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Abstract Oxygenic photosynthesis takes place in the
thylakoid membranes of cyanobacteria, algae and higher
plants. While cyanobacteria have adapted to relatively
constant environments, higher plants had to evolve
mechanisms to adapt to continuous environmental
changes. These include changes in light intensity, tem-
perature and availability of water. One of the great chal-
lenges in plant cell biology is therefore to determine the
regulatory mechanisms employed by higher plants and
some algae to adapt to these constant environmental
changes. The particular emphasis of this review is the
description and characterisation of light-induced redox-
controlled processes regulating the photosynthetic reac-
tions, which involves maintaining maximal electron
transport flow through the PS I1-Cytbgf-PS I-F F,ATP.
electron transport chain and minimising light-induced
oxidative damage to PS Il which drives the highly ox-
idising water-splitting reaction. Two of the mechanisms
involved in such short-term regulation processes are
known as light harvesting complex Il (LHC IlI) state
transitions and photosystem 11 (PS I1) repair cycle. They
are followed by, and indeed may be a precondition in or-
der to establish, the onset of the subsequent long-term
mechanisms of regulation. In particular, the redox con-
trol of LHC Il state transitions by reversible phosphory-
lation has been in the focus of many investigations, lead-
ing to many new results demonstrating the complexity of
thylakoid-associated redox control mechanisms.

Introduction

The transfer of electrons and protons in reduction—oxida-
tion (redox) reactions is known to have fundamental ef-
fects on the energy balance in biological systems. Two
organelles in photoautotrophic plants and green algae,
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chloroplasts and mitochondria, are sites for coordinated
electron transport chains. Both electron chains are based
on redox-active components, able to work as elec-
tron/proton-donors and -acceptors. Any change in the
rate of the electron flow immediately influences the re-
dox state of the electron transport components and, in a
second step, redox-sensitive reactions in the entire orga-
nelle. Light-induced electron flow via the thylakoid
membrane directly influences the redox state of its com-
ponents, e.g. the plastoquinone-containing PQ pool, cy-
tochrome bssg and the Q, site of the cytochrome bg/f
complex. Changes in their redox states are known to be
the initial step for redox-mediated reactions within the
chloroplast as a response to variations in environmental
conditions (see Scheibe 1991; Allen and Williams 1998;
Link 1999). A fast and efficient control system to react
to changes in the environment is essential for the surviv-
a of photosynthetically active organisms. Homeostasis,
the maintenance of a constant internal environment in
the face of external changes, is an active adaptation pro-
cess that may be either physiological or developmental.
In order to compensate for changes in light intensity and
quality, photosynthetically active organisms react either
with activation/deactivation mechanisms or with de novo
synthesis/degradation processes of photosynthetic and
metabolic enzymes. This kind of short-term and long-
term photoacclimation requires a coordinated regulation
of the enzymatic reactions and the nuclear and plastidial
gene expression (Allen 1993, 1995). Most of these regu-
lation systems are based on redox control mechanisms
via redox-active components inside the cell (Allen and
Nilsson 1997; Pfannschmidt et al. 1999). A common fea-
ture is the fact that changes in the redox state of single
electron transport components lead to the activation of
specific reactions in order to protect the organism. Sev-
era of those reactions may be connected to each other
via signal transduction pathways. The consequence is a
stepwise adaptation to environmental changes. During
evolution, cells developed a variety of answers to exter-
nal and internal stress (Foyer 1996). Many of these adap-
tations exhibit direct consequences in terms of structure



and function of the thylakoid-associated protein com-
plexes. In this respect, the photosynthetic apparatus in
the thylakoid membrane acts like a sensor system which,
via of intermediate electron carriers, initiates signal
transduction pathways for downstream metabolic and
gene regulatory responses (Link 1999). Apart from the
redox-active intermediates, such as plastoquinone and
the cytochromes, the PS Il complex and its connected
antenna system LHC Il (see Paulsen 1995) seem to play
an especially important regulatory role in environmental
adaptation processes. The PS [I-LHC |1 supercomplex is
central to several stress responses induced by light and
temperature changes or nutrition deficiency.

