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Overview of photosynthesis

1 Introduction

1.1 Overview of photosynthesis

Life on the Earth is dependent on the sun. Solargnthat reaches a surface of our planet
can be directly utilized only by photosynthetic anggsms in a process known as
photosynthesis — a conversion of light energy into chemical eger@hotosynthetic
prokaryotes (photosynthetic bacteria and cyanobagtend eukaryotes (algae and plants) are
predominantly photoautotrophic organisms, which mtweat they derive their energy from
sunlight and all cellular carbon directly from aspberic carbon dioxide (G They are
able to synthesize energy-rich organic compoundsh(sas carbohydrates) from simple
inorganic substances by a series of the enzymigticallalyzed redox reactions, where 06
an electron acceptor andAdserves as a reductant and thus an electron d&ooration 1).
(CH.0), represents carbohydrates and A is a product geexaeog oxidation of KA.

nCO, + nH,A O (CH,O), + nA + nH,O

Equation 1 Photosynthesis (adapted from Malkin and Niyogi®@@th modifications)

Regarding the electron donor, two basic types otgdynthesis are known. In the case of
evolutionary youngeoxygenic photosynthesisthe electron donor is a molecule of water. In
this type, water is oxidized and released electayessubsequently used to reduce,Cihe
final products are carbohydrates and molecular erygquation 2). This oxygen-evolving

photosynthetic reaction is carried out by planigaa and prokaryotic cyanobacteria.

nCGO; + nH,O oty -, (CHzo)n +nO, + nH,O
Equation 2 Oxygenic photosynthesis (adapted from Malkin angblyi 2000 with modifications)

Many prokaryotes perform evolutionary oldaroxygenic photosynthesisin which they
use other electron donors than water and do nolusemolecular oxygen. These anoxygenic
photosynthetic organisms include purple bactemageigy sulphur bacteria, green nonsulphur
bacteria and heliobacteria. For example, purple gnegn sulphur bacteria can usgSHor
other sulphur containing compounds as electron omoducing elemental sulphur as a
photosynthetic producEQuation 3).

nCO; + nH,S O - (CH,0), + NS, + nH,O
Equation 3 Photosynthetic sulphur reduction (adapted fromkiviahnd Niyogi 2000 with modifications)

All living organisms benefit from photosynthesisjther directly or undirectly.

Photosynthetically produced saccharides and othrganc products manufactured by
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Chapter 1

photosynthetic organisms serve as the energy sdardeeterotrophs (majority of bacteria,
fungi, protozoa and multicellular organisms). Aacoheterotrophs use molecular oxygen
released into the atmosphere during photosyntl@srespiration and degradation of organic
substances back to carbon dioxide and water, amérgiéng ATP. CQ returns to the

atmosphere, to be used again by photosyntheticnmmga. There exists a fundamental
metabolic relationship between the photosynthetit laeterotrophic organisms that live in a

balanced steady state on the Earth.

1.2 Localization of photosynthesis

In eukaryotes (algae and plants), the biophysicatl diochemical processes of

photosynthesis occur inside specialized subcelkttactures known ashloroplasts
1.2.1 Evolution of chloroplast

Currently, according to generally accepted thedmoroplasts have an endosymbiotic
origin (Mereschowsky 1905, Margulis 1971). They eleped from separate prokaryotic
organisms which were taken inside the protoeukarymll as symbionts. During evolution,
they became integrated in to eukaryotic cells atichately lost their independence, which
includes a gene transfer from the symbiont to & {(Martin et al. 1998 and 2002).

There is variety of evidences that these organallese via an ancient endosymbiosis and
they are descendants of a symbiotic relationshiywdxn once free living cyanobacterium and
a simple nonphotosynthetic eukaryotic cdtr(review seeMcFadden 2001, Vestegt al.
2009). Chloroplast has a comparable size to bactgenerally few micrometers in diameter.
Most of the genes coding chloroplast componentgssagy for plastid functions are located
in a cell nucleus. Nucleus-encoded proteins are¢hsgized on cytoplasmic ribosomes and
then imported into the chloroplast (Steiner andféléfirdt 2002, Nassoury and Morse 2005),
where the oligomeric complexes are assembled. eless, even today chloroplasts have
retained a small prokaryote-like circular DNA. Theajority of genes that remain in
chloroplast code either for integral membrane pnstenvolved in photosynthesis or for
elements required to express chloroplast genesy Kéamtures of chloroplast internal structure
and function are typically bacterial (Gray 1992 atf#P9) (an organization of genes into
operons, the lack of 5' cap formation and 3' padyathtion of chloroplast mRNA, the fact
that translation begins with N-formyl-methionine Z0S prokaryote-type ribosomes) or very
similar to those founded in photosynthetic bactétiee structurally comparable proteins in

photosynthetic reaction centers or membrane coripoki
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Localization of photosynthesis

1.2.2 Chloroplast — structure and organization

Although many different shapes and sizes can bedoa typical chloroplast has a lentil or
ellipsoid shape with a size of 5-10 um in lengtd @r4 um in width and can be easily seen
in a light microscope. Like mitochondria, they dveunded by double membrane on the
surface, with two complete phospholipid bilayergasated by an intermembrane space. As in
mitochondria, the highly permeable outer membraeely permits small molecules (such as
water, ions, and low molecular weight metabolitpaks through pores into the aqueous
compartment between membranes. An inner membraseaa@ nearly impermeable barrier
that contains transport protein carriers for retyjugathe movement of metabolites and small
neutral molecules (§) NHs), into or out of the organelle. An aqueous phas#osed by inner
membrane, the chloroplastroma is a site where most of chloroplast biosynthetthways
take place and thus numerous soluble enzymes aserqy in particular for CClixation and
carbohydrate synthesis. It also contains one oreni@NA molecules, RNA, ribosomes
involved in the chloroplast protein synthesis maehy and number of other compounds
required for complete chloroplast metabolism, sashenzymes needed for the synthesis of
photosynthetic pigments, hemes, fatty acids, stardbr sulphur and nitrogen assimilation.

The most prominent structure inside the chloroplasa complex internal membrane
system, known as photosynthetic or thylakoid memdyran shortthylakoids. They are
suspended in the stromal matrix, form an exten8Denetwork of the flattened membrane
vesicles or disc-like sacks, defining a closed irspace Humen. Thylakoid membranes are
highly organized structures that incorporate aljnpent-protein complexes essential to
photosynthesis.

In typical higher plant chloroplastBi@. 1), most striking feature of thylakoid membranes
is their differentiation into two structurally claateristic regions. Thylakoids form stacks of
very densely packed membranes that are pressetthéogealledgrana that consist of 10-20
layers with a diameter of 300—600 nm. The cylinalrigrana stacks are in turn interconnected
by unstackedstroma lamellae of several hundred nm in length that are exposethéo
surrounding fluid medium (Mustardy and Garab 2003).

Most plant chloroplasts are located in a leaf #ssamed the mesophyll, in the middle part
of a leaf between the upper and lower layer of eprs.

Among algae, the chloroplast structure exhibitssaterable diversity of both envelope
and thylakoid membranes. Chloroplasts of three mgoof algae (the green algae, the red

algae and the glaucophytes) that originated fropniraary endosymbiosis are enclosed only
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by two membranes as in the case of plants. Allrogineups of algae result from secondary
endosymbiosis of a eukaryotic alga and contain fmuin some cases three membranes
surrounding the chloroplast (Palmer and Delwich@6l € avalier-Smith 2000). Unlike plants,
thylakoids of algae are not structured into gramé they are arranged either in separate
equidistant sheets within chloroplasts or smallgsoof several thylakoids.

Since cyanobacteria as prokaryotic organisms docaotain membrane organelles, their
thylakoids lie free in the cytoplasm; and generdtlgy are singly and equidistant (van den
Hoeket al.1995).

In anoxygenic bacteria, the photosynthetic apparasulocalized in the cytoplasmic
membrane. In purple bacteria, the cytoplasmic mam#ican form invaginations in the form
of tubes, vesicles or flat lamellae, which areezhlintracytoplasmic membranes (Drews and
Golecki 1995).

13
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Fig. 1 A) Schematic structuref chloroplast. B) Electron micrograph of ultratlsection of chloroplast, showir
stacked grana and unstacked stroma thylakoidsd@tlegranules are plastoglobuli, lipid dropl

1.2.3 Lipid composition

Like each biological membrane, thylakoid membraeomposed mainly of proteins a
lipids, forming fluid lipid bilayer. Ina membrane, lipid molecules are arranged i
characteristic manner, the hydrophilic lipid heangrs are orientated toward the water ph
whereas hydrophobitails of fatty acid chains to each other, hiddeside the membran

Both thylakoid membranand chloroplast envelope contain unique glycolipidsitaining
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galactose (galactolipids) — nonpolar monogalactbaglylglycerols (MGDG) and
digalactosyldiacylglycerols (DGDG) which represeéhe majority of the total membrane
lipids. The reminder of lipids is composed of neéegat charged sulpholipids -
sulphoquinovosyldiacylglycerols (SQDG) and phospghds — phosphatidylglycerols (PG)
(Allen and Good 1971, Poincelot 1973). In addition phosphatidylcholine (PCH) is a
component of the outer envelope membrane, repiagehe major phospholipid of
chloroplast envelope (Poincelot 1976) whereas phetsgylglycerol is a predominant
phospholipid present in thylakoid membrane.

Contrary to chloroplast envelope (Badtlal. 1976), lipids in thylakoid membranes have a
high degree of a fatty acid unsaturation (Poincé®i6) and due to this fact they are more
fluid.

1.3 Basic principles of photosynthesis

The photosynthesis requires coordination of twéed#int phases, traditionally referred to
aslight reactions anddark reactions, each localized in a specific area of chloropksd
together make up the complete process of energyecsion and storage.

In light reactions (or light-dependent reactiond)lorophyll and other pigments capture
light energy and converse it in series of electiramsfer reactions that lead to a reduction
NADP* to NADPH and generation of a transmembrane proi@aient (or proton motive
force). The proton gradient is subsequently usedwathesize ATP from ADP and;.P
Simultaneously @is evolved. These chemical reactions are also knaw thethylakoid
reactionsbecause they are catalyzed by multiprotein comgl@xéhylakoid membrane.

