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0.0PROLOG

Cyanobacteria arafascinating and versatile group of bacteria of immense biological
importance. In earth history cyanobacteais nitrogen and carbdixing organisms have
specialpositonandt hey pl ay a significantabonoycles i n E.
Cyarobactera are able to performitrogen and carbon fixation, which anéien competing
metabolic processes in the same cell. Moreover, #meestorsare the first oxygesmvolving
organisms which were responsible fothe oxygen in the atmosphemue to their
photsynthetic activity, which was invented 2.8 billion years agByanobacteria even
nowadays contribute up to 30% of the yearlygen production oiarth

Carotenoids are ubiquitous compoundisying a role in a rangef specialprocesses
Thus,they areregarded as essential compounds for life mainly dueo various roles in
photosynthesisDuring the last couple of yearterest inthese pigmentgetinto the focus of
plant biology Recenly, various gene involved in carotenoid biosyntises of sever
bacterial organismbave beernndentified which offers new opportunities fothe genetic
engineering of carotenoi/nthesisn vivo.

Complete genome sequences #metransformability ofseveralkcyanobacterial strains
allow us to generatevarious mutaris and study the importance of carotenoids in
photosynthetic processed/e aimed togeneratea carotenoid deficient mutant inraer to

understand the structural and functional roles of carotenoids in photosynthesis.



1.0INTRODUCTION

1.1 Photosynthesis

Photosynthesis is a process by which the energy of sunlight is conveotetiemical
energyin higher plants, algae and cyanobactdpiaotosystem II (PSIl), photosystem | (PSI),
cytocdhromebgf, (Cyt bef), and ATRsynthase are the four major fem complexeembedded
in the thylakoid membraneBoth PSI and PSII reactionmers(RCs) whichcarry out light
driven electron transfeare surrounded by lightarvesting antenna systems, which consist of
proteinpigment complexeBoth photosystemare capled functionally bya plastoquinone

pool, theCyt bgf complex, and plastocyanin or cytochroog€Fig. 1).
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Figure 1: Major photosynthetic complexes of thylakoid membranef cyanobacteria
Major complexes(Photosystem [l cytochrome bef, photosysem | and ATPsynthasg and
light driven electron transferhain acrosshe membraneThe figure was dapted fromDr.
Donald A. Bryani{1994)and modified byDr. LaszIl6 Kovacs.



1.1.1Light Harvesting Antenna System

Photosynthetic organisms have additional periphdigiht harvesting antenna
complexes containg differentpigments, which are specifically associated with proteires
unique structure of photosynthetic apparatus in order to overcome the light limited conditions
by extending the spectral range of absorbanbelarge protein antenna complexashigher
plantscontainchlorophyll a (Chl a), chlorophyll b and xanthphyll pigments. Some marine
organisms, such as diatoms and braaigeeutilize xanthophylls, Chh, andchlorophyllc
within a single light harvesting antenna complex. Red algae and cyanobacteria have
phycobilisomesAlthoughthe variougperipheral lightharvesting antennatdiffer significantly
among the photosynthetic organisms, their common furgtiogto absorb light energy and
to control dissipation of excess exibn energy under light stress, and to regulate energy
flow between the two photosystem

In cyanobacteria, there are specific light harvesting antenna complexes
phycobiisomes(PBSs), which consist of phycobiliproteingFig. 1) In the cyanobacterium
Synechocystissp. PCC 6803 (hereafter Synechocystjs there are two blupigmented
phycobliproteins phycocyanin (Absax 620 nm) and allophycocyanin (Ahsx 650 nm).
Some cyanobacteria also have phycoerythrin, gpigahented phycobiliprotein (Ahgx 560
nm). The PBS contain core and rod substtures.Phycoerythrinand phycocyanifiorm the
rods, which efficiently absorb and transfer excitation energy to the PBS core, conisist
predominantly of allophyacyanin (Liu et al. 2005) The PBScore also contains terminal
emitters(Absnax 683 nm) which tunnel light energy fromthe PBSs to the RCs. The exact
interaction between the PBS and thteotosystemss still under debate. It is known that a
PBS can also be decoupled from tRéotosystemsleading to longived excitation
(Bittersmann and Vermaas 1991BS excitation energy distniion between the two
photosystemss regulatedin order tooptimize photosynthetic performand@ullineaux
2008) PBSsare also subject to carotetreggereddissipation of absorbed engrgs heat
The phenomenon is known asonphotochemical quenchingNPQ) in cyanobacteria
(Rakhimberdieva et al. 2010)



1.1.2Major photosyntheticcomplexesn thylakoid membrane

1.1.2.1Photosystem Il

The PSlicomplexhas beeronserved among cyanobacteglgae and highgplants.
The Xray crystallographic structure ofthe monomeric PSII  complex from
ThermosynechocouselongatuqT. elongatu$ consists ofL7 intrinsic and 3 extrinsic protein
subunits, 35 Ché, 11 b-carotene2 haem,and one norhaem ironmolecules two calcium
ions, at least 25 iegral lipids, X2 chloride ion(s), 3 plastoquinonesd CaMn, cluster
(Ferreira et al. 2004, Loll et al. 2005, Guskov et al. 2009, Guskov et al..2010)