The PS 1I-LHC 11 supercomplex is the main target
site for redox-regulated adaptation mechanisms
upon environmental changes

Photosystem |1 (PS 11) is the centre of the photosynthetic
water oxidation reaction, and so environmental changes
such as in light intensity and light quality immediately
influence the energy state of its electron and proton
transport components, namely cytochrome bsgg and the
quinones Q, and Q. The redox state of PS Il plays an
important role in regulation mechanisms during light-
induced adaptation processes. Generally, the PS I com-
plex, together with its light antenna system LHC Il
(Fig. 1), can be described as the 'natural’ site for stress-
induced redox control. The turnover of PS 1l is acrucial
regulatory step in the entire electron transport process
and is decisive for the redox state of the plastoquinone
pool. Oxidation of PS Il and reduction of Q, and Q, is

Fig. 1 Structural model of aLHC I1-PS I supercomplex by Nield
et al. (2000): side (left) and lumenal top view (right). 23/17 Ex-
trinsic PS 1l peptides; CP26, CP29, CP43, CP47, D1, D2 PS Il
peptides; LHC Il Light harvesting complex |1
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limited by the diffusion rate. In order to avoid light
stress-related damages a sensoric regulation system in
PS Il for the induction of specific protection mechanisms
does make sense. Under excess light conditions, several
initial processes contribute to the protection of plants to
guench reactive chlorophyll and oxygen species by pro-
moting the dissipation of excess absorbed light energy as
heat (Horton et al. 1994). This energy dissipation is mea-
sured as non-photochemical quenching of chlorophyll
fluorescence (NPQ). NPQ prevents the overreduction of
the PS Il reaction centres and, by competing with photo-
chemistry, might even influence further light regulation
mechanisms such as LHC state transitions (Krause and
Weiss 1991). However, it is well established that the ma-
jor component of NPQ is a pH-dependent type of
guenching (Horton et al. 1994). Recent results have dem-
onstrated that NPQ is closely correlated with the
amounts of zeaxanthin and anteraxanthin formed by the
operation of the xanthophyll cycle (Niyogi et al. 1997)
and that the PS Il subunit PsbS might be the site for
NPQ (Li et a. 2000).

The overreduction of the PQ pool under continuous
excess light conditions and the subsequent induction of
redox controlled reaction is the direct consequence of the
fact that the internal PS Il protection systems, trying to
avoid any overexcitation of chlorophylls and the produc-
tion of radical oxygen species (ROS), are not working
efficiently enough to protect the photosynthetic appara-
tus from severe damage.

The reduced state of the PQ pool is now the initial
signal for further protection mechanisms, mainly in-
duced by reversible phosphorylation/dephosphorylation
cascades as is known for many other biological regula-
tion systems (see Krebs 1994).

The consequence of an increase in the electron trans-
fer from PS Il to PSI is a change in the redox state of the
intermediate components. In a two-step mechanism,
electrons and protons are transferred to plastoquinone
(PQ) and thereby reduced to plastohydroquinone
(PQH,). The rate of reduced PQH, was suggested at an
early stage of investigations to be important in redox
control processes in the chloroplast (see Bennett 1991).
At the centre of interest concerning PQ-meditated redox-
regulation processes was the activation control of thyla-
koid-associated kinases. Several studies pointed to a key
role of PQ as a redox regulator for thylakoid kinase(s).
The evidence came from various different investigations:
the kinase(s) were activated progressively by along se-
ries of single turnover flashes of light (Allen et al. 1981),
leading to the suggestion that multiple molecules of the
redox regulator are involved. Furthermore, it was noted
that PQ is up to 25 times more abundant in thylakoids
than other redox components (Anderson 1986). Redox
titration experiments measuring the activation of the ki-
nase(s) in the dark gave midpoint redox potentials close
to that of PQ (Horton et al. 1981).

These days, the redox state of the PQ pooal is widely
accepted to be involved in several redox-regulated reac-
tions not only in the chloroplast but also in the cytosol



286

and the nucleus (Danon and Mayfield 1994; Allen 1995;
Vener et al. 1995; Reinbothe and Reinbothe 1996; Link
1999; Pfannschmidt et al. 1999). Many of these redox re-
actions are demonstrated to be part of the adaptation
mechanism in response to environmental changes.

Short-term adaptation processes: LHC Il state
transitions and PS Il repair cycle

The LHC I1/PS 11 supercomplex (Fig. 1) is the target site
for the two major short-term responses to changed light
conditions presented in the following sections.