Dark reactions encompasses carbon fixation reactjon carbon assimilation reactions),
enzyme catalyzed processes driven by the end podidicthe light reactions — ATP and
NADPH, which are consumed to reduce Lé@nd incorporate it into triose phosphates
precursors of carbohydrates. These synthetic psesetke place in the chloroplast stroma
and therefore are also calledséioma reactions(Taiz and Zeiger 2006).

It is convenient to take notice that all reactiomphotosynthesis are ultimately driven by
light and the only strictly light dependent stegpliston absorption and/or charge separation.
In addition, some of the enzymes involved in theboa fixation require activation by light
and also they occur primarily during the day. Thenes the terms light and dark reactions
may be misleading.

For a detailed description, the proceeding of péyithesis can be divided into several
distinct stages:
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Basic principles of photosynthesis

(1) Light absorption and energy delivery by antennaesys

(2) Primary electron transfer in reaction centers (gbaeparation)
(3) Electron transport and generation obgon_notive force pm
(4) ATP synthesis

(5) Carbon fixation and its incorporation into carbotatds
1.3.1 Light absorption and energy delivery by antenna syems

Molecules that absorb light, a form of electromdgnediation, are called pigments. Upon
the absorption of photon, aquantum of energy, an electron in the chromophareas from
a lower energy state to a higher energy excitete.stince the excited state is generally
unstable, the excited molecules rapidly return he ground state. There are several
mechanisms of deexcitation and the energy releasgctake different forms. The energy can
be dissipated nonradiatively as a heat; alternigtiveamission of a photon can occur in a
process calleduminiscence Since a part of the absorbed energy is lost &t peor to
emission, the energy of the emitted photon is lothan that of the photon absorbed. The
third important process, callehergytransfer mediates the movement of excited state from
one excited molecule to a neighboring moleculephontosynthesis this process occurs until
the excited state reaches a reaction center (RONhich the excitation energy is used to
reduce a primary acceptor molecule through clharge separation event, called
photochemistry.

The principal function of antenna systems is to en#fike photosynthetic process more
effective by capturing solar energy and delivering excitation energy to RCs. To increase
the efficiency of light harvesting, number of pigme is systematically arranged in
photosynthetic antennae, the membrane bound pigpnetgin light-harvesting complexes.
Light energy is funneled to reaction centers byitakon energy transfer among antenna

pigments.
1.3.2 Primary electron transfer in reaction centers

The initial energy transformation of excited stateschemical energy in photosynthesis
takes place in the reaction centers. These arakibigl membrane pigment-protein complexes
that bind several electron transport carriers,udiclg specialized chlorophylls gfrimary
electron donor. As a result of the photon absorption and energyster from the antenna
complexes, the chlorophylls of primary electron alobecomes electronically excited and
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rapidly transfers an electron to a nearby acceptolecule. This charge separation is the
primary photochemical event in photosynthesis tala¢s within extremely short time (Groot
et al. 2005, Novoderezhkiat al.2005).

1.3.3 Electron transport and generation of proton motiveforce

Upon the primary electron transfer, it is absolutessential to stabilize the separated
charge by very rapid series of secondary electranster reactions. Electrons must be
donated to the oxidized primary donor and extradtedh the reduced primary transient
acceptor. There are two ways to accomplish thiscyctic or/andlinear electron transfer
chain (Blankenship 2002or a review se®endall and Manasse 1995, Allen 2003, Kraeter
al. 2004).

In cyclic electron transfer pathway, the electrentransferred through a series of redox
carriers back to the primary electron donor, whglhereby finally re-reduced. There is no
reduction of intermediate electron acceptor (NAPBut proton translocation driven by these
processes does contribute to fopmf Many anoxygenic photosynthetic bacteria with one
photosystem operate in this mode.

Major pathways found in oxygenic photosyntheticamigms comprise electron transfer
processes (sometimes called the Z scheme), in wiriamary electron donor, on one side,
donates the electron to electrons transport chatil they reaches the oxidized form of
NADP" (to produce NADPH) and on the other side extraextrons from water. This
process also effectively translocates protons adiwsthylakoid membrane, establishprgf

Moreover, in oxygenic photosynthetic organisms wndmrtain conditions both
photosystems are capable of cyclic fashion.

As it was mentioned above, the electron flow in tiinyakoid membrane is coupled with
the movement of protons from the stroma to theatkyid lumen, forming a difference in
electrochemical potential of protons across théaktoid membrane, so called proton motive
force. Thepmfis created by two thermodynamically equivalent porrents — a gradient of
pPH (ApH; pHumen < PHsromd @nd transmembrane electric fielsiy).

1.3.4 ATP synthesis

This photosynthetic energy storage reaction inwlpeoduction of stable high-energy
molecules of ATP that can be utilized in a variefycellular processes. The difference in
electrochemical potential across the membrane & (@1 unit) is the driving force for the
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Photosynthetic pigments

phosphorylation of ADP by ATP synthase (V&ttal. 2008). The mechanism of this light-
driven process known aghotophosphorylation is equivalent to the oxidative

phosphorylation in mitochondria.
1.3.5 Carbon fixation and its incorporation into carbohydrates

The high-energy compounds, ATP and NADPH producgdlipht-induced electron
transport, provide energy and electrons to drivatle®sis of a number of various
carbohydrates. This unique reductive pentose platspiycle of metabolic pathways, known
also as a Calvin cycle @alvin-Benson cycle(Basshanet al. 1950), is a series of chemical
reactions that can be broken down into the thremsedh — carboxylation, reduction and
regeneration (Malkin and Niyogi 2000). In the figep, an inorganic GQOs built into a
organic five-carbon substrate, ribulose-1,5-bisphase (RuBP) to form two molecules of a
three-carbon 3-phosphoglycerate (PGA),the firsblstantermediate. This carboxylation
reaction is catalyzed by a large chloroplast enzgoreplex named ribulose 1,5-bisphosphate
carboxylase/oxagenyse, referred to as Rubisco. in@uhe reduction phase, ATP and
reducing equivalents NADPH are utilized to reduc&APto triose phosphate — a
carbohydrate, glyceraldehyde-3-phosphate (GAP). fdgeneration phase of the Calvin-
Benson cycle is a complex series of reactions iithvthe three-carbon triose phosphates are
modified or converted into saccharides as well eggemerated into the five-carbon sugar
ribulose 5-phosphate, which is phosphorylated tfmne RuBP.

Calvin-Benson cycle was found in many prokaryotes ia all photosynthetic eukaryotes,

from the most primitive algae to the most advareegiosperms (Taiz and Zeiger 2006).

1.4 Photosynthetic pigments

Photosynthetic pigments do not occur in a cellljréet they are bound to various proteins
forming pigment-protein complexes embedded in thyakoid membrane. They can also be
associated with hydrophilic proteins linked witle ttnembrane.

Generally, all photosynthetic organisms containiétume of pigments, each type serving a
specific functional role.

A structure of pigments determines their chemical apectroscopic properties and also

what function they perform in photosynthetic praces
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1.4.1 Chlorophylls

The key light-absorbing pigments of vast majority mhotosynthetic organisms are
chlorophylls (Chl). Plants, algae and cyanobacteria synthesizlraphyll, whereas
anoxygenic bacteria produce a variant calbedteriochlorophyll (BChl). Several types of
chlorophylls (labelleda—d) and bacteriochlorophyllsafg) have been identified (Scheer
2003).

Chloroplasts from higher plants as well as gregaal(chlorophytes) and euglenophytes
always contain chlorophyl (Chl a) andb (Chl b). The red algae (rhodophytes) contain Chl
a only, whereas the rest of algae possess, apant@al a, also chlorophylt (Chlc) (van den
Hoeket al.1995).

Typical cyanobacteria do not contain @Ghla characteristic pigment of higher plants and
green algae. However, a group of atypical cyan@aict- green oxyphotobacteria (formerly
called prochlorophytes) that contains both @éndb has been discovered (Lewin 1976,
Burger-Wiersmaet al. 1986, Chisholmet al. 1988). FurthermoreRrochlorococcus marinus
contains divinyl Chlg, in which substituent (ethyl) on a ring B is req@dd by a vinyl. Lastly,
the chlorophylld (Chl d) was found to be a major photosynthetic pigmerdyianobacterium
Acaryochloris marinaalthough this species also contains &{iyashitaet al. 1996).

A structure of chlorophyll is similar to a hemeufa as a prosthetic group in globins,
cytochromes and some enzymes. Chemically, chlottspase cyclic tetrapyrroles, containing
four pyrrole rings, related to porphyrins. Most dilorophylls are classified as chlorins
(dihydroporphins), by virtue of reduced ring D. @tdphylls are produced through a common
metabolic pathway as other porphyrin pigments sashheme. The branching point of
biosynthetic pathway with one branch leading to éesnd the other to chlorophylls is a
formation of a symmetric metal-free porphyrin, mmarhyrin IX (Blankenship 2002).

In comparison with heme structure, chlorophylls aasextra fifth ring, so called isocyclic
ring, and a long nonpolar hydrocarbon side chaiostiy a Go phytol tail. Phytol facilitates
binding of chlorophylls to the hydrophobic regiasfsnembrane pigment-protein complexes.
Four inward-oriented nitrogen atoms of tetrapyminf are coordinated with a central Mg
ion, instead of F& found in heme.

A highly conjugated double bonds system of theicyteltrapyrrol strongly absorbs visible
light. Two major absorption bands, one in the bamd one in the red region, give
chlorophylls their characteristic green color. \das chlorophylls differ in their substituents

around the ring structure. The relatively small riess in chemical structure among the
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Photosynthetic pigments

chlorophylls greatly affect their absorption spactihe central function of chlorophyll
pigments is a photon capture and transfer of edat@ergy to the reaction center, where it

also participates in the photochemistry.
1.4.2 Carotenoids

Second class of light absorbing pigments presendllinpphotosynthetic organisms are
carotenoids Among them we can distinguish two basic typesabtenoids, the carotenes
containing only carbon and hydrogen, suchuasmrotene -carotene [{-Car) and lycopene,
and their oxygenated derivates, the xanthophyllsickv contain oxygen atom as a part of
hydroxyl, carbonyl, carboxyl, formyl or epoxide gpm Carotenoids belong to the category of
tetraterpenoids (£g), consisting of eight isoprene units, each withva-carbon branched-
chain (Setliket al 1998).

