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ABSTRACI1

ABSTRACT

In oxygenic photosynthesis, the highly oxidizingactionsof water splitting produce reactive
oxygen species (ROS) and other radicals that could damage the photosynthpparatusand
affect cell viability. Under particular environmental conditions, more electrons are produced in
water oxidation than @n beharmlesslyused by photochemical processes ftte reduction of
metabolic electron sinks. In these circumstances, the excess of electrons can be delif@red,
instance to O,, resulting in the production of ROS. To prevent detrimental reactions, a
diversified assortment of photoprotection mechanisms has evolved in oxygenic
photosynthetic organisms. In this thesis, | focus on the role of alternative electron transfer
routes in photoprotection of the cyanobacteriumSynechocystisp. PCC6803. Firstly, |
discovered a novel subunit of the NBDH complex, NdhS, which isecessanfor cyclic electron
transfer around Photosystem hnd provides tolerance to high light intensitie€yclic electron
transfer is important in modulating the ATP/NADPH ratiauinder stressful environmental
conditions. The NdhS subunit is conserved in many oxygenic phototrophs, such as
cyanobacteria and higher plants. NdhS has been shown to link linear electron transfer to cyclic
electron transfer byforming a bridge for electrons accumulating in the Ferredoxin poolreach

the NDH1 complexes.

Secondly, | thoroughly investigated the role of themtire flv4-2 operon inthe photoprotection

of Photosystem Il under air level G@onditions and varying light intensities. The operon
encodes three proteins: two flavodiiron proteins FIv2 and Flv4 and a small SI10218 protein. Flv2
and Flv4 are involved in a novel electrdransport pathway diverting electronsfrom the
pocket of Photosystm Il to electron acceptors, which still remain unknown.rhy work, 1 is
shown that the flv4-2 operon-encoded proteins safeguard Photosystem lctivity by
sequestering electrons and maintaining thexidized state of thePQ pool. Further, FIv2/Flv4
was shown to boost Photosystem Il activity by accelerating forward electron flow, triggered by
an increased redox potential of QThe SI10218 protein was shown to be differentially regulated
as compared to FIv2 and Flv4. SIi®appeared to be essential for Photosystem Il accumulation
and was assigned a stabilizing role for Photosystem Il assembly/repair. It was also shown to be
responsible for optimized lightharvesting. Thus, SII0218 and FIv2/FIv4 cooperate to protect
and enhance Photosystem |l activitySIl0218 ensures an increased number of active
Photosystem Il centers that efficiently capture light energy from antenna#ilstthe Fiv2/Flv4
heterodimer provides a higher electron sink availability, in turn, prong a safe and
enhanced activity of Photosystem |II. iBlintertwined function was shown to result in lowered
singlet oxygen production. Thdlv4-2 operon-encoded photoprotective mechanism disperses
excess excitation pressure in a complimentary manner with the @@rCarotenoid Protein
mediated nonphotochemical quenching.

Bioinformatics analyses provided evidence for the loss of flvd-2 operon in the genomes of
cyanobacteria that havedeveloped a stress inducible Dform. However, the occurrence of
various mechanisms, which dissipate excitation pressure at the acceptor siééofosystem I
wasrevealedin evolutionarily distant clades of organismise.cyanobacteria, algae and plants
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THVISTELMA

