zulfugarov, 1.S., Tovuu, A., Dogsom, B. Lee, C.Y. and Lee, C.-H. (2010)
PsbS-specific zeaxanthin-independent changes in fluorescence emission spectrum
as a signature of energy-dependent non-photochemical quenching in higher plants.
Photochem. Photobiol. Sci. 9, 697-703.

Zulfugarov, 1.S., Tovuu, A., Eu, Y.-J., Dogsom, B., Poudyal, R.S., Nath, K.,
Hall, M., Banerjee, M., Yoon, U.C., Moon, Y.-H., An, G., Jansson, S. and Lee,
C.-H. (2014) Production of superoxide from Photosystem Il in a rice (Oryza
sativa L.) mutant lacking PsbS. BMC Plant Biol. 14, 242.

Zulfugarov, 1.S., Tovuu, A., Kim, J.H. and Lee, C.-H. (2011) Detection of
reactive oxygen species in higher plants. J. Plant Biol. 54: 351-357.

159



wmﬂ
od

{l
§o

=

<

orl
ol

E

Jor

AL

ol

D2, CP43, PsbH, TSP9, CaS

2= A I (LHC 1) S RE O ofL2r A 1l

1

ol

of

3l 0|22 STN8, STN7 12|31 PPH &

tE|= Z40] ZHEEC 0l

Mo Xt

Al

ot

0|

O] B 70X (Oryza sativa L)Q| osstn8,

0|230f STN8 4l STN7
T A0 M= osstn8, osstn7 ZHHO| B KA

A

ojn

=
=

osstn7 12|11 ospph

0[835t0of &4 Il +2

=
=

8l

J4

g2l o

r
K1

7o
]
Kd
%0
=

160



|

C
[

b

A
(=1
=

=

FAL HIAlSH
SH
S Ef

o
O:

b

A, JdetLbe g 24 =0
(@)

(o:
A
s
OpdHof sl =X

—

Sfl=

tob MR8 (PCPP)O| 23| &}

Ol JhMet BLES Al STN8 =QBO| 7| (osstn8)Ol A A 1l

A

O
]

ct.
pN|
=
QUCh 2|1 DFHL) AEH A0 o3t

H

=

H

M0 o ol L_._._: o of o_m_ Rl & ® RO KU & .Ar._o w._|
= ol L WU R o omopl o FHOE Y
=< P F R a s zon
® W @l X0 o J4 O ._ﬁ B KNI 37 = ®m F K

N & © W T o Bl z O = B T
e} .M r 5T oE . 2 K0 o W W L %_u D_l
ML 0 o ol - - r =
& a q I E Ty =50 g o
1) N _ X = il
&g M -5 T WY E =SR:)
Ly [ et of ol & o 4 RO fI MP_ M_m % N
oo W oo D™ O
AT < = 1 — 2
—_ °© Ll [E] L =1 ._o.__. S I I\ = ~
W K 3 mmoddoTmoon o o = O
P B B S - R B A | R L
4 % ol uloNu o 0 = U o=
AUy H . 9 ow oz _ = u = =
o Bz w5 £ or o | ¢ ol w2
g T K g Tz N AT = e«
— =) z = 0 -
z Wm oy R 0 o= o T AT o = __u___
s%MoM%M_oI_AIﬂu%_H%ﬂﬂﬂﬂﬁ
W%ﬂ%ozﬂeo_m OB R o3
ol 5 T Mﬂ. wow o= H N H S
o _— = — i N
~ o N @z gy o 2 8 I = . gl = _
Woe g _ B ngeﬂ.ﬂmfm_mwom
K & o o - W = S = S
e G BE ST 2oy TNy D
— K0 8l oo _ £ T T = K- AT
ol & o uu I M S » = f T X o
A= ol B w0 o 2 K S T = ol
g K —_ - = — O]
o B oKo ooy L XEo 33
X 97 J B ™ o 20y T R
o ol — = 2 = <0 XF FH = o — [ N
z X3 @ Eg=no K g5 %0
@ M__ﬁ_ mM %0 M____ 7 op or o = TR =
— a - — —_— ﬂ
ol &~ N e A= | B | L
w _ __ T ™ 5 — Y =T R L - - B v
q AW S H oy KA D 8Bl =z X =z =
U ) O 33 U T
— —_ _.___._._ [ee) o O._L _AI mm [ee) 1 >3 _Hn_.o
ol T T A Z o °© B mﬂé X
TR T O wn W o H o5 o M H I T w

0|22 PPH

3

—

-
o

B

o QUX[ L 0l
161

(o3
=

Bl

Of CHoj or=ad StACE

Xt 9 STN7, STN8 SEXt0| T-DNAZ
%

&



d!