In summary, during carotenoid biosynthesis therso@ units successively condense into
hydrocarbons with ten, twenty and forty carbongjimgp with phytoene — precursor to all
carotenoids. In the next step, phytoene is conddddycopene in desaturation reactions. In
most organisms, biosynthetic pathway continues wyttlization on both ends to generate
carotene and3-carotene. Hydroxylation ofi-carotene results in structure of lutein, the
predominant carotenoid in photosynthetic plantuigsand in case d¢f-carotene in formation
of zeaxanthin (Pavlova 2005).

Conjugated double-bond system of carotenoid polyehain is responsible for its
hydrophobic character and also for a yellow-oramgéoring. Carotenoids have several
essential functions in photosynthetic systemstRingy act as accessory pigments that cover
the spectral region where chlorophylls do not abstrongly, in a range between 400 and 500
nm. Second, carotenoids also play an important irolprocess called photoprotection, in
which they quench triplet excited states of chitwgdis thereby inhibit the formation singlet
state of oxygen. Therefore they protect the phatitstic apparatus from photooxidative
damage. Next, under high light intensities, theyutate the energy transfer inside antennae
by xanthophyll cycle, in which the excess of eneig\safely dissipated into a heat by a

nonphotochemical quenching (Frank and Brudvig 2004)
1.4.3 Phycobilins
The last group of photosynthetic pigments foundeish algae and typical cyanobacteria are

phycobilins. Chemically, bilins are linear, open-chain tetnaples, derived from the same
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biosynthetic pathway leading to heme and chlordpiylese water-soluble pigments (lacking
a phytol tail) are covalently linked to specifiopgins via thioether bond to cysteine residues
in the proteins. Four types of phycobiliproteinallephycocyanin (APC), phycoerythrocyanin
(PEC), phycocyanin (PCy) and phycoerythrin (PE)fedifin their absorption maxima.
Absorption is centered in a spectral range from B60to 680 nm, the portion of visible
spectrum that is poorly utilized by chlorophyll. dihvarious absorption properties are mainly
affected by the interaction with proteins. The pilyitproteins, together with a number of
additional proteins known as linkers, are arrangd large peripheral membrane antenna
pigment-protein complexes nameghycobilisomes (Setlik and Hala 1999). Molecular
architecture and other characteristics of phycedifie complex are described in a chapter
15.7.

1.5 Photosynthetic apparatus

The photosynthetic apparatus of modern cyanobagtalgjae and higher plants is more
complex than bacterial systems with only one oftthe general types of reaction center. In
the thylakoid membranes of oxygenic photosynthetianisms both photosystems cooperate.
Although photosynthetic reaction centers in allamigms are structurally and functionally
similar, antenna complexes are remarkably diverse.

Oxygenic photosynthesis involves four major supraeudar protein-cofactor complexes
embedded in the thylakoid membrak&y( 2):

(1) photosystem 1l (PS Il) together with oxygen-evolyisomplex (OEC) and light-
harvesting antennae (LHC II)

(2) complex of cytochrombg andf (Cyt bg/f)

(3) photosystem | (PS 1) together with light-harvestamjennae (LHC I)

(4) ATP synthase

Electron microscopy coupled with immunocytochenyistevealed a highly nonuniform
characteristic distribution of protein complexeshglakoid membrane of higher plants (Allen
and Forsberg 2001). This phenomenon, calktdral heterogeneity indicates that two
photosystems are spatially separated from each.of® Il is localized almost exclusively in
the stacked membrane regions (grana), being iraconitith the thylakoid lumen. While PS |
occurs mainly in the unstacked stroma lamellaenothe ends of the grana stacks, protruding
into the stroma, where it has ready access to NAOMe Cytbg/f complex is evenly
distributed throughout the membrane regions, amd AP synthase enzyme complex is

entirely situated in the stroma-exposed membranes.
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Cyanobacteria and most algae do not exhibit extsemfegrana stacking and late
distribution of photosynthetic complexes observeldigher plants (Blankenship 20C

The spatial separation of the complexes both withstinct regions of plant chloroplas
and universally in thylakoid membranes at all neitates diffusibleelectron carriers, which
shuttle electrons between the components of eled¢temsport chain. There are hydrophc
plastoquinol moleculesmoving within the thylakoid membrane and two hydridip carriers

— plastocyanin in the lumen anferredoxin present at thetrtdma surface of thylakoi

EI-II_:-D T A ity
Ps Cyt ba/f PS5 ATPase

Fig. 2 Schematic diagram of the noncyclic electron tramsgbain, occurring in thylakoid membranes
oxygenic photosynthetic organisms. A basic stoigldtry of major reactions of photosynthesis am
arrangement of major pigmeptetein complexes in membrane are also depictezlteS for details

Symbols: PS Il photosystem II; Cybg/f — cytochromég/f; PS | —-photosystem I; ATPas— ATP synthase;h
— a quantum of energy; M@a —manganese calcium cluster of the oxygen evolvimgpiex; Yz, Yp — tyrosine
residues; RBo Py — primary electron donor of PS Il and PS |, respetyivPheo— pheophytin; Q, Qs —
plastoquinones of PS II;QQy — plastoquinon-binding sites; Fe-S #on sulphur cluster of Rieske proteirp,
by — low- and highpotential hemes, respectively; I plastocyanin; A— chlorophylla; A; — phylloquinone;
Fa, Fs, Fx — iron sulphur clusts of PS I; Fc— ferredoxin; FNR — ferredoxin:NADRxidoreductase; NADPL
nicotinamide adenine dinucleotide phosphate,, CF, — subunits of the ATP synthase; ATP, Al- adenosine
tri- and diphosphate.

1.5.1 Photosystem I

In cyanobacteria and chloroplastf plants andalgae, the oxygenic photosynthesis
initiated in photosystem I{(PS II), a large supramolecular pigmembtein complex the
includes more than 25 distinct proteins (coded by gepsbA-psbZ, most of which ar
embedded in théhylakoid memrane.Despite the large number of components, PS Il et
divided intotwo structurally and functionally different pariBhe first is the s-calledPS I

core complex, whichincludes the photochemicalreaction center (RC) and integral
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membranecore antennacomplex. The second part of PS Il is formed by=ygen-evolving
complexlocated on the lumenal surface of the complex.

During past few years a number of three-dimensionatal structures, showing locations
of and interactions between protein subunits arfdctors in cyanobacterial and higher plant
PS Il core complex, have been determined by eleditankameret al. 2001b) or X-ray
crystallography with increasingly better resolut{@ouniet al. 2001, Kamiya and Shen 2003,
Fereirraet al. 2004, Biesiadka, 2004, Lo#t al. 2005); currently the resolution is 2,9 A
(Guskovet al.2009).

The reaction center of the PS 1l core complex (PS Il RC), consistinfy @1/D2
heterodimer coupled with a cytochrorbgy and Psbl peptide, was first reported by Nanba
and Satoh (Nanba and Satoh 1987). Gt antennacomplex composed of two sequence-
related Chhl-binding proteins CP43 and CP47 are intimately @ased with PS Il RC. There
Is a number of low-molecular mass proteins (PsbiZPassociated with PS Il core complex
(Barberet al, 1997; Hankameet al, 2001a). Some of these small proteins play airotee
photoprotection, stabilization, dimerisation andeasbly of PS Il (Shet al 2000, Liet al.
2002, Aoyama 2003, Iwait al.2004, Dobakovét al.2007, Bentleyet al. 2008).

It is widely believed that the PS 1l complexvivo exists and functions as a homo-dimer
with a molecular mass of about ~650 kDa, as wasvshHwy many crystallographic studies,
cited above or using single particle analysis (Hanéret al. 1999) as well as biochemical
techniques (Watanalet al. 2009). However, both dimeric and monomeric PS tplexes
were isolated (Hankamet al. 1997, Adachiet al. 2009) and the monomeric complex was
assumed to be an intermediate form in the nornsdrably pathway or in the damage repair
cycle (Barbatcet al. 1992, Hankameet al. 1997). Contrary to this well-known concept, a
recent study claims that deprivation of lipids dgripreparation caused conversion of PS I
from a monomeric to a dimeric form and therefor fimctional form of the PS ih vivois a

monomer but not a dimer (Takahashal.2009).

Reaction center — protein composition

D1/D2 heterodimer— a major pigment-protein complex of the PS Il RRiak consists of
D1 and D2 proteins, encoded by the chloroptesttAandpsbD gene, respectively and binds
cofactors and pigments arranged on two nearly symunbranches. Only one branch of
cofactors, located on the D1 side, is involved laceon transfer pathway. These two
hydrophobic polypeptides exhibit as two diffuse d&nvith apparent molecular weights 32
kDa (D1) and 34 kDa (D2) on SDS-PAGE gels, heneedisignation D (meanindfidise).
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The D1 and D2 subunits, each with five transmendbrlalices are homologous to each other
(Ke 2001). In addition to that, the arrangemenhelices in both D1 and D2 is remarkably
similar to those of the L and M subunits of the tbdal RC (Trebst 1985). The D1/D2
heterodimer binds six Cla molecules, which include a chlorophyll multimertbé primary
electron donor §o (Durrantet al. 1995) plus two peripheral chlorophyll moleculesaliso
binds two pheophytins (Pheo), tyecarotenes, two plastoquinones and one atom of non-
heme iron.

Cytochrome bssg (Cyt bssg) — is an integral constituent of the minimal PRIT unit still
capable of primary charge separation, comprisetivof small hydrophobic peptides, (9
kDa) andp (4 kDa) subunits, encoded by chloroplast ggrst=andpsbF, respectively. Each
of the peptides forming Cylissg has only a single transmembrane domain. A singlaehe
group is bound as a cofactor within structure ctivdsng the two peptides into a heterodimer
via a single His residue from each subunit. Thesids function of the Cybssg has not been
fully established and many different roles havenbeestulated. Cyssg is essential for PS |l
structure and assembly of functional PS Il complext bssg can be both photooxided and
photoreduced by receiving electrons fromgRBuseret al. 1990). This fact led to suggestion
that it can mediate a cyclic electron transporuatbPS Il thereby may protect PS Il against
photodamage by high light and photoinhibition (Siewand Brudvig 1998, Hanlegt al.
1999, Tracewell and Brudvig 2008).

Reaction center — electron-transport cofactors

Psgo — is the primary electron donor of PS Il. ThgdPcation is the one of the strongest
oxidizing agent exists in biological systems. lighhredox potential estimated to be about
+1.3 V (Rappaporet al. 2002) allows oxidation of water during photosysiBe A character
“P” stands for_gment and the 680 number is its absorption maxintuthe red part of the
visible spectrum. Formerly, it was meant that ihgiets of only special pair of two CAhl
molecules but calculations and X-ray diffractionustures of PS Il core complex revealed
that the primary donor is a group of four chlorolyPsgo is located between D1 and D2
subunits near the center.