The membrane intrinsic part of monomeric P&lhsists of theore complex protein
subunits D1 and D2, eachcomiai ng 5 t r a-haicesewhibhrbmdhd, phBophytin
and plastoquinone efactors (Rappaport and Diner 20Q8n addition, there are intrinsic
antenna proteirsubunitsCP 47 and CP4 3, each c ohelices,iwhichng 6 t
bind 26 Chl a and9 b-carotenemoleculegLoll et al. 2005) Thesefour large protein subunits
are surrounded by 13 lownass small protein subunitson the periphery of the PSII.
Cytochromeb-559 (Cyt b-559) consistsof two trarsme mb r aheliees BsbE and PsbF
represents two of those small protein sutsuryt b-559 is able to accumulate in the
membrane in the absence of D1 and(R@menda et al. 2004}t seems to act as a nucleation
factor to initiate PSII assemblythe formaton of the first Cyt b-559-D2 subcompleXFig. 2)
(Komenda et al. 2004, Komenda et al. 2008jter the integration ofD1 and Psbl,
(Dobakova et al. 2007anintermediate PSIl compleRCais formed(Fig. 2) (Komenda et
al. 2008) In the absence of CP47, CP43 isable b attach stably to theubcomplex
(Komenda et al. 2008)although in the absence of CP43, CP47 is able to attach to the
stbcomplex and formshe next intermediate PSIl oaplex, RC47 (Fig 2) (Komenda et al.
2004) RCA47 is unable to oxidize water but is still able to drive oxidation of radtxe
tyrosine, TyrZ, in D1.The subsequenattachment of CP43 allowthe formation of
monomeric PSlcomplex(RCC(1)) (Fig. 2) which is the srting pointfor the light-driven
assembly of the CaMrclustertogether withthe attachment of the extringicoteinsubunits
PsbO, PsbV and PsbUhey are located at the lumenal side of the comptex assembly
and contribute to the stability of tli@&aMn, cluster (Fig 2) (Roose et al. 2007, Enami et al.
2008) Finally two monomeric PSIl complexes formrdimeric PSIl canplex (RCC(2)) (Fig.

2). Both monomericand dimeric PSII complexescan be formedn whole cells and isolated



thylakoid membranes ddynechocystiand T. elongatuswith dimeric formbeing the more

active form(Nowaczyk et al. 2006)

el  D2optbsse Meealll  Tllson,
a I‘V;“flmg;"l.ii‘i
(' LI EL L \\ 1
i 1 ’ * RCa o RCC2
|EE!‘.D, mg'Fm! |‘| CP47H SCP:;!i ‘j!ifxcpm D1 D2 EFCP47H HCP47EF D2 D1 | CP43K l
i) 1 w ; N Q)
A rrreall tereee / G /
i ElpDY KEEEE 7 A ¥
P T it RC47 P
it i ) e i
Lty -I;—»*m oeescmnljﬂ RCCA
) pD1-Psbl
s fiit K CP43) D1 D2 EF CPa7H !
0)(V)
hhttikePaa [ i) (QC
‘,l'.“.v |,“ I.l o« < »
© © ©

Figure 2: Assembly of PSII complex inSynechocystis

The smallprotein subunits PsbE, PsbF, PsbH, Psbhl and PsbK thadxtrinsic protein
subunits PsbO, PsbU and PsbV aragiated by the upper case lett@ytochromeb-559

(cyt b-559) is composed oé heterodimer of PsbE and PsbF. Types of PSIl complexes; RCa
intermediate PSIlI complesontaining either mature D1, intermedi@& (iD1), or precursor

D1 (pD1) but lacking CP43 and CP47; RCAmermediatePSII complex lacking CP43;
RCC(1), monomeric PSIl complex; RGR), dimeric PSIl complexFor clarity, assembly of
the cofactors and many of the small protein subunits is nhtded. The figure was dapted
from Nixon et al.(2010)

During biogenesis of PSII, D1, which is synthesized in most organisms as a precursor
protein pD1, with a Gterminal extensionl16 amino acid extension), must be cleaved to
allow the assembly o functional CaMnq cluster. During @erminal extension processing,
the intermediate of D1, designated iD1 can be found (8 amino acid exteljgKimmgnda et
al. 2007) The iD1 isfound mainly in PSIl complegsin vivo (Komenda et al. 2004)C-
terminal extension is not required for assemblythaf oxygenrevolving complex (OEC) of
PSII (Satoh and Yamamoto 2007However, mutants either lacking the extension or
containing modified CGterminal extension are in generahuch more susceptible to
photoinhibition(lvleva et al. 2000Kuvikova et al. 2005)



Figure 3: Electron transport chain in PSII RC

Major participants:P68Q (dark green)pheophytin,(light green; Qa, Qs, and @ (grey);
CaMn, cluster (yellow) and tyrosine Z (red).The figure was createtdy the software
Discovey Studio Visualizer (DSV)  Http:/laccelrys.com/products/discovery
studio/visualizatiopand the PDB file 3BZ{Guskov et al. 2009)

Light energy captured birelight harvesting antenna complexes is transferred to PSII
RC. In the RC, lighinduced charge separation takes pleaeling to the oxidation of P680
(P680), which is a heterodimée Chl a pair. The electron released from excited P680
(P680*) travels along the redeactive cofactors of the electron transfer chain. Pheophytin is
the first electron acceptor. Then two ptagiinonemoleculesQa and @ receive electrons
from pheophytinThe tightly bound @ acts as electron transmitter and the mobiesthe
substrate of the quinone reductase part of PSII con{pigx 3). An additional plastoquinone
molecule (@) with unresolved function has been located next to tgebiQding site.After
two charge separation events, the doubly reduced@@?®) binds two protons from the
stroma side of the membrane yielding a fully reduced plastohydroquinone;.PQH

P680 has an exceptimlly strong oxidizing power and is able to abstract electrons
via redox active tyrosine Z from the OEC, a heteronuclear Gadster located at the
lumenal side of PSI[(Fig. 3) After the accumulation of foupositive chargeswater is

oxidized to molealar oxygen.The oxidation of two water molecul@s PSIl results in the
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release ofour protons in the lumenThis contribuesto the formation of the electrochemical

gradient that drives ATP synthesis.

1.1.2.2Cytochrome bef

The Cytbsf complex, whichis another large membraf@undprotein canplex, lies
between PSII and PSbmplexesn the thylakoid membrane. In general the native ditner
form consist of eighproteinsubunits and several cofactdegatedto the proteingKurisu et
al. 2003) Four of these are considered the Igpgateinsubunits and includ€yt f, the Rieske
iron-sulfur protein, Cyt b and subunit 1V.