The fully reduced PQ pool induces the activation of
several redox-controlled mechanisms including the acti-
vation of a serine/threonine kinase which specifically
phosphorylates peptides of the LHC 1l complex of PS I
(Bennett 1979). The phosphorylation of LHC |1 proteins
induces LHC |l state transitions, so-far the best de-
scribed short-term mechanism, which enables the plant
to regulate and control the light energy distribution be-
tween the two photosystems (Gal et al. 1997). In particu-
lar, plants are exposed to transient short-term changes in
light intensity and quality, leading to an imbalance be-
tween the excitation rates of PS Il and PS |. The regula-
tion of optimal utilisation of absorbed light energy and
avoidance of oxidative damage constitutes a major prob-
lem for all oxygen-evolving cells. However, adaptations
to transient changes are achieved by regulation of photo-
chemistry: in order to balance the absorbed energy distri-
bution between PS Il and PS I, reversible phosphoryla-
tion of the LHC Il antenna results in reversible coupling
with the photosystem cores (Fork and Satoh 1986).

The current understanding is that the phosphorylation of
distinct Lhcb peptides on athreonine residue at their N-ter-
mini induces conformational changes leading to a dissocia-
tion of parts of the trimeric complex (see Allen 1992; An-
dersson and Barber 1994). The monomerisation of LHC Il
is the precondition for trandocation of parts of the LHC Il
complex from PS 11 to PS| (see Allen et a. 1981; Telfer et
al. 1983; Allen and Holmes 1986). State transitions were
first discovered by Bonaventura and Myers (1969) and by
Murata (1969). They described a control system of excita-
tion energy transfer in photosynthesis visible by light-in-
duced changes of chlorophyll a fluorescence in Porphyr-
idum cruentum and Chlorella pyrenoidosa. It is now gener-
ally established that cells in which the LHC Il-antenna is
associated with PS |1 are referred to as cells in state 1,
characterised by a high chlorophyll a fluorescence emis-
sion level. Cellsin which parts of the LHC Il complex are
dissociated from PS |1, referred to as state 2, are character-
ised by comparable low fluorescence emission levels. Con-
sequently, the main feature of state 2 to state 1 transitions
in higher plants and green algae is the enhancement in flu-
orescence emission from PS Il. This situation can be in-
duced in vitro by illumination with strong (PS I) red light
around 710 nm. On the other hand, transitions from state 1
to state 2 can be induced by state 2 light (PS 11 light around
680 nm), which is the redistribution of excitation energy in

favour of PS |, which isinitialy rate limiting but now be-
comes more effective in capturing light energy. Under state
2 conditions the PQ pooal is fully reduced and the redox-
regulated LHC kinase is activated. The consequence is a
LHC Il complex which is phosphorylated to a high degree.
The phosphorylated part of LHC Il migrates from the PS
I1-enriched grana area to the PS| enriched stroma area of
the thylakoid membrane, where it preferentially provides
PS | with light energy. Recently, the potential PS | docking
site for LHC Il was identified as the PsaH subunit of PS |
(Lunde et a. 2000). Under these conditions the light-in-
duced electron flow via PS 11 is reduced. This mechanism
not only provides for a better and more efficient distribu-
tion of light energy between the two photosystems but also
prevents overexcitation of PSI1-chlorophyll a. The process
controlling the migration of phosphorylated LHC I1 is not
yet fully understood. Phosphorylated LHC Il has to mi-
grate at arate of about 250 nm per min (Telfer et a. 1983).
This is much dower than expected for smple diffusion
forces. One explanation could be that interactions of P-
LHC Il with charged lipids in the bilayer membrane slows
down the speed of migration. Another reason might be the
trimeric structure of LHC Il and the obvious time delay
caused by the dissociation into monomers before migration
of parts of the LHC Il complex can occur. The light activa-
tion of the membrane-bound LHC I1 kinase was first indi-
cated by John Bennett, who demonstrated its sensitivity to
the blocking reagent DCMU (Bennett 1979). Later, Allen
et a. (1981) showed that the kinase activity in isolated pea
chloroplasts was dependent on the redox state of the plas-
toquinone pool. Since that time, several research groups
have tried unsuccessfully to identify and isolate the LHC |1
kinase. Only one biochemical approach has been partly
successful where PS |1 core complexes were isolated con-
taining the active LHC kinase (Race and Hind 1996; Hart-
wig et al. 1998). Incubation of these samples with recom-
binant LHC Il as a substrate led to an in vitro phosphoryla-
tion of recombinant LHC II. Furthermore, the investiga-
tions with recombinant pea Lhcbl proteins missing an N-
terminal segment including the possible phosphorylation
site revealed that LHC Il proteins are possibly phosphory-
lated at more sites.