Pheophytin (Pheo) - is a metal-free chlorophyll-based complpun which the central
Mg®* atom is replaced by two hydrogens. Pheophytineseas a primary electron acceptor
because it is easier to reduce Pheo than corresgpetilorophyll. The photochemically

active Pheo is bound to D1 and the inactive Phda2tprotein.
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Plastoquinones(PQy and PQ) — PQ. quinone molecule, tightly bound to D2 subunitais
one-electron acceptor from Pheo molecule that gngs a singly reduced semiquinone.
Second quinone, RYis a two-electron carrier, loosely bound to Dbwit close to the
stromal side that in doubly reduced and proton&deunt dissociates from PS Il into the lipid
bilayer of thylakoid membrane. The RQuinone molecule can also be doubly reduced, but
only at non-physiological conditions.

Non-heme Fe- is centrally positioned between two quinone rooles and modulates
normal electron flow.

p-carotenes— two differently oriented and therefore spectrgscally distinct carotenoid
molecules are bound to D1 and D2 subunits, labate@ag; and Cag,, respectively (Tomo
et al. 1997). On the basis of their position it seems thay may have different functions.
They participate in quenching of singlet oxygenduwed after charge recombination to the
triplet state of By (Telfer et al. 1994), or can acts as a secondary electron trelespib
donation of electrons from water is not functiomald thus in the case of danger @hoP
accumulation they play a photoprotective role (ldguelt al. 1999, Telferet al. 2002 and 2005
see for reviewsMartinez-Junzat al. 2008, Litvinet al. 2008).

Chlorophylls Z (Chl Zp; and Chl %;) - the two symmetrically located peripheral
chlorophylls of PS Il RC are coordinated by the Hisidues (D1 His118 and D2 His117).
Biophysical evidence for the involvement of themedctive Chls Z in energy transfer was
obtained. The peripheral chlorophylls, Car molesw@rd the heme of Chtsg may functions
as alternate electron donors under conditions whenprimary electron donation pathway
from OEC to Rgo' is inhibited, such as in Mn-depleted PS |l orcat temperature (Tracewell
et al.2001, Tracewell and Brudvig 2003 and 2008).

Tyrosine residues(Yp and Yz) — there are two specific tyrosine residues. Cirtbem, on
D1 protein in position 161 (Xor Tyrz), functions as an intermediate electron carriéwben
Psso and the OEC. The second tyrosine is in the sympretated position in the D2 protein
(Yp) and apparently is not involved in the usual etactlow.

Manganese-calcium cluste(Mn4Ca cluster) — an active site of water oxidation Sisis
of four Mn atoms, and one atom each of‘Gand CI. Mn,Ca cluster is associated with OEC
on the lumenal side of the PS Il complex and astsa dour-electron gate in the water-
oxidizing process. Calcium and chloride are neagssaactors for the @evolving reaction.
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Core antenna

CP43 CP47 - proteins encoded by tipsbCandpsbBgenes of chloroplast genome, each
possess six transmembranehelices (Bricker 1990). The designation CP starfiols
chlorophyll grotein and the number refers to apparent moleauiass of 43 and 47 kDa,
determined by electrophoresis. CP 43 binds thirt€ats and threg-Car, whereas CP47
binds sixteen Chls and fiieCar molecules (Lolét al. 2005). CP47 being located adjacent to
D2 interacts more directly and strongly with thaaton center than CP43 being adjacent to
D1 (Bricker and Frankel 2002). The core antennaeesas the proximal antennae for PS II,
providing a conduit for excitation energy trandtem the accessory antenna of PS Il into the

reaction center.

Oxygen-evolving complex

A unique part of PS Il is the oxygen-evolving coewl(OEC) also known as water-
splitting complex (WOC). OEC has several structwwamponents including the extrinsic
proteins, the loop regions of several intrinsic rbesne proteins and four oxygen-bridged
manganese atoms, calcium and chloride — a redakytiatcenter, known akln ,Ca cluster.
The OEC sits at the membrane-lumen interface, sanded by four PS Il core proteins (D1,
D2, CP43 and CP47), but nearly all ligands for ¥he,Ca cluster come from the D1 protein
with only a single ligand contributed from CP43.cAading to currently published X-ray
diffraction data (Fereirrat al. 2004, Lollet al. 2005 and Guskoet al. 2009), three Mn ions
(Mn1, Mn2 and Mn3) along with one Ca ion positionedthe vertex are clustered into
trigonal pyramid, with a fourth Mn4 atom asymmaedtig connecting to the one of the corner
of base.

Cd" is an essential structural element in the metaltel and is also likely to be a site for
ligation of the substrate J& molecules that undergo oxidation.” @ probably utilized to
regulate the Mn redox activity. These inorganicsi@ne both required for efficient oxidation
of the Mn atoms (Yocum 2008).

A structure and catalytic function of PS Il areatnly conserved among a wide variety of
organisms from unicellular cyanobacteria to mullidar plants (Hankameet al. 2001a), but
the most heterogeneity between photosynthetic sgenwas found in the composition of
the extrinsic OEC proteins. Depending on the typeoanism, they utilize different
combinations of extrinsic proteins to optimize POEC activity.

The extrinsic proteins are PsbO protein (33 kDdginy, PsbP (23, 24 kDa protein), PsbQ
(16—18 kDa protein in plants and 20 kDa proteimed alga), PsbR (10 kDa protein), PsbU
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(12 kDa protein) and PsbV (cytochromygg). Many studies have shown that they are required
to enhance oxygen evolution and serve importaesiolvivo (reviewed inSeidler 1996).

Only the PsbO protein is ubiquitous to all oxygeptwotosynthetic organisms. Higher
plants and green algae have a set of four nucle@eed extrinsic proteins (PsbO, PsbP,
PsbQ and PsbR), whereas cyanobacterial OEC corgaifferent set of proteins (PsbO,
PsbU and PsbV) and represents the best understB@ddDe to many crystal structures. In
addition, the genomic and proteomic studies showex existence of PsbP and PsbQ
homologs in cyanobacteria (Kashieo al. 2002, De Las Rivast al. 2004, Thorntoret al.
2004) that are not present in current structuradel® Therefore, cyanobacterial PS I
complexes may have potentially five associatedmsitr proteins — PsbO, PsbP’, PsbQ', PsbU
and PsbV.

PsbO protein, a key structural component in maffferéint types of OECs functions to
stabilize MnCa cluster and modulates the?Cand CT requirements for oxygen evolution
(Bricker and Burnap 2005). PsbP protein plays acsiral role in OEC to sequester the’Ca
and CT ions and protects cluster from exogenous reduxt&nes for PsbQ protein have
been identified in a number of different photoswtith organisms (Thorntoet al. 2004).
PsbQ protein along with PsbO and PsbP functiona atructural component of OEC to
protect manganese cluster. The presence of the Befit®n has important effects on the
form and functions of the OEC, resulting in higlaetivity and stability (Rooset al. 2006).
The 20 kDa extrinsic protein, originally identifiad Cyanidium caldarium(Enamiet al.
1995) was renamed to PsbQ' because of its signifitamology to PsbQ from green algae
(Ohta et al. 2003). PsbR protein, present in plants and grégaeais important for the
optimization of electron transfer and water oxidafibut the exact function is unclear. PsbU
and PsbV proteins, found in cyanobacteria and Igakaserve to stabilize PS Il (Roasteal.
2007). In addition to its typical roles as a prot@iomponent of the OEC, PsbV is an
interesting water-soluble c-type monoheme cytocleomth a very low potential (Krogmann
1991).

1.5.2 Photosystem Il function and electron transport pattway

PS Il functions as avater:plastoquinone oxidoreductasethat utilizes the absorbed
energy of photons to catalyze the reaction of wgpditting and plastoquinone reduction via a
complex set of energy and electron transfer eventsjiding electrons and protons for further

photosynthetic reaction&ig. 2).
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After photon absorption, the excitation energy a&sged along an excitonically linked
network of pigments bound within a system of oatied inner light-harvesting antennae. The
excitation of the PS Il core induces rapid energypdfer among pigments of each of the core
antennae towards the RC (de Weetdal. 2002). An acceptation of excitation energy by
chlorophylls of Rgpin PS Il RC produces an excited singlet staggs*Pan excellent electron
donor. The excitation is thought to be delocaliakzhg all four central Chis found in the PS
Il RC (Raszewsket al. 2008). The primary donor,s&*, transfers an electron to a primary
transient electron acceptor, a pheophytin moleaiieng it a negative charge (PhgoThe
resulting formation of o' Phed pair is further stabilized by relocating the exédactron
from reduced Phéoto a primary stable acceptor, plastoquinonea,P@roducing a
plastosemiquinone PQ thus forming B PQ.~. Before PQ™ can receive another electron
from Phe0, it must transfer the electron to a second plastmme PQ, yielding
plastosemiquinone RQ

To regain its neutral state, the oxidizeghgP with a high redox potential abstracts an
electron via the redox-active tyrosine ffom Mn,Ca cluster, where, finally, photooxidation
of water occurs.

As a result of anothergf excitation, the P@ acquires the second electron to produce
doubly reduced quinol molecule, BQ Finally, the reduced R§ takes up two protons from
the stoma, yielding a fully reduced plastohydroquie (PQH.). Subsequently, Ppi, leaves
its binding pocket in the D1 protein and diffusbsotigh the lipid bilayer of the membrane,
where in turn it transfers its electrons to the Gyt complex. The P@site on D1 protein is
filled with another plastoquinone from the poolgfinones freely floating in the membrane
(for review seéNelson and Ben-Shem 2004, and Nelson and Yocum; Z2@8lowiczet al.
2007).

When electron extraction from water is impaired géactron might be donated tggh® by

a photoprotective alternative electron-transfehyaty (Vasil'evet al.2003).