Electrms aretransferred through mobile plastoquingi®QH,) molecules fronPSl|
to the Cyt bgf complex.Cyt bsf donates the electrorie one of the lumenal electron carrie
proteirs, plasbcyanin (or in some cases t€yt cs), which carries the electrorio PSI.
Further,the reoxidation otwo PQH, by Cyt bef also results in the release of an additional
four protons in the lumenthereby contributing to the formation of tleectrochemical

gradient that drives ATP synthesis.

1.1.2.3Photosystem |

X-ray crystal structure dahe monomericPSIcomplexfrom T. elongatis exhibits 12
protein subunitswhich are bound to127 cofactorsperforming light capturing and electron
transer (Jordan et al.2001, Fromme et al. 2001, Grotjohann and Fromme 2005, El
Mohsnawy et al. 2010)These cofactors include 96 Cll and 22 carotenoidstwo
phylloquinonesthreeiron-sulfur cluster andiour lipid molecules.The central part of the core
complex is formed byhe heterodimer of the two largeotein subunits PsaA and PsaB,
comprising 22 transmembrane helices, located in the center ofai@mericPSIcomplex.
They coordinatemost of theChl a, carotenoidsand the redox cofactors of electron transport
(Amunts and Nelson 2009) PSI «ists in vivo in monomericand trimeric forms. The
trimenic PSlis the most abundarih the thylakoid membrane of. elongats and the
formation of trimeric form is essential for the growth of the cells at low light intensity
(Grotjohann and Fromme 2005)rimenc PSI form also plays an important role in the
assembly and structural integrity of P&rotjohann and Fromme 20059nteraction of
antennaChl a of the monomeric forms within the trimeric formleads to a larger amount of
long-wavelengthChl a, resulting in a higher photochemical activity thie trimeric form

under red or fared illumination. The dynamic equilibrium between monamand trimeic
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forms in the thylakoid membrane may indicate a transient mononp&pulation in the
course of biogenesis and could also be the basis for-telnortadaptation of the cell to
charging environmental condition&l-Mohsnawy et al. 2010)

PSI catalyzes thieght driven electron transfer from plastocyanin, which is located on
the lumenal side of the thylakordembraneto ferredoxin which islocatedon the stromal
side of the membrane. In some cyanobacteria and green algaegs @gn replace
plastocynin asan electron donor to PSExcitation energy capturdaly antenna pigments is
funneled toP700,a heterodimer of Chh pairin PSI RCwherethe charge separation takes
place The electron is transferrddom P700 stepwiséo A andAo (Chl a moleculss), A; (a
phyllogunone molecule) and from there subsequeatithe ironsulfur clusters, FX, FA and
FB. The latter mediates electron transfer to ferredoximch act as soluble electron carrier.
Ferredoxin transfers the electron to tFerredoxinNADP*-reductas enzyme(FNR), which
thenfinally reduces NADPto NADPH (Fig. 4). To complete the cycle, P708 rereduced.

NADP~

Ferrodoxin FNR
NADPH

Figure 4: Electron transport chainin PSI RC.

Major participants: P7Q@rey; A and A, red and green, respectively;, pale greenFX, FA
and FB(magenta The figure was createdby the software DSV anthe PDB file 1JBO
(Jordan et al. 2001)
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1.2 Carotenoids

Carotenoids represethe most fascinating, abundant and widely distributed classes of
natural pigments. From photosynthetic organisms to anoxygenic bacteria through
cyanobacteria,lgae and higher plan{grank and Cogdell 1996as well as numerous non
photosynthetic bacteria and fun@oodwin 1980)roduce carotenoid pigments. Until now,
more than 700 naturalgccurring carotenoid pigments have been identi{igdtton et al.
2004)

1.2.1Chemical structure and some faysiologicalproperties of carotenoids

Their structures are consistent with the assumption thatatteegroducedby joining
togetherisoprene units, usually in a "head to tail" fashion. Isoprene is the common name for
2-methyl1,3-butadiene. Most naturally occurrimgrotenoidpigments are tetraterpens (eight
isoprene unitsjFig. 5). A very important property of carotenoids, both frepectroscopic
and structural points of view, is the presence of double bonds in conjugyatedn which
formsthe chromophore responsible the molecule colorA conjugated double bond system
of a polyene longer thamneis responsible for the pigmeptoperties of carotenoid&ig. 5)
(Gruszecki and Strzalka 2009)he conugated double bond system constitutes a rigid; rod
like skeleton of carotenoid molecules. This feature seems to play a key role in the

stabilization function of carotenoids, both with respecliped membranes and proteins.
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f-carotene

OH

zeaxanthin

lutein

all-frans violaxanthin

9-cis violaxanthin

Figure 5: Chemical formulas ofserial carotenoid pigments

All-trans b-carotenezeaxanthinlutein, violaxanthinand9-cis- violaxanthin

Carotenoids are classified in two subgroups, carotenes and xanthophylls. Carotenes are pure
hydrocarbonswith cyclic ionone rings at one or at two sidescarotene which is responsible
for the orange color in plants and animals is the most known carotenes)Fig several
cases,the cyclic ionone ringsat one or atboth sides are complementedwith oxygen
functional groups such as hydroxy, keto or epdgkig. 5). These oxygenated carotene
derivatives are called xargphylls. Since carotenes are hydrocarbevithout any polar
group they are fatsoluble and extremely hydrophobic, rpolar moleculesin contrastto
xanthophylls which containpolar groups carotenes are hardlgoluble in water. Thus
carotenesare expected to besstricted to hydrophobic region in the cell, sughthe inner
core of membranes, excejpt association witha protein, which allows them to accesse
agueous phas®bviously, polar functional groups alter the polarity of carotenoids and affect
their interactions with other ofecules(Britton 1995a)