A more promising molecular genetic approach was
carried out by Snyders and Kohorn (1999) to identify
thylakoid kinases. They succeeded in identifying cDNAS
which encode for a protein that uses LHCP as its target
substrate (Smith and Kohorn 1991) and subsequently
found afamily of thylakoid-associated kinases (TAKS) in
Arabidopsis thaliana (Snyders and Kohorn 1999). Anin-
teresting feature was that TAKs are partial homologous
to the human TGFgl-receptor protein. TGFgl-receptor
type 1 is known to carry a signal sequence which is acti-
vating the phosphorylation of the TGFg1-receptor type 2.
If TAKs are demonstrated to be of specific importance
for LHC Il phosphorylation and shown to be generally
common in all higher plants and green algae, their ho-
mology to TGF1 receptors would be the first indication
that signal cascades are involved in the activation and
regulation of LHC Il state transitions.



Alternatively, molecular genetic approaches, targeting
nuclear encoded genes that are involved in LHC Il state
transitions, have been employed. These approaches in-
cluded the construction and screening of tag-induced
“knock out” mutants in Chlamydomonas reinhardtii that
are defective in the mechanism of state transitions
(Fleischmann et al. 1999; Kruse et al. 1999).

State transitions are known to occur in a similar way
in cyanobacteria. Here, light energy distribution is regu-
lated by lateral movement of their soluble light harvesting
system, the phycobilisomes, between the photosystems
(Mullineaux et a. 1997). A gene has been identified that
seems to play an important role in the regulation of this
cyanobacterial state transitions (Emlyn-Jones et al. 1999).
However, the regulation of state transitions in cyanobac-
teriais even less clear, with no reversible phosphorylation
of light antenna proteins identified so far.

Evidence for more then one redox-regulated thylakoid
protein kinase came from Schuster et a. (1986) who
showed that phosphorylation of some PS Il core proteins
continued under photoinhibitory light conditions, whereas
LHC Il phosphorylation was abolished. In addition Sund-
by et a. (1989) demonstrated that bicarbonate stimulates
phosphorylation of the LHC Il peptides and inhibits PsbH
phosphorylation. The existence of two different kinases
would make sense regarding the fact that the phosphoryla-
tion of distinct PS |1 proteins alows specific factors to be
independently controlled within the chloroplast. Similarly
to the mechanism of LHC |1 phosphorylation, the PS 11 ki-
nase is regulated by the redox state of the PQ poal. It has
been demonstrated that under conditions where the PQ
pool remains fully reduced a number of PS Il core pep-
tides in higher plants become reversible phosphorylated at
their N-termini including PsbH, PsbB (CP43), PsbA (D1)
and PsbD (D2) (Ikeuchi et a. 1987; Marder et al. 1988;
Michel et a. 1988). The role of PS 11 subunit phosphory-
lation remained uncertain. Investigations concentrated on
a functiona involvement in the regulation of the turnover
of the PS Il reaction centre protein D1 (Barbato et al.
1992; Barber and Andersson 1992; Rintamaki et a. 1996;
Kruse et a. 1997). The turnover of the D1 protein, as part
of the repair cycle of PS Il, increases under conditions of
exposure to excess light. The degradation of the RC pro-
tein, and to alesser extent that of other PS |1 core proteins,
isthe result of ateration of the PS Il core due to oxidative
damage induced under excessive light. The main role of
phosphorylation of PS Il core subunits is thought to be a
reduction of the degradation rate of D1 and D2 proteins
(Aro et a. 1993; Ebbert and Godde 1994; Koivuniemi et
al. 1995; Rintaméki et a. 1996), thus ensuring that the
rate of degradation is compatible with the rate of new D1
synthesis. According to Barbato et al. (1992) the D1 pro-
tein degradation processes involved in a conversion pro-
cess of dimeric PS |l to the monomeric form, the subse-
guent release of the proximal antenna peptide CP43 and
lateral movement of monomeric CP47-RC subcomplexes
from the granal region into the stromal region, are similar
to LHC Il migration (Fig. 2). The turnover of D1 itself can
be seen as part of the protection mechanism of the PS |1
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Fig. 2 Model explaining the role of N-terminal phosphorylation of
PS Il proteins and dimer/monomer interconversion for synchroni-
sing the replacement of the D1 protein after photoinhibitory dam-
age and CP 43 release based on two models by Barbato et al.
(1992) and Kruse et al. (1997) (adapted from Jon Nield and James
Barber, Imperial College London). PO, Phosphate group; CP47-
RC PS 1 reaction centre + CP47; OEC: oxygen evolving complex