Photooxidation of water

Among complexes, PS Il has a prominent function phato-induced catalysis of water
oxidation leads to the production of nearly alltbé oxygen in the atmosphere which is a
prerequisite for aerobic life on the Earth. The {gharocess of water oxidation occurs in a so-
called S-cycle oKok cycle (Kok et al.1970), which consists of a series of five redox&es
(“S” stands for_®rage), designated agt® S, each representing successively more oxidized

forms of Mn,Ca cluster. The cluster cycles through these differedox states and thereby
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couples one-electron photochemistry occurring ie S 1l RC with the four-electron
chemistry of water oxidation. After each chargeasapon within PS Il RC, oxidizede'
extracts one electron from OEC via a redox-actim®sine Y; and thereby the system
advances to the next state. Four single-electeorsters, each corresponding to the absorption
of one photon, subsequently oxidize two moleculesvater bound to the MyCa cluster.
Only at the transition between &nd 3 state the molecule of oxygen is released. ThgQdn
cluster is then reset to its initially reduced st&. At total, two molecules of water bound to
Mn,Ca cluster are split, yielding molecular oxygenyrfelectrons and four protons, as shown
in equation 4 Protons released from water remain in the thythhkomen (McEvoyet al.
2005, Brudvig 2008).

2H,0O [ —>02+4|‘r+4e_
Equation 4 Photooxidation of water (McEvoy and Brudvig 2004)

1.5.3 Cytochrome bg/f complex

The cytochromebg/f (Cyt bg/f) complex is another integral membrane-bound pmotei
complex of oxygenic photosynthesis that provides electronic connection between PS I
and PS | reaction centers. This complex resemblesructure and function the cytochrome
bc; complex, its purple bacteria counterpart and asonplex Ill of the mitochondrial
respiratory chain.

However, the crystal structures of the dimeric Oyff complex from cyanobacteria
(Kurisu et al. 2003) and green algae (Stroelmtlal. 2003) reveal important differences
compared with cytochromac; (Cyt bc) complex. Each monomer with a molecular weight of
110 kDa is composed of eight protein subunits aneks cofactors. In detail, there are four
large subunits — that is, cytochrom@yt f), cytochromebs (Cyt bg), the Rieske iron-sulphur
protein (Rieske Fe-S or F®& protein) and subunit IV — as well as four smaltfophobic
subunits (PetG, PetL, PetM, PetN) per each monah@yt be/f complex. In total, thirteen
transmembrane helices, four in Qyg three in subunit IV and one each in the remaining
subunits is present per each monomer oflig/it

Cytochromef is a c-type cytochrome with one covalently bouedkf. Cytochromebs is
a b-type cytochrome that noncovalently binds twmég, Iy and bk (also named pand I,
respectively because of their nearness to theretdwmically egative and gsitive side of
the lipid bilayer). In addition to these hemes,réhes a further heme (hemeg)ccovalently
bound on the N-side of the complex, very closentermembrane hemebrhis structurally

unique heme group with no strong field ligand mightticipate in cyclic electron transfer
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around PS |. The hemg as well as two cofactors with unknown function (@lndp-Car),
also present in Cyg/f complex, are not found in the related complex. The Rieske protein
has an unusual F% cluster, in which the ligands for Fe atoms are ®ys and His residue
(typical Fe-S centers have only Cys ligands), caushe Rieske centre that lies on the
lumenal side of the membrane to have high redoantiat.

Cyt bs and subunit IV are homologous to the N- and C-teainhalves, respectively, of
Cyt b of the Cytbc; complex. The Reiske Fe-S proteins of the lggiftand Cytbc; complexes
are also similar (Carreket al. 1997). Furthermore, PetG, PetL, PetM and PetN have
parallels in Cybc;.

Cyt bg/f complex functions as plastoquinol:plastocyanin/cyt cs oxidoreductase that
transfers electrons from reduced plastoquinon«idized plastocyanin (PC) and translocates
protons from the stroma to the lumen and therelmgigges a transmembrane electrochemical
proton gradient for ATP synthesis using mechanisown asQ cycle (Fig. 2).

During this cycle, a plastoquinol PQHbound at the lumenalg3ite is oxidized by high-
potential Rieske Fe-S centre and the releasedra@hepasses through Cfitto plastocyanin
and two protons are released from the R@Hhe lumen. The second electron is translocated
across the membrane, through two hemegsafid ) of Cyt bs to reduce plastoquinone PQ
that is bound at the stromajQite. This cycle repeats itself to oxidize secBqH,, with one
electron being passed to PC and second being ¢éraedfto the Q site to produce fully
reduced plastoquinol that picks up two protons firoma and is released fromy &ite into
the lipid bilayer. The net result of the Q cyclethett PQH at the @ site is oxidized to PQ,
and PQ at the Qsite is reduced to PQHtwo electrons are successively transferred to PC,
four protons pumped from the stroma to the lumes.aAresult the proton-motive force is

formed across the membrane.

Plastocyanin

Electron transfer between Clg¢/f complex and PS | is mediated by plastocyanin (RC),
low-molecular mass, copper-containing blue protkat is resident on the lumenal surface of
the thylakoid membrane, where it is freely diffusibThe X-ray diffraction crystallography
showed structure of PC (Coleman al. 2000) with a single Cu atom, which alternates
between its Cti and Cd* oxidation states. The Cu atom is tetrahedrallyrdioated by a
Cys, a Met, and two His residues.

PC first binds to Cyf, where it receives an electron and is reduced’(GGu""). After
dissociation, PC diffuses through the lumen to P&dognizes and binds to a specific site,
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donates an electron to PS | and finally dissociatgan Fig. 2) (Sigfridsson 1998, Hope
2000). Many studies indicate that its acidic pafehgatively charged) has a binding and
recognition function and the hydrophobic patch {fpely charged) participates in electron
transfer (Blankenship 2002).

In many cyanobacteria and green algae, PC is reglag a c-type of cytochrongg (Cyt
Cs) (Kerfeldet al. 1997).

1.5.4 Photosystem |

A second major component involved in the photosstith machinery of oxygenic
organisms is photosystem | (PS 1), a membrane suliitinit pigment-protein complex. PS |
of eukaryotes has a number of features that disshegs it from PS | from cyanobacteria, but
both have the same basic function — an electrarsp@t from plastocyanin or cytochroroe
in some species to ferredoxin. Eukaryotic PS lasygosed of two functional parts,care
complexand a light-harvesting complexUHC I ). LHC | belt contributes a mass of 160 kDa
out of approximately 600 kDa in PS | (Amurtsal.2007). Whereas the PS | core complex is
relatively similar to the cyanobacterial PS I, tHdC, the membrane-embedded antenna is
specific for eukaryotic PS | and completely difigrdrom the phycobilisomes serving as

peripheral antenna in cyanobacteria (Scheftexd. 2001).

Core complex

As it was shown by the crystal structures of cyawbérial and higher plant PS | complex
(Krausset al. 1996, Schubert et al. 1997, Jordsral. 2001, Frommeet al. 2001, Ben-Shem
et al. 2003, Amuntset al. 2007, reviewed byAllen et al. 2009) the heart of the PS | core
complex is formed by &eterodimer of two large homologous subuniBsaA and PsbB,
each having an approximately 80 kDa and 11 trandmreeme helices; and one small subunit,
the PsaC protein. These three subunits bind therne&gctron transfer carriers, forming two
potential electron transport chains, similar to ttese in PS Il. Two closely associated
chlorophylls near the lumenal side form a primdecton donor, thé;oo special pair. Four
accessory Chls, two phylloquinones and the set hoéet redox-active Fe-S clusters,
coordinated by cysteines are also present. Thearetetransfer cofactors, composed of the
chlorophylls and phylloquinones are arranged in tranches (A and B) as pairs of
molecules. Whether one or both branches are aictieectron transport remain an unsolved
guestion. One of the Fe-S centre, termgd i held between the two subunits of the core
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heterodimer, whereas two other Fe-S centers, c#llednd F, are bound to the stromal
subunit PsaC (Nugeet al.1996).

Like in PS Il core structure, there is a numbeadditional proteins in PS | core complex,
with no cofactors bound. In addition to PsaA/Psa&Btodimer, the cyanobacterial PS | core
complex contains at least ten protein subunitsar@tlenoted PsaC—PsaF and Psal-PsaM and
PsaX. Green plants do not have PsaM and PsaX sspbot do contain three further larger
membrane proteins (PsaG, PsaH and PsaO) and omeextoinsic protein PsaN exposed to
the thylakoid lumen (Schellet al.2001, Knoetzeét al.2002, Jenseat al.2003).

Many of these proteins have yet unknown functiome €xtrinsic PsaD and PsaE subunits
located on the stromal surface of membrane paatieipn the docking of ferredoxin (Fromme
et al. 2001). On the lumenal side, the most noticeabldindtson between plant and
cyanobacterial RC is the helix-loop-helix domainniridouted by the longer N-terminal
domain of plant PsaF, which enables more effig@astocyanin binding in plant (Amunés
al. 2007). Several subunits are probably involved soamtion with LHC | and in binding of
LHC II. For example, PsaH subunit, which is notgamt in cyanobacteria was proposed to
enable the binding of LHC I, and therefore to lssemntial for state transitions in plant
photosynthesis (Lundet al. 2000). The subunits also participate in the maemee of
complex integrity and probably have other functions

In cyanobacteria, the PS | complex can exists asoaomer and trimer depending on
growth condition (Boekemat al. 1987, Ford and Holyenburg 1988, Rogatal. 1990), the
trimerisation of PS | was observed in Ghtontaining cyanobacteria (van der Stadyal.
1993, Bibbyet al. 2001b, Bumba 2005) or in iron-stressed cyanobiac{Bibby et al. 2001a,
Boekemaet al. 2001b), while in eukaryotic organisms only monoméd?S | was found
(Boekemeet al.2001a, Germanet al. 2002, Kargukt al. 2003, Gardiarmt al.2007).

1.5.5 Photosystem | function and electron transport pathvay

PS | functions as a light-driveplastocyanin:ferredoxin oxidoreductasethat catalyses
the electron transport from PC on the lumenal siddne membrane to ferredoxin (Fd) at the
stromal side by a chain of electron carrigfig. 2) (Chitnis 2001, Jenseat al.2007).