In general carotenoids may exist as difentstereoscopiesomers. Each double bond
can exist intrans- or cis- corfiguration(Goodwin 1980)In nature carotenoids exist primaril
in the thermodynamically more stable -ttins configuration rather than in cis-
configuration. It has been wedocumented that polar carotenoids, in the-tralhs-

configurtion, are linear, rigid molecules and they are effective modulators of idéyflaf
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natural and modelipid membranes(Gruszecki and Strzalka 2005Yhe cis-isomers,
however, are not simple linear molecules. Their overall shape differs substantially from that
of the alttrans form, so their ability to fit into subcellular structures is greatly altefée
tendency otis-isomers to crstallize or aggrgate is usually much less; therefaisisomers

may be more readily solubilized, absorbed, and transported than tkesmallcounterparts
(Widomska et al. 2009Minor cis-isomers can be regarded as products of chemical, thermal

and photo isomeraion (Molnar and Szabolcs 1993, Masamoto et al. 2004)

1.2.2 Functional roles of @rotenoids in photosynthesis

1.2.21 Light harvesting

In photosynthesis, carotenoids act as accessmgnna pigments by absorbing light
enggy in the bluegreenregionof the solar spectrurtapproximatelybetween400-550 nm).
Absorption of UV radiation by a carotenoid molecule excites it from a vibrational level in the
electronic ground statéSy) to vibrational levels in the excitedsinglet state (*Car*) (all
electrons in the molecule are sypaired),(1). Classically,carotenoid photophysics has been
interpreted in terms of two lodying excited singlet statealled $ and S (Frank and
Cogdell 1996) Due tothe selection rules, the one photon alloviehsition from the ground
state goes to,SThen $ internallyis convertedo S by dissipatinghe excesgnergy as heat
(Kandori et al. 1994)Thenthe decayfrom S to Sy occurs Carotenoigd candonate energy
from their both lowest singlet excitedtates S; and $ to theneighboringChl and excite it to
the level of the singlet excited statiChl*), theso calledsingletsinglet energy transfe¢p).
The overall efficiency otthis energy transfer varies from organism to organi§imglet
singletenergy tansferwhich depend on the antenna complex involved,either from S to
the Chl Qy singletexcited state or frons; to the Chl Qy singletexcitedstate(Ritz et al.
2000) in some compbees,both pathways are actiyMacpherson et al. 2001)

Carotenoig orient nearbyChl in precise configurations that are designed for optimal
singlet energy capture and efficient migration of excitation energy with miremalgy
losses(van Amerongen and van Grondelle 200The Chl subsequentlyransfes the
excitation energy to the RC where it is used to indutearge separatiof3).

The above mechanisms involved in ligigrvesting are briefly showas follows
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Caroenoid-+hwY ‘Carotenoid* (1)

Singlet singletenergy transfer:

Ccarotenoid¥ ‘Chl* 2)
Then,

chi*Y 'P68G Y P 6/BH@o (3)
1.2.2.2 Photoprotection

Under excess light conditiomsmrotenoids quench singlet excited state (Etarton et
al. 1996) The effect of excess light on a photosynitherganism can be extremely harmful.
In fact, the absorption of excess light required for maximum fB@tion will lead to the
formation ofarather long lifetimeriplet excited state CHFChI*) (one set of electron spins is
unpaired)1) which canreact with molecular oxygeandcanproduceexcitedsinglet oxygen
(*0,*) (5), a very reactiveoxygen species(ROS) formed mainly in PSIl RC(Knox and
Dodge 1985) The photoaidative damagenay result inoxidation of lipids(Havaux et al.
1996) proteinsand pigments(Formaggio et al. 2001yvhich canlead to photoinhibition of
the photosynthetienachineryandto photobleachingAt this point,carotenoids can act in two
ways either by quenchingthe triplet excitedstate ofChl (2) (Schodel et al. 199%r by
directly scaveging the singlet excited state oxygewhich can indice interaction ofriplet
excited state of Chl with molecular oxygé), (Farmilo aad Wilkinson 1973)This capacity
relies on the photoprotection property of the carotenoid triplet st@sdtenoid*) whose
energy is suftiently low to effectively quench triplet state Chl and singlet state oxygen
(Polivka and Sundstrom 2004)

In PSIIRC, b-carotens arenot inclose contact witP68Q hence they cannot quench
triplet excited statef P680(*P680% by triplettriplet transfer instead scavenge #irglet
excited state oxygemvhich is formed bythe interaction of thériplet excited state foP680
with molecular oxygenln both cases triplet excited carotersxgte formedand then relax to

their ground state by heat dissipati@f). For an efficient triplet-triplet transfer between Chl
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and carotenoid both molecules must be positioned in clastctwith each othefCogdell
and Frank 1987Wwhichis maintained by the proteingia coordinaing pigments
The abovementioned mechanisms involved in carotenoid protection are briefly

summarizedas follows
Chl+hvy *Chi* Y Ch* (1)

Triplet-triplet energy transfer:

Chl*+Carotenoidd Chl+ *Carotenoid (2)
Or,

'0,* +Carotenoidf *Carotenoid (3)
Then,

3Carotenoid¥ Carotenoid +eaty photoprotection 4)
Otherwise,

3chi*+ O, Y 'O, + Chl photoinhibition (5)

1.2.23 Membrane structure organization

Several recenstudiesindicate that protection of biomembranes against oxidative
damage can be alsenderedvia modification of the physical properties of the lipid phase of
the membraneslhe hydrophobic core obiomembranes composed of polyunsaturated fatty
acids is a potential target &0S which may directly lead to nmebrane degradationThe
protection againdROSis one of the main biological fations of carotenoidsA direct effect
of caroenoidpigmentsparticularlyon structural and dynamic propert&dipid membraneas
a significantdecreasén the lipid-membrane suspability to oxidative degradatiofCogdell
and Frank 1987, Gruszecki and Strzalka 2008 effect of carotenoids on the modulation
of physical properties ofipid membranes ishe result of thecarotenoidipid interactions
therefore highlydepends on the physiological properties of the lipids composing the
membrane and embedded carotenoids. The presence of hydroxyl groups which are anchored

at the opposite sides of lipid bilayers in the carotenoid molecule seems to significantly affect
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the membrane propertidsy modulating membrane fluidity arfdrming penetration barrier of

small molecules, includingxygen(Berglund et al. 1999)

1.3Model Organism: Cyanobacterium Synechocystisp. PCC 6803

Cyanobacteriaare remarkably resistant organisms that inhabited almdist a
environmentswhere light is available, ranging frorfreshwater, marine and terrestrial
environments t@xtreme environments such as hot sprjmigsertsand Antarctica.