reaction centre against high light-induced damage and is
based on an enzymatic degradation of damaged D1 and
re-incorporation of newly synthesised D1 (see Barber and
Andersson  1992). Phosphorylation experiments have
demonstrated the important role of reversible PS1I protein
phosphorylation for the PS Il dimer to monomer conver-
sion in terms of short-term adaptation mechanisms in re-
action to increasing illumination and overexcitation of the
PS 1l reaction centre (Kruse et a. 1997). From these re-
sults it was feasible to suggest that the key step of PS Il
repair, the D1 turnover, is mainly regulated by the control
of PS Il dimer to monomer conversion via phosphoryla-
tion/dephosphorylation processesin PS I (Fig. 2).

Complex answers to environmental changes rely
on complex networks: the fine tuning of LHC state
transitions and PS Il repair cycle

In both the kinase-related redox solutions described in the
section above the phosphorylation of LHC Il proteins and
PS Il proteins is reversible. It is well known that under
conditions where the PQ pool is re-oxidised, phosphatases
become active and catalyse the dephosphorylation of the
kinase-target peptides in LHC 11 and PS Il (see Allen
1992). It is not yet established whether the phosphatases
are controlled by the redox state of the PQ pool compara-
ble to the kinase control mechanism (Carlberg and
Andersson 1996) or whether their activity is congtitutive
but suppressed in a reduced environment, while the corre-
sponding kinases are active (Silverstein et a. 1993).

The existence of at least two distinct kinase/phospha-
tase mechanisms, one for the LHC complex and the oth-
er for the PS Il complex, is a feasible system because
both redox-controlled reactions have different tasks at
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Fig. 3 Model of acooperative regulation of the LHC 1 kinase and
the PS Il kinase under different light conditions. The LHC Il ki-
nase is deactivated under high light (-) by reduced thioredoxin
and activated under low light conditions (+) by a reduced PQ pool
and phosphorylated PetO of the Cytbg/f complex. The PS 1 kinase
is activated under high light via a reduced PQ pool. SR: possible
sensor/regulator systems controlling and/or combining the activa-
tion of both kinases

different times (see Bennett 1991). State transition in-
duced by LHC phosphorylation is a very fast reaction
process and seems to play an important role, in particular
under low light conditions (Pursiheimo et a. 1998). Fur-
thermore, the LHC |1 phosphorylation reaction is known
as a strategic answer to light changes with a half-life of
about 4 min (Telfer et al. 1983). In contrast, the PS 11 ki-
nase is active when illumination is increasing and still
active under photoinhibitory conditions, when the LHC
Il kinase is already inhibited (Bennett 1991). Since both
kinases are activated via the redox state of components
of the electron transport chain, it is feasible to suggest
that a coordinated network signal transduction controls
both reactions (Fig. 3).

The complexity and variety of redox-controlled pro-
cesses in the chloroplast requires a signal control- and
pathway fine tuning system for the coordination of redox
signals induced by the electron transport via PS Il and
the reduction of the PQ pool. Fine tuning in the chloro-
plast is thought to rely on redox sensors and regulators,
possibly in a similar way to bacterial two-component
regulation systems (see Allen 1993).