The light-induced charge separation starts in R&H excitation of Pyo, @ chlorophylla
heterodimer (Watanabet al. 1985), by excitation transfer from the antenna mgts. The
excited Pgo loses an electron and a primary electron accegadled A (Chl a monomer) is

reduced, creating & and Bgo'. The strong oxidizing agentd3™ quickly extracts an electron
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from PC and the strong reducing agegt donates its electron to one of the phylloquinones
(A1). Subsequently, an electron from Acceptor passes through three redox-actiu&,Fe
centers in PS |, thexFand finally to x and Fs. From here, the electron moves to ferredoxin, a
soluble protein loosely associated with the memdrtrat contains a E®, center. This
electron carrier does not transfer electrons dire¢ot NADP*, but via aferredoxin:NADP*
oxidoreductase(FNR). It is a flavoprotein with the fourth Fe-S elextrcarrier in the chain,
that transfers electrons from reduced Fd to NAD&ading to a formation of NADPH and H

In addition to the major function of reducing NAD#a FNR, ferredoxin also serves as an
electron donor in a number of biosynthetic and lstguy processes. Fd provides electrons for
the soluble enzymes involved in nitrogen and sulphetabolism, synthesis of the glutamate,
and through thioredoxin it regulates the ATP sys¢hactivity and carbon metabolism (Knaff
et al. 1996).

Under some conditions, the reduced Fd can funatiacyclic electron flow around PS |,
in which electrons are finally returned back teoPvia Cyt bg/f complex and PC, with
generatingpmf and ATP but no NADPH (Fork and Herbert 1993, Bdéindad Manasse
1995).

1.5.6 ATP synthase

The last supramolecular protein complex embeddedhyfakoid membrane with no
pigments bound is ATP synthase (ATPase), also afidad the coupling factoF(g. 2).

Chloroplast ATP synthase is about 400 kDa enzymesistng of two major functional
segments: a transmembrane protein portion, calleda@d a hydrophilic, extrinsic portion
located on the stromal surface, called; GE denoting its location in chloroplast). The
complex is often referred to as tkd-,—CF; complex The main structural features of the
thylakoid ATPase are highly conserved and its stinecand function is, in most respects,
similar to those of bacterial and mitochondrial ABBs. Cf functions as a channel for
protons passing through the membrane which prowuidesiriving force to the GFsubunit
where the actual conversion of ADP andn®o ATP takes place.

In total, ATPase of chloroplast contains nine ddéfé polypeptide subunits that are both
chloroplast and nuclear-encoded gene products (Hgnand Hermann 1986). The
hydrophobic Ck part has four subunit types, labeled |, II, 1ll @hd IV in a probable
stoichiometry 1:1:14:1. Fourteen Ill subunits foenring-like structure that is equivalent to
the c-ring of other ATPases (McCastal. 2000). Ck is composed of three copies of each of
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two relatively large subunits, andp (both with molecular mass of about 50 kDa), forgnin
aszPz hexamer and one copy of each of three smallemsti#hlabeled,, 5 ande in the order of
decreasing molecular weight. The overall subundgickiometry is {ll1lll 141V 103B3y0¢
(Richter 2004).

The regulatoryn and catalytig3 subunits, alternating in hexameric ring, bind ABR P
and phosphorylate ADP into ATP. The and ¢ subunits together form a central stalk
connecting the Cfand Ck segments. The subunit links the subunit to the Il subunit ring
that is involved in proton transport (Capaldi anch@enberg 2000). A second, side stalk
comprised o and subunits | and Il attaches {36 CF and is considered to acts as stator.
The whole CH—CF, complex functions as a tiny rotary proton-driveotar, in which the
stationary subunits are I, Il, \3, a andp while they, € and Il subunits rotate (Nelson and
Ben-Shem 2004).

The ATP synthesis occurs by way of the so-callattibig-change mechanism (Boyer
1997) that involves alternating conformational ajesin the three nucleotide-binding sites of
the catalytid3 subunits. The binding of proton to the c-subunieab the rotation of the c-ring
and the central stalk which causes an intercormersf the binding sites and also changes
their affinity for the nucleotides. According toighmechanism the changes in conformation
are driven bypmfwhereas the own ATP formation does not requiretiatel energy.

The active form of ATP synthase can catalyze bloéhformation and hydrolysis of ATP.
The regulation of chloroplast ATP synthase actistyight-dependent and is carried out by a
process called thiol modulation (also called redegulation), which is unique to algae and
higher plants (Ort and Oxborough 1992, Ritcher 200#the presence of light, the enzyme
maintains high synthetic activity through the retlut of a specific intra-peptide disulphide
bond that is located in the subunit of CE. In vivo, y subunit reduction is mediated by a
thioredoxin, which is present in the chloroplastosta and photoreduced by PS | via
ferredoxin in a reaction catalyzed Wgrredoxin:thioredoxin oxidoreductase (Ketcham
1984). The reduction of the regulatory disulphidadde is thought to cause the
conformational changes in the enzyme complex thedcreasing theomf required to

maintain catalytic activity (Nalin and McCarty 1984
1.5.7 Light-harvesting antenna complexes

Despite a highly conserved molecular structure dibtpsynthetic reaction center

complexes found among various classes of photostintbrganisms, a remarkable variety of
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antenna complexes have been identified. Antenngplex@s differ widely both in overall
structural arrangement and in the nature, numberoaganization of the absorbing pigments
without apparent correlation to each other (Coll@D9). This suggests that major classes of
antennae appear to be independent evolutionaryatioms and that they were originated
several times during the evolution of photosynthasiresponse to environmental selection
pressures (Blankenship 2001).

In general, the sessile plants utilize a limitegentoire of pigment types compared to
photosynthetic organisms living in aquatic envire@minwhere penetrating wavelengths of
light may be variedly weakened by the water coluthis also known that in many systems
the size of the photosynthetic antenna is flexitdgending on the light quality in their
different habitats.

Antenna complexes can be broadly classified into wategories according to their
position with respect to the thylakoid membrane:

Peripheral membrane antennae which are constantly linked to one side of the
membrane, but does not itself cross the membrams.class includes phycobilisomes of red
algae and cyanobacteria, chlorosomes and Fenn&adéwattOlson (FMO) proteins of green
bacteria and peridinin-chlorophyll proteins of dahgtes.

Integral membrane antennaecontain proteins that traverse the lipid bilay&fithin this
second class additional types of antennae candhegliishedcore antenna, tightly bound to
RC (CP43 and CP47 of PS Il or LH1 complex of purpdeteria) andaccessoryantenna,
always found in addition to core antenna (LHC I,CHI and LH2 complex of purple
bacteria) (Blankenship 2002).

In Fig. 3 schematic models of major light-harvesting antesnaplexes in different
photosynthetic organisms are depicted. In the ¥ollg subheads, the antenna complexes

involved in oxygenic photosynthesis will be desedbn more detail.
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Phycobilisomes

Several different types of phycobilisomes in a i@l cylindric or hemidiscoidal
arrangement, most commonly containing three majped of phycobiliproteins (APC, PC
and PE), were found among cyanobacteria and rea §glazer 1985, Sidler 1994, Grossman
et al. 1995, MacColl 1998). They are constructed fromnplef disc-shape subunits. A basic
structural unit of all phycobiliproteins, a dimef @ and p peptides (also named a$
monomer) further assembles to form trimerg){ or hexamersof3)s. The basic structure of
the most widely studied hemidiscoidal phycobilisocoeasists of a core made up of APC and
several rods, the stacked disks of PCy and PEatkatadiating from the central core (Mimuro
and Kikuchi 2003). In this respect, phycobilisomepresent an ingenious funnel system, in
which the light energy they absorb is transferrdticiently towards RC, i.e. from
phycoerythrin, present on the ends of rods, absgrit the shortest wavelengths through
intermediate phycocyanin to allophycocyanin thasombs at the longest wavelengths
(Blankenship 2002). These supramolecular complexes attached to the core of the
photosystem from the stromal side of the thylakmidmbrane with the help of an anchor
peptide, usually in close association with PS II.

Apart from the three most frequently occurring pityiiproteins mentioned above, many
different phycobiliproteins are found in variousganisms. For example, in the case of
cryptophytes the phycobiliproteins are not orgasizeéo a phycobilisomesgeFig. 3), but
they are present ag;3)(azp) heterodimers that are located in the thylakordda contrary to
phycobilisomes of cyanobacteria and red algae (Detusl. 2004, van der Weij-De Wt al.
2006).

LHC superfamily

The light-harvesting complexes (LHCs) usually reddrad . HC | andLHC Il , depending
on their association with PS | or PS Il, are mermslodra large and abundant protein family of
intrinsic membrane chlorophyédl/b-binding proteins present in all photosynthetic ayktes.
Due to chlorophyla andb presence, they are also often called as Cab psotei

Proteins that make up these complexes are encogdddnuclear gene superfamily
(Jansson 1999) and they have three transmemloréiedix regions sharing high similarity.

Despite their sequence and structural homology thegiderably vary in oligomeric state.
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Light-harvesting complex |

Light-harvesting complex | (LHC 1) consists of fouifferent membrane proteins,
designated Lhcal to Lhca4, each with molecular mésbout 25 kDa (Jansson 1994). The
crystal structure of plant PS I-LHC | (Ben-Shetral. 2003, Amuntset al. 2007) revealed the
assembly of Lhca proteins around PS | as dimeralftdica4 and Lhca2/Lhca3 in contrast to
the trimeric formation of Lhcb in LHC II. In agreemt with previous model determined by
electron microscopy (Boekenefial. 2001a) it was shown that the binding of LHC Ihe RC
Is asymmetric and Lhc heterodimers form a half-mebaped belt on one side of the RC.
Each of the Lhca protein binds about 8 @rdnd 2—3 Chb molecules and 2—3 carotenoids
(Schmidet al. 2002; Croceet al.2002, Mozzaet al.2006, Corbeet al.2007).

Light-harvesting complex |1

Most of the chlorophylls that are associated wighlPare harboured in the LHC Il found
in plants and many algae, ranging from 130 to 28@8rana Chls per PS Il core dimer (Jansson
et al. 1997). The X-ray crystal structures of spinach pad LHC Il were reported at 2.7 A
(Liu et al. 2004) and 2.5 A (Standfuss al. 2005) resolution, respectively. In the membrane,
LHC Il assembles spontaneously from monomers imtmets consisting of various
combinations of three very similar subunit proteibbcbl, Lhcb2 and Lhcb3. The three
subtypes of the major LHC Il are very similar inlypeptide sequence and have the same
pigment content and spectroscopic properties (8taacand Kihlbrandt 2004, Palaceisal.
2006). Fourteen Chls in each monomer can be digsshgd as eight Chd and six Chib
molecules and four carotenoids. The number of nsnatached to the PS Il varies with
irradiance level; usually there are two to four iegpof LHC Il bound in dimeric PS Il
supercomplexes (Dekker and Boekema 2005). Preyiotisvas estimated up to eight LHC I
trimers per PS Il core dimer (Peter and Thornb&1)9implicating the presence of a pool of
non-bound or very loosely bound LHC 11

Besides its main light-harvesting function LHC Ib@ plays an important role in the
dissipation of excess light energy under high-liganditions (Rubaret al, 1994). In these
cases, the main photoprotective mechanisms areatit@ophyll cycle (reviewed bylahnset
al. 2009) andgohotophosphorylation of LHC subunits (discussed below).