Veden kaytto elektronien lahteené oli suuri harppaus fotosynteesin evoluutiossa ja sen
myota tuotettu happi on mahdollistanut nykyisenkaltaisen elaman kehityksen
maapallolla. Veden hajotus auringon valoenergian avulla on luonnosta loytyvista
reaktioista hapettavin ja voi johtaa reaktiivisten happiradikaalien muodostumiseen.
Nama puolestaan voivat vahingoittaa fotosynteettista koneistoa ja vaikuttaa solujen
elinkykyyn. Joissakin ymparistboloissa fotosynteettinen veden hajotus tuottaa
enemman virttyneitd elektroneja kuin solu pystyy turvallisesti hyddyntamaan
aineenvaihdunnassaan. Naméa elektronit voidaan Iluovuttaa hapelle, jolloin
seurauksena on reaktiivisten happiyhdisteiden muodostuminen. Estaakseen
vahingolliset reaktiot, happea vapauttavat fosynteettiset eliot ovat kehittédneet
moninaisia mekanismeja, joilla suojautua happiradikaalien muodostumiselta.
Vaitoskirjassani keskityiSynechocystisp. PCC 6803%yanobakteerin vaihtoehtoisiin
elektroninsiirtoreitteihin, jotka suojaavat fotosynteesikeistoa happiradikaaleilta.
Loysin tutkimuksissani NDH -kompleksiin kuuluvan uuden alayksikén, NdhS, jolla on
ratkaiseva merkitys kompleksin toiminnan ymmartdmisessda. NDHkn oleellinen
valosysteemi I:n kautta tapahtuvan syklisen elektroninsiirron taamalle ja siten
vahentaa elektronien siirtymista hapelle. Syklinen elektroninsiirto on avainasemassa
fotosynteettisen ATP/NADPHtuottosuhteen saételyssd stressiolosuhteissa. NehS
alayksikkd on konservoitunut happea vapauttavissa yhteyttavissd organisnagiss
syanobakteereista putkilokasveihin.

Tutkimukseni toisena kohteena olivat valosysteemi Il:n suojausmekanismit
hapekkaassa ymparistdssa, varsinkftv4-2 -operonin toiminta. Operoni koodaa
kolmea proteiinia: kahta flavodironproteiinia, FIv2 ja Flv4, &é& pientd Sll0218
proteiinia. FIlv2 ja FIv4 ovat osa uutta elektroninsiirtoreittid, joka ohjaa elektroneja
suoraan valosysteemi Il:ng@askusta vield tuntemattomalle vastaanottajalle, joka ei
kuitenkaan ole happi. Tydssani osoitin, etfiv4-2 -operonin koodaamat proteiinit
suojaavat ja jopa kiihdyttavat valosysteemi Il:n aktiivisuutta toimien tehokkaina
elektronien sieppaajina ja siten samanaikaisesti pitden plastokinonivarannon
hapettuneena. Osoitin myos, ettd Sll024Boteiinin tuotto samasta operonistaon
saadelty toisin kuin FIvZja Flv4proteiinien. SII0218oroteiini osoittautui olennaisen
tarkeédksi proteiiniksi valosysteemi Il:n kokoamisessa toiminnalliseksi, yli 20 erilaista
proteiinialayksikk6d kasittavaksi pigmentproteiinikompleksiksi. Sll0218ja Flv2
[FIv4-proteiinit toimivat siis yhteistydssa suojellen ja tehostaen valosysteemi Il:n
aktiivisuutta. Tamé& kolmen proteiinin  yhteistoiminta osoittautui  tarkeaksi
suojamekanismiksi, joka estaa singlettihapen tuottoa valosysteemi Il:ssa.
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1. INTRODUCTION

1.1 Cyanobacteria

Cyanobacteria, also known &due-greenalgae representthe largest, mosvaried, and
most widely distributed group of photosynthetic prokaryote3hey differ from the two
other major groups of photosynthetic bacteria, purple and green bacteria, both by
characteristicof their photosynthetic pigmentapparatus(presence of blorophyll a -
Chl a- and phycobilins)and by their ability to perform oxygenic photosynthesis
(Stanier and CoheiBazire, 1977)

Cyanobacteriaare abundant and widespread. Arstimate of their globalbiomass is
3X10%g C or 1¢° g of wet biomass (GarciePichel et al., 2003). Morphologically diverse
species exhibit a versatile physiology and high ecologifiekibility that support their
success over aroad array of environments, from Antarctic glaciers all the way to the
Sahara desert (Rippka 1988).