Regulation of LHC Il state transitions under
different light conditions: the Cytbg/f complex
and the ferredoxin/thioredoxin system

Although the major metabolic function of Cyt bg/f is the
transduction of energy in membrane systems, this com-
plex seems to have an additional role in signal transduc-

tion in chloroplasts (see Keren and Ohad 1999). The cur-
rent understanding is that PQ-binding on the Q, site of
the Cytbg/f complex induces the activation of a kinase
that either phosphorylates LHC peptides directly or acti-
vates another LHC-kinase (de Vitry et al. 1999; Vener et
al. 1997, 1999; Zito et a. 1999). Investigations with anti-
sense plants in Arabidopsis thaliana support this idea.
Anderson et al. (1997) showed that antisense plants with
areduced expression rate of Cytbg/f and an overreduced
PQ pool do not submit any redox signals to the LHC ki-
nase.

With the identification of a phosphoprotein with a
molecular mass of 15.5 kDa in the Cytbg/f complex,
called suV, new evidence raised for afunctional involve-
ment in the regulation of the LHC Il state transitions.
The suV peptide, encoded by the petO gene, is con-
served in other photosynthetic eukaryots, co-purifies
with Cytbg/f and is absent in Cytbg/f deletion mutants.
Of particular interest is that this peptide is phosphorylat-
ed upon state transitions and is thought to be a part of the
signal transduction pathway between the PQ pool, the
Q,-site and the LHC kinase leading to the induction of
state transition (Hamel et al. 2000). However, whether
suV is directly involved in LHC kinase signal transduc-
tion is not yet demonstrated. It should be noted that the
petO gene product seems to be absent in cyanobacteria.

A second regulatory mechanism for the regulation of
LHC Il phosphorylation was recently identified by
Rintaméki et al. (2000). They demonstrated that the reg-
ulation of LHC Il phosphorylation is mediated by the
chloroplast ferredoxin—thioredoxin system. In this con-
text amodel was presented highlighting the major role of
reduced thioredoxin for the inhibition of the LHC Il ki-
nase activity under high-light illumination. In contrast,
low-light conditions seemed to activate the kinase by the
reduction of the Cytbg/f complex viathe PQ pool.

The model in Fig. 3 summarises the current knowl-
edge concerning the complex coordination of the LHC |1
kinase and the PS |1 kinase. So far no participating redox
sensor/regulator system has been identified. However,
the observation that some Chlamydomonas nuclear mu-
tants with defects in state transitions (Kruse et al. 1999)
are defective in functional PS Il repair cycle as well (O.
Kruse 2001, unpublished) makes it feasible to suggest
that the regulation of both short-term adaptation mecha-
nismsis linked in a certain way. Whether this linkage is
based on a direct kinase to kinase communication or on
the common use of the same sensor/regulator system is
part of future investigations.

The oligomeric states of LHC Il and PS Il are
important for their function in the redox controlled
adaptation processes of LHC Il state transitions
and PS Il repair cycle

Structural aspects concerning the oligomeric state of PS
I are important for their role in plastidial redox control
processes, since it is established for many other oligom-



eric protein complexes that their function is directly de-
pendent on the oligomeric structure of their complexes
(see Reilly et al. 1995; Schaller et al. 1995; Yu et al.
1996). In this circumstance the functionality of both the
described redox-regulated reactions to varying light con-
ditions, LHC |1 state transitions and PS Il repair cycle,
are depended on the oligomeric state of their target com-
plexes, LHC Il and PS Il. Biochemical and electron mi-
croscopy work on PS I1-LHCII supercomplexes revealed
adimeric two symmetry-related structure of PS 11 with at
least one trimeric LHCII complex (Boekema et al. 1995,
1999). Further detailed analyses of the PS 1I-LHCII su-
percomplex on the role of extrinsic proteins (Boekema et
al. 2000a) and on the arrangement in crystalline macro-
domains within the thylakoid membrane (Boekema et al.
2000b) highlighted the importance of a certain functional
structure not only for the stacking of the grana mem-
brane but also for efficient transfer of excitation energy.

The three-dimensional reconstitution of LHC 1I, ob-
tained by Kihlbrandt and Wang (1991) at 6 A resolution
and 3.7 A cryo-electron microscopy data by Kihlbrandt
and Downing (1989) revealed that LHC Il shows atrimer-
ic arrangement. The negative charge induced by reversible
phosphorylation certainly affects the structure of this oli-
gomeric complex (Nilsson et a. 1997). Different models
have been proposed for the control of LHC state transi-
tions by reversible phosphorylation (Barber 1982, 1986;
Staehelin and Arntzen 1983; Allen and Holmes 1986).
However, there is common consensus that phosphoryla-
tion alters the net electrical charge of the complex at the
membrane surface, causing a change leading to electro-
static repulsion that overcomes forces holding neighbour-
ing LHC 1l complexes at a particular angle to each other.