In addition, more distantly related member of LH@earfamily, a very hydrophobic PsbS
protein, which is unique to eukaryotic PS I, adsats in photoprotection and is required for a

nonphotochemical quenching (&i al. 2002, Bergantinet al. 2003).
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LHC Il is not connected to PS Il core directly, ibe energy transfer from LHC Il to
CP43/CP47 and to D1/D2 is mediated by the so-caligthr antenna complexes, referred to
as CP24, CP26 and CP29 (Bassi and Dainesse 1992n@a al. 2004). They are also
encoded by nucledrhc genes and originate from the gene products Lhiché)5 and Lhcb4,
respectively. These proteins show a high homologly tHC Il and one copy of each protein
is found per PS Il RC (Bas®t al. 1997). Similarly as LHC Il proteins, they bind
approximately 8—10 Chls, besides several xanthdghyl

State transition

Oxygenic photosynthetic organisms adapted to clsamngdight quality and quantity by
redistribution of light excitation energy betwedre ttwo photosystems through an elegant
mechanism, known asgate transition (Allen and Forsberg 2001, Wollman 2001, Haldaip
al. 2001 Allen 2003).

The association of LHC Il with PS Il is regulatey light intensity. In bright sunlight, an
excess of energy is being delivered to PS 1l thatlpces electrons faster than PS | can utilize
them. The accumulation of PQHesults in activation of a specific protein kinathat
phosphorylates amino acid residues on LHC II, ttwerehanging the surface charge on the
protein. Activation of the stromal kinase is regathspecifically by binding of PQHn the
Qp pocket of the Cybe/f complex (Zitoet al. 1999). After phosphorylation, the interaction
between negatively charged LHC Il and PS 1l becomeakened and a portion of LHC Il
dissociates and moves from the hydrophobic cotbefyrana region to the less hydrophobic
stromal lamellae that are enriched in PS |. Theesta which LHC Il is phosphorylated and
becomes connected to PS |, is knowrstae 2 This connection requires the PsbH subunit
(Lundeet al. 2000). As PQK becomes more oxidized by PS I, the imbalance leivikee
fluxes of excitations in PS | and PS Il is revegsihe kinase becomes less active and a
phosphatase acts to dephosphorylate LHC II, allgutito migrate back to the grana stacks.
The resulting state, in which dephosphorylated LHE attached to PS I, is calledate 1

Lateral displacement of LHC Il from the PS ll-righana to the PS I-rich stroma lamellae
leads to decrease in light absorption by PS Iltanidcrease in energy delivery to PS 1. This

reorganization of antenna systems results in emthplotosynthetic quantum yield.

Peridin-chlorophyll proteins

In many dinoflagellates, a unique peridinin-chidrgib a protein PCP) complexes were

found, containing an atypical water soluble carotér- peridinin that serves as a main light-
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harvesting pigment compare with chlorophylls in estltlasses of antennae. PCPs form
trimers, including 32 peridinine and 6 Chl pigme(ii®fmannet al. 1996), delivering energy
to an integral membrane Célc binding antenna complex, which, in turn, transiet® the
PS Il RC.

Fucoxanthin-chlorophyll proteins

LHC antenna proteins of chromophytic algae, i.atains Bacillariophyceag and brown
algae mainly bind fucoxanthin and Chl and Chlc, and are known as fucoxanthin-
chlorophyll a/c binding proteins KCPs). These antenna systems contain high amount of
xanthophylls, with fucoxanthin, being the most phoemt carotenoid in these organisms
(hence the name FCP complexes) and diadinoxanitennating with diatoxanthin in a
xanthophyll cycle in several algal groups (Stranskyl 1970). Each FCP possesses three
transmembrane-helices that are highly homologous to other pratesf LHC superfamily
(Wolfe et al. 1994, Durnfordet al. 1996) with small differences in molecular weight
(Gugliemelli 1984, Caroret al. 1988). FCP antenna complexes in trimeric or higher
oligomeric states were described (Buakiedl. 2003, Guglielmiet al. 2005, Beeeet al. 2006,
Brakemanret al. 2006, Lepetiet al. 2007).

Prochlorophyte-chlorophyll b binding proteins

Although phycobilisome-containing cyanobacteriastdate the vast majority of oxygenic
photosynthetic bacteria, there are several uniguéskof prokaryotic oxygenic phototrophs
that utilize intrinsic membrane antenna compleXd) proteins, binding Chb or in some
cases Chd in addition to Chla. Based on phylogenetic studies of 16S rRNA (Tueteal.
1997), these significantly different species arassified as cyanobacteria, including @hl
containing group, inappropriately called prochldrgies, namely generd&rochloron,
Prochlorococcusand Prochlorothrix and also ChH containing organisms, such as the best
known Acaryochloris marina

The name “prochlorophytes” expresses an origingalmaption that they could represent
the prokaryotic ancestors of the chloroplasts @egralgae and plants, because Khias
found in these lineages of photosynthetic prokaydh contrast to typical cyanobacteria.
However, as was demonstrated later by analyseswétig markers (Bergey's Manual of
systematic Bacteriology 2001), this three geneeaheghly diverged polyphyletic group, not
affiliated with chloroplasts, thus the possible letionary relationship was not proved. It is
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therefore more accurate to use expression “greegphmtobacteria” rather than
“prochlorophytes” in spite of the fact that thisrteis rooted.

The Pcb (pochlorophyte_hlorophyll b binding) proteins, encoded Ipcb genes, having
three transmembrane-helices are completely unrelated to the @H proteins of LHC
superfamily (Durnforcet al. 1999), instead they are closely related to the3Ogdte antenna
protein and to the IsiA (often called CP43’), aankstress-induced Clad binding antenna
protein of cyanobacteria (LaRocheal. 1996).

These Pcb-containing atypical cyanobacteria diffiem each other in a number of copies
of pcb genes in genome depending on species, strain aotype. In detail, the
Prochlorothrix hollandicahas a cluster of thrgecb genes gcbA pcbB andpcbQ (van der
Staayet al. 1998). In the case dProchlorococcus marinysthe pcb genes are present in
multiple copies in low-light adapted strains but assingle copy in high-light strains
(Garczareket al. 2001). BothProchloron didemniand prochlorophyte-like cyanobacterium
Acaryochloris marinacontain twopcb tandem genegcbA and pcbC which encode Chib
and Chld binding antenna proteins PcbA and PcbC, respégti@enet al. 2005a and
2005b).

Electron microscopy revealed formation of PS I-lag\well as PS I-Pcb supercomplexes
composed of 18 subunits forming a ring around timeetric PS | reaction centre (Bibbt al.
2001a and 2001b, Boekened al. 2001b, Bumbaet al. 2005, Chen et al. 2005b). The
production of multiple copies of IsiA and Pcb pintegreatly enhances the light-harvesting
capacity (Yeremenket al. 2004, Boichenket al. 2007) in response either to a poor supply
of iron in the case of IsiA or to light-limiting aditions in natural habitats in the latter case.
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1.6 Outline of the thesis

This work was focused on a study of structural pizgtion and function of photosynthetic
pigment-protein complexes. To realize this purp@eumber of biochemical methods in
combination with spectroscopy and electron micrpgogere used. The biochemical methods
were used as a main tool for structural and funeticharacterization of antenna complexes,
as well as to examine a light-harvesting strategy.

Chapter 2 presents results of a biochemical study conduoted’cb antennae isolated
from an atypical cyanobacteriunfProchlorothrix hollandica This study, based on
identification and localization of the Pcb proteipsovides information about light-harvesting
strategy and function of the single types of Pdemama proteins.

In chapter 3 role of carotenoids and chlorophylls in the egetrgnsfer and quenching
processes in isolated PcbC antennae and PcbhC-BRgelicemplexes froniProchlorothrix
hollandicais reported.

Chapter 4 describes an organization of photosystem | andgsliystem 1l in red alga
Cyanidium caldariumThis organization of photosynthetic pigment-pitoteomplexes was

investigated with a consideration of endosymbiotigin of red algae.
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Abstract

2 Localization of Pcb antenna complexes in the
photosynthetic prokaryote Prochlorothrix hollandica

Originally published as:

Herbstova M., Litvin R., Gardian Z., Komenda J. &&tha F.: Localization of Pcb antenna
complexes in the photosynthetic prokary@techlorothrix hollandica Biochim. Biophys.
Actal797(2010) 89-97

2.1 Abstract

The freshwater filamentous green oxyphotobacterRrachlorothrix hollandicais an
unusual oxygenic photoautotrophic cyanobacteriufieriiig from most of the others by the
presence of light-harvesting Pcb antenna bindinth milorophyllsa and b and by the
absence of phycobilins.

The pigment-protein complexes Bf hollandicaSAG 10.89 (CCAP 1490/1) were isolated
from dodecylmaltoside solubilized thylakoid memleaanon sucrose density gradient and
characterized by biochemical, spectroscopic andunwohlotting methods. The Pcb antennae
production is suppressed by high light conditiors 200 pmol photons.fAs™) in P.
hollandica PcbC protein was found either in higher oligomestates or coupled to PS |
(forming antenna rings around PS 1). PcbA and PabBmost probably only very loosely
bound to photosystems; we assume that these pigonatiein complexes function as low
light-induced mobile antennae. Further, we havedeta-carotene in substantial quantities
in P. hollandicathylakoid membranes, indicating the presence @droplast-like carotenoid

synthetic pathway which is not present in commamnopacteria.

Pieklad abstraktu

Prochlorothrix hollandica je neobvykla fotoautotrofni sinice s oxygenim type
fotosyntézy Zzijici ve sladkych vodach. Jeji fotasyicky aparat se liSi od ostatnich sinic
tvorbou specifickych sitlosbérnych antén, tzv. Pcb protéinTyto antény neobsahuji Zzadné
fykobiliny, ale je v nich vazan chlorofd i chlorofyl b.