A &
(o R
HE |

Of
Inl

—

EHI_

X}

o

e
[=}

f

2

F

A
i)

9ol
—

CP299|

—

wet

HIFA
=

f

.
[¢]

9|
O] E2F JiN|, STN7 =¢HO| 2|21 PPH = EHEO[ JHH 0f A

SEG A0

2
[

e

AEYA G

=
=

STNS8

I - =
S — B8 ~ o K ol
foF 2 % = < l

{0 - ol
5 S d R
jol = =g Tl S Kl
B o N g1 ol =
0 U
<l B poup 2 0
K 5 U I _LI_M x <
i w LS o @ ol
o ~ ®E Fl 0
3 z — 9 W o< 30
- - o —_

K - -_ S (]
—_ AO (@] - f—
o o = = <0 ¥
— w 10 ot -
o w5 A
) Ol_ ._HA.UH S = % 10
T o T = v 5 20
= O ool — =
0% =< 0 ol X — i
X [ohs — =— n~O O]
ot 5 - T K — -

Ho s e o X o

RO © o = ol Ho
R N T ~o
= R S <
KU — ul OM — —_r
7l = e = K _ 164
IS — _ =
R L
S W ¥R e g B
o — & oo oy <0
~ —_ J— _ -
" x % x s < g
°owm _ T d & o =)
Bog = &7 L ow o
i N R K
Wi BT o < o @
o w5 &K g
z ol ¢ m M oW ¥ 1o
R W = w s
of & X o
32 O a M & 1 o

=
=

OfAi S0 H|dH STNS

—

CP299]

AF

F

-
o
—

T

.
o

Efa X
162

A
o =

It STNS SQWO| JHH| Zto| XO|Ho| QIRUD B 1l XEFH S 0|
nl}

B
a10] Aol Mef Ho|

=

Mo BEERACE AHE22 1 AEYH A0 9
=

AHO| ZHH|off M

AFE= Of
C|RUCH
STN8



ACKNOWLEDGEMENTS

This research was conducted in the Department of Integrated Biological
Science in Pusan National University (PNU) under the supervision of Professor
Dr. Choon-Hwan Lee. | would like to express my sincere gratitude to him for his

regular supervision during the entire research period at Pusan National University.

I would like to express sincere gratitude to my PhD thesis evaluation
committee members, Professor Chin Bum Lee (Dong-Eui University), Professor
Byoung Yong Moon (Inje University), Professor, Jong-Seong Jeon (Kyung Hee
University) and professor Yong-Hwan Moon (Pusan National University), and all
professors who participated and reviewed my dissertation with their valuable

suggestions and comments.

I would also like to express sincere gratitude to Prof. Eva-Mari Aro,
University of Turku, Finland, Prof. Jean-David Rochaix University of Genevaa,
Switzerland, prof. Roberto Bassi, University of Verona, Italy, prof. Suleymaan I.
Allakhverdiev, Russian Acadeemy of Science, Moscow, Russia, Prof. Braj
Nandan Prasad, Tribhuvan University, Nepal, prof. Pramod Kumar Jha,
Tribhuvan University, Nepal, prof. Vimal Narayan Prasad Gupta, Tribhuvan
University, Nepal, prof. Bijaya Pant, Tribhuvan University, Nepal, Nepal for their

valuable advices and suggestions.

I would like to express my sincere gratitude to my father Mr. Ganga Raj
Sharma Paudel and my mother Mrs. Dhan Sara Padhya for their affection and
marvelous sacrifices throughout my study period in Korea. | would also like

thank to my father-in-law Mr. Narayan Prasad Tiwari and mother-in-law Mrs.

163



Thuma Devi Tiwari for their moral support and endurance throughout my study

period.

I express heart felt gratitude sincere to my younger brother Mr. Saurav
Paudel, my sisters and sister-in laws Mrs. Sita Devi Sharma / Mr. Santosh Sharma,
Mrs. Subina Devi Sharma / Mr. Matrika Timilsina and late Mrs. Sabitri Devi
Sharma / Er. Bishnu Prasad Bhattarai, and my brother-in-laws, Er. Samundra
Tiwari and Mr. Sagar Tiwari as well as my sister-in-law Miss. Srijana Tiwari for

their constant support and encouraged me to accomplish this challenging job.

I would also like to thank my senior collaborator Dr. Krishna Nath,
Western Michigan University, USA for his valuable suggestions and cooperation
during this research period. |1 would also like to sincere gratitude to Dr. Ismayil S.
Zulfugarov, Pusan National University, for his suggestions during my research

period.

I would also like to express my sincere gratitude to all professors in the
Department of Integrated Biological Sciences, Pusan National University for their
professional and passionate guidance with bunch of ideas and thrilled
encouragement throughout my study period. I am thankful to Dr. Nico Betterle,
University of Verona, Italy for his suggestions and cooperation. |1 am thankful to
Dr. Joon-Seob Eom, Kyung Hee University, Korea for his help to construct

transgenic complementation plants.

I would like to express my sincere gratitude to my friends Dr. Shiva Ram
Bhandary, Dr. Bal Krishna Ghimire for their moral support and cooperation. My
special thanks for engineer Anup K.C. Korea Maritime University. And thanks,
L.B. Bista, Upendra Tuladhar and Suman Dong Lama for their cooperation in
PNU.

164



| appreciate my all current and previous laboratory members particularly,
Dr. Altenzaya Tovuu, Rena Safarova, Kim Hoo Sung, Bolorma, Hua Mok Lee,
Soo Yeon Ko, Guang Xi, Young Nam Yang and Mr. Seo Jong Man for their

cooperation to make working environment in the laboratory.

After a long wait, | would like to express my deepest appreciation and
sincere thanks to my wife Mrs. Indira Tiwari, a PhD student in Department of
Microbiology, Pusan National University for giving everything escorts in Korea
along with her cooperation.

Finally, this book is dedicated to my adorable baby son Mr. Ritvik Dutta
Poudyal; your arrival in our life during my study period has boosted me to

overcome each and every challenge. This book is for you!

Thanking you,
Roshan Sharma Poudyal
Pusan National University

Busan 609-735, Republic of Korea

165