Garnier et a. (1990) demonstrated that, apart from re-
versible phosphorylation, a second feature is essential
for functional LHC |1 state transitions: the trimeric struc-
ture has to be maintained by the anionic lipid phosphati-
dylglycerol (PG) containing a specia trans-hexadecaonic
fatty acid (PG-16:1,,,9) at the sn2-position of the glycer-
ol. Mutants from Chlamydomonas reinhardtii, where this
lipid was absent, did not form trimeric LHC Il complex-
es and were not able to carry out state transitions. The
inability to state transition reactions was significantly re-
stored when PG-16:1,,,,; was re-introduced in vivo into
the thylakoid membrane. Under conditions where PG-
16:1;, 4 is @dsent LHC 11 could not be stabilised in its
trimeric state and no grana stacks were formed. The
consequence was that LHC |l complexes lost their site
for phosphorylation and their ability to carry out state
transitions (Dubertret et a. 1994).

These observations confirmed results from Remy et
al. (1984) who demonstrated the reconstitution of LHC
Il complexes in vitro by simply mixing LHC Il with
liposomes containing PG—16:15,4, Krupa et a. (1992)
demonstrated that the oligomeric LHC 1l treated with the
phospholipase PLA, leads to monomerisation. Later on
Nussberger et a. (1993) and Hobe et a. (1994) con-
firmed all these results. They succeeded in reconstituting
the trimeric LHC Il complex from monomeric overex-

289

pressed subcomplexes. LHC-monomers were mixed with
lipids and pigments and subsequently the reconstituted
trimers were shown to form two-dimensiona crystals
identical to crystals of the native trimeric complex. PG
turned out to be the essential lipid for a successful recon-
stitution. With these experiments, Nussberger et al.
(1993) and Hobe et al. (1994) finally showed that PG is
indeed a structural and functional component of the tri-
meric LHC Il complex.

The oligomeric state of the PS 11 complex was contro-
versialy discussed for many years until it finally was es-
tablished that PS || exists as adimer in vivo (Boekema et
al. 1995; Rogner et al. 1995; Hankamer et al. 1997). De-
spite the discussion about the functional oligomeric state
of PS I, Barbato et al. (1992) postulated in a model that
the crucial precondition for a functional D1 protein turn-
over mechanism in PS 11 is a dynamic change of the oli-
gomeric structure of PS II. They concluded from their
experimental data and from results obtained by Melis
(1991) that the degradation and turnover of the D1 pro-
tein involves both PS Il dimer to monomer conversion
and the lateral movement of the monomer from granal to
stromal regions of the thylakoid membrane. Further-
more, their model implies the release of the proximal an-
tenna protein CP43 prior to D1 exchange. In this circum-
stance it is remarkable that both PS Il peptides, D1 and
CP43 are reversible phosphorylated, perhaps by the same
redox-regulated kinase.

Asfound for LHC I1, the main target protein for light-
induced adaptation processes in PS I, the D1 peptide is
reported not just to undergo reversible phosphorylation.
Similarly to the LHC Il peptides, the D1 protein seems
to interact functionally and structurally with the anionic
lipid PG (Kruse et a. 1994; Kruse and Schmid 1995).
These observations are in agreement with results from
Fragata et al. (1991) who stimulated photosynthetic ac-
tivities by incorporating PS Il complexes into PG vesi-
cles. Later on Fragata et al. (1997) highlighted the spe-
cific role of PG for PS |l activity in experiments where
they demonstrated that the addition of the bivalent cation
Mg?* further stimulates PS Il complexes after being re-
constituted into PG-liposomes. Recently, reconstitution
experiments with PS I complexes obtained from spinach
demonstrated that PG is directly involved in PS Il di-
merisation (Kruse et al. 2000). Furthermore, direct evi-
dence for the requirement of PG in PS Il for photosyn-
thesis came from Hagio et a. (2000) who obtained a
Synechocystis PCC6803 mutant that requires PG for
photosynthetic growth. All these data highlight that two
major factors are responsible for the oligomerisation of
both, PS Il and LHC Il and hereby essential for the two
major redox-controlled adaptation mechanisms PS I re-
pair cycle and LHC state transitions: reversible phos-
phorylation and PG-protein interaction. It remains an
open question whether both modifications interact.