Tylakoidni membranyP. hollandica SAG 10.89 (CCAP 1490/1) byly solubilizovany
dodecylmaltosidem a pigment-proteinové komplexylazény centrifugaci v hustotnim
gradientu sacharézy a dale charakterizovany porbmaghemickych, spektroskopickych a

imunodeteknich metod. V podminkach vysoké eadosti s¥étlem (> 200 pumol fotoin
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m? s%) je tvorba Pcb antén potlena. Protein PcbC se vyskytuje dbwe vyssich

oligomernich stavech, nebo je vazan k fotosystérawytv&i prstenec okolo &. Proteiny
PcbA a PcbB jsou s nejt&i prav@épodobnosti jen velmi vofnvazany k fotosystéim a
slouzi jako s¥tlem indukované mobilni antény. Stanovesikarotenu v tylakoidnich
membranachP. hollandica ukazuje na existenci eukaryontniho typu syntéziotieaoidi,

ktery neni pitomen u BZnych sinic.

Autorsky podil

Miroslava Herbstova je prvnim autorem této publégeji podil tvdi 75 %.
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Abstract

3 Carotenoids in energy transfer and quenching
processes in Pcb and Pcb-PS | complexes from
Prochlorothrix hollandica

Submitted:
Durchan M., Herbstova M., Fucimén., Gardian Z., Vacha F. and Polivka Bipphys. J.
(2010)

3.1 Abstract

Chlorophyll (Chl) a/b-binding proteins fromProchlorothrix hollandicaknown as Pcb
antennae were studied by femtosecond transientr@iiso technique to identify energy
transfer rates and pathways in Pcb and Pcb—PS pleses. Carotenoids transfer energy to
Chl with low efficiency of ~25% in Pcb complexesitdrestingly, analysis of transient
absorption spectra identified a pathway from the$icstate of zeaxanthin and/Bfcarotene
as the major energy transfer channel between camioi® and chlorophylls whereas the S
state contributes only marginally to energy transi2ue to energetic reasons, no energy
transfer is possible via the relaxeg Sate of carotenoids. The low overall energy ti@ns
efficiency of carotenoids recognizes chlorophyls the main light-harvesting pigments.
Besides Chla, presence of Chb, which transfers energy to Clal with nearly 100%
efficiency, significantly broadens the spectral ganaccessible for light-harvesting and
improves cross-section of Pcb complexes. The mapbe of carotenoids in Pcb is

photoprotection.

Pieklad abstraktu

Swtloskérné komplexy vazajici jak chlorofy, tak chlorofylb, znamé jako Pcb antény
byly izolovany ze siniceProchlorothrix hollandica Pomoci femtosekundové absémp
spektroskopie byl wthto anténach studovariemos exciténi energie. Bylo zji&ho, ze
energie je fenasena z karotendidna chlorofyly s nizkou dinnosti (~25%). K fenosu
energie dochazi fpdevSim z vysSich vib¢aich hladin prvniho singletniho stavu XS
zeaxantinu, zatimco druhy singletni staw) (Brispiva k genosu energie jen minim&ln
Pfenos energie z vibai hladiny S stavu, ktera jeijp pokojové teplot nejpravépodobrjsi,
neni z energetickych adodi mozny. Chlorofyly slouzi tedy jako hlavni &loskerné
pigmenty, pra¥ s ohledem na malo efektivni karotenoidy. Chlordéyprenasi energii na

chlorofyl a s téngt 100% @&innosti, podstathrozsiuje spektralni oblast vyuzitelnéhoreai
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a zlepSuje i prostorové pokryti anténniho systémou zachyceni fotonu nappii nizkych
intenzitach sstla. Hlavni roli karotenoill v Pcb anténach je fotoprotekce.

Autorsky podil

Miroslava Herbstova je druhym autoreéianku, jeji podil tvei 20 %.
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Abstract

4 Organisation of photosystem | and photosystem Il in
red alga Cyanidium Caldarium: encounter of
cyanobacterial and higher plant concepts

Originally published as:
Gardian Z., Bumba L., Schrofel A., Herbstova M. bRsdova J. and Vacha FBiochim.
Biophys. Actd 767(2007) 725-731

4.1 Abstract

Structure and organisation of Photosystem | anddBlgstem Il isolated from red alga
Cyanidium caldariumwas determined by electron microscopy and singlgige image
analysis. The overall structure of Photosystemdswiound to be similar to that known from
cyanobacteria. The location of additional 20 kDab@®') extrinsic protein that forms part of
the oxygen evolving complex was suggested to hkdrvicinity of cytochrome ¢-550 (PsbV)
and the 12 kDa (PsbU) protein. Photosystem | wésritined as a monomeric unit consisting
of PsaA/B core complex with varying amounts of ange subunits attached. The number of
these subunits was seen to be dependent on thectiglitions used during cell cultivation.
The role of PsaH and PsaG proteins of Photosysianrimerisation and antennae complexes

binding is discussed.

Pieklad abstraktu

Pomoci elektronové mikroskopie byla studovana stmaka organizace fotosystém | a |l
cerveneérasy Cyanidium caldarium Celkova struktura fotosystému Il tétasy se podoba
dimerni struktiée fotosystému Il znAmé u sinic. Bylo z§i8o, Ze protein PsbQ' o molekulové
hmotnosti 20 kDa, jez je s&éisti komplexu vyvijejiciho kyslik se nachazi v kiigti
cytochromu c¢-550 (PsbV) a 12 kDa proteinu PsbUo&ystem | se vSak na rozdil of sinic
vyskytuje v monomernim stavu s prémivym poitem vazanych antén v zavislosti na
swtelnych podminkach pouzityckétem kultivace. V praci je také diskutovana roleteira
PsaH a PsaG fotosystémuii primerizaci a vazé anténnich komplakx

Autorsky podil

Miroslava Herbstova ma na publikaci podil 10 %.
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5 Summary

Life on the Earth ultimately depends on energy \@etifrom the sun. In this regard,
photosynthesiss the only process of biological importance whgréie pure energy of light
is collected and stored by a series of enzymeyzadlreactions. Thylakoid membrane is the
site where a conversion of solar energy into tlexhemical energy takes place. Oxygenic
photosynthesis performed by plants, algae and dauteria is responsible for production of
both molecular oxygen and organic matter on thehEdherefore, photosynthesis establishes
the composition of the biosphere and suppliesfalférms with essential food and fuels.

The process of photosynthesis cannot be understiitbdut a detailed knowledge of the
structure and function of its single components.ygexic photosynthesis relies on
cooperative interaction between two types of sépghotosystems, photosystem | (PS 1) and
photosystem Il (PS II), both consisting of two ftianal parts — core complex and light-
harvesting antenna complex. Photosynthetic energnage process begins with a photon
absorption and energy delivery to the reactionerecdmplex by antenna systems. Although
general structural organization of PS | and PSdns to be similar in even distantly related
organisms, a remarkable diversity of antenna sys&xists among photosynthetic organisms,
reflecting their different evolutionary patternsnt@nna systems represent a powerful tool to
optimize the light-harvesting process and regudattergy input, in adaptation to the various
habitat conditions in which different organismselivHence, light-harvesting antennae are a
subject of considerable importance and practidalast.

In this thesis, biochemical methods were used @sia tool for structural and functional
characterization of antenna complexes, as welb asv/estigate a light-harvesting strategy.

Chapter 1 introduces into the general concepts that proziftundation for understanding
of photosynthesis. These concepts include the hasnciples underlying photosynthetic
energy storage, properties of pigments, and thetifumal roles of various pigments. This
chapter also describes the architecture of phothetjin apparatus, the structure of its
components, as well as mechanisms of electronpgoshend ATP synthesis, occurring in
thylakoid membranes of oxygenic photosynthetic nig/as. A closing part of the chapter
gives an overview of various light-harvesting ami@momplexes in different photosynthetic
organisms.

Chapter 2 describes the results of a biochemical study of &dbnna complexes isolated
from the photosynthetic prokaryotBrochlorothrix hollandica The production of Pcb
proteins is strongly regulated by light intensity. response to unfavorable light-limiting
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conditions PcbhC antenna complexes are expressst] followed by PcbA and PcbB
expression. Under high light conditions producti@inPcb antennae is suppressed. PcbC
protein, identified as a major antenna of lightvesting system ofP. hollandicawas found
either in higher oligomeric states or coupled to IP#®rming antenna ring around PS I. In
contrast to PcbC antennae, we suppose that PcbAPabB antenna proteins, only very
loosely bound to photosystems serve as low lightteed mobile light-harvesting complexes.
Further, the substantial quantitiesoetarotene inP. hollandicathylakoid membranes were
detected, indicating the presence of chloropl&st-tiarotenoid biosynthetic pathway, absent
in other cyanobacteria.

Chapter 3 presents results of femtosecond transient absorgpectroscopy. This method
was used to reveal the role of carotenoids andraplhylls in energy transfer and quenching
processes in PcbC and PcbC—-PS | complexes isofaied an unusual cyanobacterium
Prochlorothrix hollandica The light-harvesting process in these complexeprimarily
provided by Chl and Chlb, whereas carotenoids play rather minor role iemm function.
On the other hand, the presence of carotenoidb@®grotective pigments regulating energy
flow within the PcbC—-PS | supercomplexes was pregos

In chapter 4, the supramolecular organization of the photosydtand photosystem Il of
red algaCyanidium caldariumdetermined by electron microscopy and singleigdartimage
analysis is reported. As a result of a fact thal edgae are derived from primary
endosymbiosis of a cyanobacterium in a eukaryotist,hwe found cyanobacterial type of
photosystem Il in red alg&. caldarium On the contrary, typical monomeric structure of
photosystem | known from higher plants with a loélLHC | bound along one side of the PS
| complex, was revealed. The amount of attachednawat subunits varied depending on the
light conditions used during cell cultivation. Send®saH subunit is missing in both
cyanobacteria and red algae (Schedleral. 2001), and as well only PS | monomers were
observed irC. caldarium we suggest that the trimerization, which is uri cyanobacteria
is not caused by a simple absence of PsaH sulagnitwas suggested previously (Ben-Shem
et al. 2003). We also assume that presence of PsaG subumit essential for binding of
LHC | subunits, because we were able to see otemrows of LHC | antenna complexes

attached to the PS | of red algacaldarium where PsaG subunit is absent.
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