They are regarded as the origin of plant chloroplasts originated by endosyrdbmsis
to their ability to perform the oxygeevolving photgynthesis, a characteristic of
photosynthetic eukaryote€yanobacteriavere formerly named as bkggeen algae based on
the provisions of the Botanical Code, but they are in fact prokaryotes, lacking internal
organelles, and having cell w@Rippka et al. 1979)

Cyanobacteria are amenable to genetic manipulation. Some strains ardlynatura
transformable. The transformability of cyanobacteria is determinant in the development of the
molecular biology of these organisms. Genomes of the most popular cyanobacteria have been
analyzed extensively and complete genome sequencing data for vsiiains are now
avalable Their unique photosynthetic abilities combined with their usefulnass
experimental modabrganismshave made cyanobacteria popypaotosyntheticsubjects for
genetic and physiological studies

Synechocystis one of the modtighly studiedcyanobacteriavhich can growbothin
photaautotrophicand heterotroplt conditionsin the absence of light. Complete genomic
sequences have been obtained for $§aechocystiby Dr. Satoshi Tabata and coworkers
(Nakamura et al1996). It is transformable at high efficiency and integrates DNA by
homologous double recombinatidorhe photosynthetiapparatus is very similar to that found
in higher plants.

1.4 Biosynthetic pathway of carotenoids inSynechocystis

Farnesyl pyrophosphate {§ (FPP) is synthesized from three isopentenyl
pyrophosphates (IPP®y IPPisomerase. Then one IPPs{Soprenoid units) is added to
farnesyl pyrophosphate by geranylgeranyl pyrophate synthase C{tE) to yield
geranylgeranyl pyrophosphate »(C (GGPP). During a condensation of the two £
compounds, the first carotene of-&S-phytoene (Go) is formed by phytoene synthase

(CrtB). Geranylgeranyl pyrophosphate syntha@ertE) and plytoene synthase C§tB)
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(MartinezFerez et al. 1994) are the first enzymes of carotenoid biosyntheisis
Synechocystis(Fig. 6). Thesubsequent C onver scarotene requiresp hyt o
desaturases andyclases stepsPhytoene desaturag€rtP), (MartinezFerez and Vioque
1992) converts 1Ecis-phytoene to cis<-carotenesvia 15cis-phytofluene ¢-carotene
desaturas€CrtQ), (Bautista et al. 2005aonverts all-trans-¢-carotenego cis-lycopene via
cis-neurosporeneg(Fig. 6). Cis-to-trans carotene isomerase (CrtH) or ligiMasamoto et al.
2001)convertscis-carotenes tall-translycopene(Fig. 6).

All transl ycopenes atrce r oy eloaeeaed hate @re fivo possible
branching points in the synthesis fefcarotene and its derivatives, and myxoxanthophyll.
One is at lycopene, where two lycopene cyclases may be present: lyGepgriase, which
produces b-carotene, and lycopene monocyda which produces onlyp-carotene for
myxoxanthophyll. The other possible branching point is-aarotene: lycopene cyclase
produced-carotene via-carotene, which is also used for myxoxanthophyll synthesis. In any
case, the branching points are atfiiknown(Takaichi and Mochimaru 200.7®-carotene is
further modifi ed Dboarotend letolasa (Cy@permandez Gonkaleaet b
al. 1997)a n dcarbtene hydroxylase (CrtRlagarde and Vermaas 199@rtO catalyze®-
carotene to echinenon@ernandez Gonzalez et al. 1990rtR catalyzesb-carotene to
zeaxanthin vid-cryptoxanthin, and echinenone tén@droxyechinenone and deoxymyxal 2
dimethyHucoside to myxoxanthophy(Masamoto et al. 1998, Lagarde and Vermaas 1999,
Takaichi et al. 2001)
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Figure 6: The pathway of @rotenoid biosynthesis inSynechocystis

General carotenoid biosynthesis pathway together with accumulated gmodducts: b-
carotene, zeaxanthin, echinenpne 3 6 hy d o x yaand myxoxantnaphykkBlue line
indicates the inactivation @itB gene On the right sideA putative @arotenogeasispathway
from 15cis-phytoeneo all-translycopeneRed line indicates the inactivation@tH gene.
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1.5 Localization of carotenoids in photosynthetic complexes

151Loc al i z acarotemenmoteduleshipphotosystemll

Twelve carotenoids were found in monomeric PSII compleX .oélongateshy X-
ray crystallographic analys{&uskov et al. 2009\l carotenoid molecules were identified as
b-carotene in aiftrans-corfiguration (Loll et al. 2005, Guskov et al. 2009Recently,the
absorption spectroscopy of redissolved crystals confirmeotdarotenemolecules(Guskov
et al. 2010) the missingone b-carotenein the structure of the monomeric PSII is located
actually at the monomanonomer interface idimeric PSIl and therefore may detach due to
its exposed localization in the monom@uskov et al. 2010)The best characterized-
carotenanoleculeis in the monomeric PSWhichis closeD2 andCyt b-559 (Guskov et al.
2010) The almost identical structure of monomeric and dimeric PSlkis i@flected by the
location of the tetrapyrrole cofactors and the-heme iron. In agement with this finding,
the presence of l1b-caroteneat positions expected from dimeric PSlbuld also be
confirmedin monomeric form(Guskov et al. 2010)As five of all b-carotenemoleculesin
the dimericPSIl are located at the monorrraonomer interface it is remarkable that only one
of these five molecules is missing in te@nomeric form(Fig. 7). Thisb-carotenas found in

a bridging position across the monorneonomer interfacérig. 7),(Guskov et al. 2010)