It is obvious that, similarly to reversible phosphoryla-
tion, PG-binding to PS Il and LHCI|I resultsin conformat-
ional changes by adding negative charges to the complex-
es. Stys and co-workers (Stys et al. 1998) suggested for
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Fig. 4 Model of the N-terminal part of the mature Lhcbl protein
of Spinacea oleracea illustrating the vicinity of the phosphoryla-
tion site (threonine 3) to the putative PG-binding site close to the
trimerization motif (positions 16 to 21) and a hypothetical mecha-
nism of kinase-lipid interaction to activate the phosphorylation re-
action. PG Phosphatidylglycerol; P phosphate group; + positively
charged amino acids

LHC Il that the PG binding site is close to the potential
phosphorylation site and in functional contact to the LHC
Il kinase. This assumption isin good agreement with re-
sults obtained by Hobe et al. (1994). In vitro experiments
elucidated the typical “trimerization motif” WY XXXR at
the N-termini of trimeric Lhcll peptides within the highly
conserved sequence WY GPDR (Fig. 4). A possible role
of this motif in the formation of a binding site for the an-
ionic phospholipid phosphatidylglycerol is discussed.
The group of positively charged amino acids adjacent to
the trimerisation motif represents an ideal interaction site
for the negatively charged PG (Fig. 4). One reason for a
functional interaction between PG binding and reversible
phosphorylation could be explained by the possibility that
the potential kinases require phospholipids in their vicini-
ty asit is known for certain phospholipid kinases (Rando
1998; Brill et al. 2000). Investigations on the regulation
of protein kinase C demonstrated that this kinase is acti-
vated by phosphatidylserine (PS). PS can easily be substi-
tuted by other phospholipids. In addition, an interference
of the negatively charged phospholipid with Ca2* ions is
suggested for the complete activation process of the pro-
tein kinase C. Both functional aspects of the protein ki-
nase C activation, negatively charged phospholipids and
positively charged ions, are now known to play a func-
tional role for the LHC kinase-mediated process of state
transitions. For the LHC Il kinase it was demonstrated
that Zn2* and Mg?* ions stimulate the LHC 1l kinase ac-
tivity at low ATP concentrations (Markwell et al. 1984).
Consequently, the possibility that the activation process
of the LHC kinase is similar to that of phospholipid kin-
ases cannot be excluded. A putative interaction process
between lipid binding and reversible phosphorylation at
the N-terminus of the Lhcbl protein of spinach is sum-
marised in aworking model in Fig. 4.

Conclusions

In particular thylakoid-associated redox control plays a
major role in plastidial adaptation mechanisms as an-
swers to environmental stress. However, the origins of

redox controlled signal transductions from the photosyn-
thetic electron transport chain is still an open question. It
is feasible to suggest from the new data that the LHC |1
kinase is regulated by different light-dependent redox
processes including the Cytbg/f complex and the ferre-
doxin/thioredoxin system. The fact that the PS |1 kinase
seems to be independent from this regulation pathways
indicates that the overall regulation of the thylakoid-
associated kinases is more complex. Although a more
important role of Cytbg/f is highlighted, the importance
of the redox state of the PQ pooal is still in the centre of
discussions. Both, PS 11 kinase regulation as well as gene
transcription control of some photosynthetic proteins
seems to be linked to the redox state of PQ. It is clear
that aternative electron pathways are involved in redox
control mechanisms, in particular in the dark when no
electrons are provided by the light-driven reduction of
Cytbg/f from the PS Il complex via the PQ pool. These
processes in close correlation to mitochondrial electron
transport and possible chloroplast-mitochondria interac-
tions have to be investigated in more detail.

New results concerning the role of PG-binding to both
complexes, LHC Il and PS 11, highlight the feasibility that
reversible phosphorylation processes and lipid-binding are
both essential for functiona state transitions and repair cy-
cle. One mgjor chalenge in the future is to elucidate
whether these two modifications are functionally linked.
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