Figure 7: Stromal side view of b-carotene moleculelocalization on the monomer
monomer interface

Red fameemphasize$ b-carotene moleculefrangé locatedon the monomemonomer
interface.The figure was createbly the software DSV and the PDB files 3BZ1 and 3BZ2
(Guskov et al. 2009)
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Only two b-carotens are structurally related to tH2l and D2protein subunitsfive
are associated wit€@P47 and four withCP43 (Fig. 8). Most of theb-carotenemolecules
associated with CP47 are clusteedhe monomemonomer interface between CP47ooie
monaner and D1 and PsbT of the other monomer. A nurobércarotenemolecules at the
outside of thedimeric PSIl core complexis nestledbetweentransmembrane heliced the
large and small membranetrinsic protein subunits,so that PsbF, PsbH, PsbXbR and
PsbZ are apparentigvolved in carotenoid bindin@-ig. 8)(Muh et al. 2008)

Three Chla in CP47and two Chla in CP43are in close contaavith carotenoids
Thus,an efficient quenching aéxcitedtriplet stats becomepossible(Muh et al. 2008)Five
carotenoid molecules are in close contaith each other and are possibly coupled for fast

electron and/or exciton transfer (Guskov 2009).

Figure 8: Stromal side view of b-carotene and membrane-intrinsic protein subunits
localization in the monomeric PSIl complex

Orange -cérotenered D1; navy, D2; light green CP47; dark green, CP48rple PsbH
light blug PsbFE magenta, PsbErange, PsbTdark red PsbJplack, PsbKdarkblue, PsbZ
violet, Psbl; grey, PsbMrhe figure was creatduly the software DSV and the PDB file 3BZ1
(Guskor et al. 2009)



1.5.2 Localization of a b-carotenemoleculein cytochrome bgf

The crystalographic structure of theCyt bgf complex from the filamentous
cyanobactetm Mastigocladus laminosus, Nostsp. PCC 712@xhibited stachiometrically
bound Chl a a n dcarbtene at a ratio of approximately one molecule of eaclCypef
(Baniulis et al. 2009)A 9-cis-b-carotene moleculehich isin agreement with Raman spectra
resultsis inserted near the center of the transmembrane region between then8&RetM
helices in contact with thé?eB, PeE, and PetG helice¥urisu et al. 2003) It is oriented
obliquely to the membrane plane and &bhlt is too far from Chh for effective quenching of
theexcited triplet stat€hl a (Cramer et al. 2006)

153L oc al i z acarotemermoteculeshirphotosysteml

Twenty two carotenoiddhave been identified in the structurenobnomericPSI from
T. elongatugJordan et al. 2001, Fromme et al. 2001, Grotjohann and Fromme (E@3)).
Theywere modelled ab-carotengJordan et al. 200dyhich has beermpreviously shown as
the dominant carotenoid PSI(Palsson et al. 1998peventeen carotenoid molecules showed
the alttrans configuretion, 2 are &cis, and 3 ont ai n  0-0ie9 , o0 fIs3&w 13cH 0
bonds. -iitlisepacdé gD consideration woul d be t he
incorporation of thecis-carotenoids. Other options may include the possibilities that there
may be a different efficrey for quenching for thecis- and trans-carotenoids, due to the
higher energy level for theis- compared to th&rans carotenoidgGrotjohann and Fromme
2005)

According to crystallographic structure ofF. elongatus (Jordan et al. 2001,
Grotjohann and Fromme 200S)x carotenoid clusters are present in PSI. Fowio€lusters
are associated with PsaA and PsaB, and cortage three two and two carotenoids,
respectively. Clustefive containssix camtenoid molecules and interacts with PsaA, PsaB,
PsaF and PsaJ and is located peripherally, on the outside of the complex.SiX{ustetains
alsosix carotenoids and is near a trimeric axis and participates in hydrophobic contacts wit
PsaA, PsaB, Psal, PsalL and PsaM.
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Figure 9:L u me n a | S i d e-caxotere wolezdles lbdalizatidm in the monomeric

PSI complex

Orange -cérotene; red, PsaA; blue, PsaB; light blue, PsalL; magenta, Psal, yellow, PsaM and
dark green, chlaphyll a pigments.The figure was creately the softwareDSV and the

PDB file 1JB0O(Jordan et al. 2001)

The majority of the carotenoids are deeply inserted into the hydrophobic region of
membrane, andnly a few of the head groups located closer to the stromal or luminalrside
PSl, all carotenoids are in direct vicinity to Clalhead groupsindthey arein van der Waals
contactswith them More than60 of the96 Chl a are in close contactwith caroteoids,

thereby facilitating efficientriplet quenching and energy transEromme et al. 2001)

1.6 Phosphatidylglycerol in photosynthesis

. Lipid-protein and lipidpigment interactions play an important role in the regulation
of pigmentprotein complexes embedded in thylakoid memér@aruszecki and Strzalka
2005) Thylakoid membrane of cyanobacteria possssa characteristic membrane lipid
composition that consists of glycolipids and phospholipid. In cyanobacteria and in the
thylakoid membrane of higher plants, phosphatidylglycerol (PG) is the only phospholipid.
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The recent Xray crystallographic structuref T. elongatusshowed that there are PG
molecules in PSII complex localized between CP43 an@@&kov et al. 2009s well as in
PSI(Jordan et al. 2001)

1.7 Earlier studieson carotenoid mutantsin cyanobacteria

The major carotenoids ifsynechocystisa r ecardiene; its hydroxyl derivative,
zeaxanthi n; its keto derivative, echinenone
glycoside, myxoxanthophy(Britton et al. 2004, Takaichi and Mochimaru 20QFig. 6). In
t h ertOgmutant, absence @chinenonaffectedphotosynthetic electron transpéotonly a
small extent(Fernandez Gonzalez et al. 199If).contrast,grrtR lacking both zeaxanthin
synthesis and myxoxanthophyll accumulati@sulted in strongphotoinhbition of overall
photosynthetic electron transpas well as thePSlIl activity under high light treatment
(Schéafer et al. 2005 However,qertR showed thathese twomissing carotenoid are not
required for the assembly of RCSteiger et al. 1999)n the double mutargertRO (Schafer
et al. 2005)the effect was additiveThe oxygerevolving activity and maximum quantum
yield of PSII dramatically dropped under hitipht treatment. Moreover, the remaim g b
carotene and modified myxoxanthophyll a able to protecthe photosynthetic machinery
grrtH, cis to transisomerase mutan{Masamoto et al. 2001)under lightactivated
heterotrophic growth (LAHG) condition@lescribed in materials and methqdgjoduced
primarily cis-lycopenes and small amounts of-tains carotenes, whiclare intermediate
carotenes for afirans lycopene synthesis, but no xanthophylls. Under light conditions,
however, this mutant produceall carotenoidswhich are typical forwild-type strain
(Masamoto et al. 2001yxrtH ¢ a n a ¢ ¢ tcanatedneaunder light conditions. However,
the mutant cells grown under LAHG condition did not contigtectable levels of eithér
carotene or D1 protein subumibhd there were noxygenevolving activity of PSllobserved.
b-carotene and D1 protein subunit appeared and a high level of PSIl asihgtyetected
after the cells were transferred to contiasidight condition. The PSI activity afcrtH cells
were almost the same as those of WT cells, both before and after transfer to continuous light.
These results suggest thiatarotene is required for the assembly of PSII but not for that of
PSI (Masamoto et al. 2004 Moreover, genetic manipulatioof the carotenoidsynthesis
suggested that PSIl assembly requires thsepee of a carotenoidiwt h  a't east
ionylidene ring, which may play a structural role in early stages of assé€Buulyista et al.
2005b)
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Cyanobacteriaare well protected against stressediated photooxidationThey
possessa wellbalanced antioxidative system tmpe with photoinhibitionDue to their
antioxidative properties, carotenoids are essential for the protection of the photosynthetic
apparatus against different stresmditions The substitutions of thé-carotene molecule
determine antioxidative propertie@Britton 1995a) In general, hydroxy carotenoids
efficiently scavengeperoxy radicals(Woodall et al. 1997bWwhereas keto derivatives are
more efficient in genching of reactive singlet oxygéwWwoodall et al. 1997aand possess
efficient stability against peroxy radicals and photooxidati@teiger et al. 1999)In
Synechocystjsgenetically modified cellgontaining overexpressed zeaxanthin were more
efficient in photoprotectiothan the WT(Schafer et al. 20055imilar results obtainean
SynechococcuBCC 7942also support the efficier#intioxidant activity of zeaxanthin, since
UV-B stress increased the level of zeaxan{intz et al. 1999)Under highlight treatment
of T. elongatusthe level of zaxanthin was the highest and level of myxol glycoside greatly
increasedwhile there were only minor alterations in the levelbe¢arotene(Kilian et al.

2007) Investigations on the photoprotective function of myxoxanthophyll the
cyanobacteriunPlectonema boryanumells exposed to UV radiation revealed a reduced
efficiency of energy transfer to PSIl RCs and an elevated level of myxoxanth@iptaylbv

et al. 2000) Another stresdactor that can generate elevated levels of carotenoids is low
temperature stress. Low temperature stress inaetse myxoxanthophyll content of
Cylindrospermopsis raciborskiells (Varkonyi et al. 2002)Carotenoids are known to affect

the structure of photosynthetic membrari€uszecki and Strzalka 2005%ressinduced
carotenoid accumulation was observed in both thylakoid and cytoplasmic membranes
(Masamoto and Furukawa 1997, Masamoto et al. 1999)

Other photoprotectivanechanisminvolves downregulaton of photosynthesis by
increasing thermal dissipation of the energy absorbed by the PSII antenna. While this process
has been el studied in plants, the equivalent process in oanteria was only recently
discoveredKerfeld 2004, Wilson et al. 2006y he orange carotenoid protein (OCP) binding
30 hydr ox yaswell aechinemongPunginelli et al. 2009 the key inducer of this
photopotective mechanism. Light causes structural changes within both carstandidhe
proteirs, leading to the convsion of an orange inactive form into a red active form. The
activated red form induces an increase of energy dissipation leading to a decrease in the
fluorescence of the PBSthe cyanbacterial antenna, and thus of the energy arriving to the

RCs. The OCPwhich senses light and triggers photoprotection, is a unique example of a
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photoactive protein containing a carotenoid as the photoresponsive chromophore in
cyanobacteridWilson et al. 2010Q)

Studies onSynechogstis cells demonstrated that PG plays an important role in
oxygen evolutiorn(Hagio et al. 200Q)in the formation of dimeric PS(Sakurai et al. 2003)
and in the formation of trimeric PS(Domonkos et al. @4) PG depletion resulted in a
decrease of the Chl content and a suppression of electron transport fton®$) which may
lead to overreduction of Q and to the generation ofs® (Gombos et al. 2002, Lacak
Dobos et al. 2008ndicating the general slowdown of the photosynthetic proceBseplays
anessentiatole against lowtemperature stre¢Murata et al. 1982, Murata 1983, Moon et al.
1995)and high light stres@/ass et al. 1992)
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2.0AIMS

Changes in global environment might lead to stress conditions in phtitetyg
organisms and limit the efficiency of photosynthesis. Understanding photosynthesis and its
protective mechanisms might lead to the development of plant, algae and cyanobacteria with
improved growth characteristics even under stress conditiOyarobacteria, our model
organisms, are regarded as aigia of the plant chloropldstherefore they arexcellent to
study higher plant photosynthesis. Carotenoids are very important protective agents in
photosynthesis due to their aottidative propertiesagainst photooxidative damaggheir
structural and functional features in protection mechanismscareompletely elucidated yet.
Complete genome sequences and the transformability of several cyanobacterial strains allow
us to generate various mutantsdastudy the importance of carotenoids in photosynthetic
processeslherefore, the aims of my thesis=

. To generate the first viable oxygenic phatsynthetic prokaryotic in the
cyanobacteriumSynechocystissp. PCC 6803which is completely deficient in

carotenoid synthesis order to studyfor the first time,in vivo:

i. The structural consequences of carotenoid deficiency oastsembly of the

photosyntheticomplexes

il. The functional consequences adrotenoiddeficiencyon the activity of the

photosymheticreaction centers

Il.  Studying how carotenoids respond to stress conditions other that light stress; to this
end PG depletion was inducedthe Synechocystisp. PCC 680®gsAstrain.
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3.0MATERIALS AND METHODS

3.1 Construction of Synechocys$ gqrrtH/B mutant

I n order to generate the carotenocdrtd defic
cells were used as a host strain due to their adaptation to partial carotenoid deficiency and
LAHG conditions (check in 3.2)that could increase thprobability of transformation
Restriction enzymesBglll and Notl were used to cut the cosmid clone c¢s0798

(http://genome.kazusa.or.jp/cyanobase/Synechocystis/map/Chj/priided by S. Tabata.

A 7.7 kb Bglll fragment containing the phytoene synthase encodin® gene of
Synechocgtis was cloned into thBanHI site of pMPMA2(Mayer 1995) A part of thecrtB

gene coding region was removed Apal-Hindlll digestion and replaced with an omega
cassette. Transformants were selected under LAHG conditions on BG11l agar plates
supplemented witlylucose and increasing amount of spectinomycin by several restreaking of
single colonies. Complete segra t i o artH/® dells gpas confirmed by PCR using the

pri mers ¢ ICCBIGPCCAACTIBTACCTA3 0 ) , and CFt Bdowr
TCACCTAAGGGGAAACATCG3 6 ) .

3.2 Organisms, growth conditions and light treatment

The mutant sains used irthis study were derived from the glucdaséerant strain of
SyrechocystisqrrtH, a ortH/B ghrains were grown at 3T in BG11 medium(Allen
1968) supplemented with 5 mM HEPES buffer (pH 7.5) and 10 mM glucosker light
activated heterotrophic growth (LAHG) conditiorfdnderson and Mcintosh 1991)n
LAHG, the cells grown in the darkeresupplied by white fluorescetights for 10 min once
a day at an intensity of Z5mol photons rif s *. For lowtlight treatment the cells were treated
at 35 umol nf s* (50 pmol photonsm? s* only for protein analysis) and for higight
treatment the cells were treated at 500 pprmitonsm?s™*. Forty pg mi* kanamycin and 40
ng mI* spectinomycin, and 20 pg fhkanamycin were added to the meugiiu o drtH/Brand
qgertH cells, respectivelyCultures were aerated on a gyratorykaraat 100 rpm.

Synechocystis pgsiutant cells were grown photoautotrophically in BG11 medium
(Allen 1968)supplementedvith 5 mM HEPESNa OH ( p H 7 . Skanamy@rDandcc g ml
20 &M dAGo(184/a8yllPG) @664, Sigma, St Louis, MO, USA) at 30°C under
continuous illumination at & s'lRGgdepletionwast ensi t
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achieved by washing the celtwice with PGfree medium and keeping them afterwards in

PGfree medium. Cultures were aerated on a gyratory shaker at 100 rpm.

3.3 Chlorophyll content analysis

Chlorophyll content analysis foHPLC measurement$ Chl concentration was
measured by abgmance at 665 nm, using a 90% methanol ex{tachtenthaler 1987)

Chlorophyll content analysis foprotein measurement$ Sedimented cells or
membranes were extracted with 100% methanol and the Chl content of the extract was
calculated from the absorbances at 666 nm and 72Mfetburn and Lichtenthaler 1984)

3.4 Carotenoid contentanalysis

Synechocystisells and subcellular fractions isolated from them were extracted with
acetone:methanol (7:2 v/v) and centrifuged for 3 min at 4°C in a Sigih@ &entrifuge
(20,000x9). The supernatant fluid was evaporated under nitrogen gas andtthetesl
pigments were dissolved in HPL@ade ethanol.

Pigments were separated on a Prostar HPLC system (Varian, Miami, FL, USA),
equipped with a photodiode array spectrophotometric detector Tidas | (World Precision
Instruments, Sarasota, FL, USA) and a 8ll eo s i | 100 C18 reversed
particle size (Technokroma, Barcelona, Spain), using the solvent system described by
Lagarde and coworkerdagarde et al. 20000 Sampl es (100 ¢€1) wer e
stainless steel filter (G = 0.22 em) and | o
(acetonitril:water:triethylamine, 9:1:0.01 by vol.). The column was eluted with Solvent B
(ethyl acetate 100%), by a threep gradient (@0% B for 10 min, 4860% B for 10 min,

60-100% B for 3 min) followed by an isocratic hold (2 min) at 100% B. During separation, a
constant flow rate of 1.5 ml minwas ensured. The absorption spectra ofefhates(380
800 nm) were recded every 0.2 s.

Carotenoid derivatives were identified on the basis of both their absorption spectra
and their retention times. The relative content of each pigment was estimated by a
comparison of peak areas on chromatograms recorded at 440 nm. Thetretioos of
carotenoid specieand chlorophyllwere calculated from Bedrambert's law using their
specific extinction coefficients at 446m (Mantoura and Llewellyn 1983)and at 665nm
(Lichtenthaler 1987§Only the echinenonwas calculateat 460 nm(Britton 1995b). Values

are means = SD from at least three individual experiments.
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