The existence of photosynthetic microbial mats and colonikasbeen demonstrated
in fossilsestimated to be2.5 to 3.5 billion yearsld (Tyler and Barghoorn954; Schopf
1996;Westall 2005, LopeGarciaet al.,2006).The abilityof cyanobacteriato releaseO,
as aproduct of photosynthesis significantly shaped the characteriste of the
atmosphere and life orthe planet Earth. An ozone layer developed asasequence
of Q;accumulation, shelteringzarth againstUV radiation andoroviding protection to
its many life forms. Further these events favored the evolution of complex
heterotrophic life forms able to obtain energy using.@s a strong terminal accepr
of electrons(Blankenship 199p

Primordial autotrophsare considered to be the ancestors of chloroplas@agalier
Smith 2000; RodriguezEzpeleta et a).2005). The primary endosymbiosis event
involving the engulfment of an ancientcyanobacterium ina primitive eukaryotic cell
took placeabout 1.5 billion years ago (Hedges et,&004, Yoon et al2004) giving rise

to three main lineages of chloroplasts in the glaucophytes, chlorophyta (green algae
and plants), and rhodophyta (red algae)

1.1.1 Significance and features

Cyanobacteria are considered the most successful group of microorganismsaoiin E
Theyarevital to maintaining the balancedecologyof haturalwatersby being the main
primary producers in the oceanasnd thusproviding for more than one third of the net
primary production on Earth(Field et al, 1998;Bryant 2003) $me cyanobacteriaare
capable of fixing atmospheric nitrogenthus making a majorcontribution to the
nitrogen cycle occurring in the world’'s oceans (Montoya et al 2004) A few
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cyanobacteria are endosymbionts in lichens, plants, protists, or sponges and provide
biologically availablefixed carbon and nitrogen for the host.

Cyanobacteriacomprisevarious morphologicalgroupsincluding solitary and colonial
unicellular and filamentous species (Knoll 2008urthermore, cells with specialized
purposes, such as heterocysfsl,-fixing cells Flores and Herrero 2030hormogonia
(motile multicell filamens) or akinetes (dormant stressresigant cells, Singh and
Montgomery 2011) can differentiate from vegetative cells (Rippka et, &879).The
cyanobacterial  metabolism is also versatile  with  photoautotrophy,
photoheterotrophy (Stanier et aJ1971;Rippka 1972) and even heterotrophy in a light
activated manner (Anderson and Mclntosh 19%Klrian et al.2005) beingperformed
by variousspecies of tle clade.

Based orcharacteristics otell wall composition andbrganization, cyanobacteria are
generally classifiedas Gramnegative pokaryotes.The cell isdelimited by an outer
membrane, a peptidoglycan layer and a selectively permeable plasma memb(eihg)
(see reviewby Liberton and Pakrasi 2008).layer of polysaccharides, the glycocalyx,
contributes to protect cells from desiccation.Interior to the PM is the thylakoid
membrane (TM¥ystemi.e.the site of photosynthetic and respiratory electron transfer
reactionswhich arecoupled to ATP and NADPptoduction.

CyanobacteriallMsare looselyarrangedinto anetwork and layers of sheets instead of
the stackedgranafound in plant chloroplasts (Nevo et aR007). A special feature of
the cyanobacterial photosynthetic apparatus is the exitlaylakoidal location ofthe
light-harvesting antenna,.e. the phycobilisomes. Other structuralomponents of a
cyanobacterial cellare pili, icosahedralcarboxysomes(the sites of carbon fixation)
ribosomes gas vesicleand variousstorage granules made afyanophycin,glycogen,
polyphosphate or lipids (New et al, 2007;Liberton and Pakrasi 200&erfeld et al.,
2010.

Since ganobacteria perform oxygenic photosyntheswmilarly to plants, they have
been utilized as model organismsto investigate biological issuesthat are more
challengingto solvein eukaryotesNumerouscyanobacteial strains areompetent for
DNAmediated natural transformatiorand detailed genetic information isvailable
Therefore photosynthetic light reactions carbon fixation and circadian gene
expressionas well agell differentiation and acclimationto environmental stressare
easier toinvestigate with the help of the molecular manipulation of cyanobacteria
(Cohen and Gurevitz 2006Additionally, recent researchhasshownthe high potential
of employing cyanobacteria forthe production of renewable energyand high-value
compoundsby utilizing sunlight and CQ (see reviews byQuintana et al.2011; Nozzi
et al,2013;McCormick et a]2015. These photosynthetic prokaryotesight therefore
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represent apromising future alternative to fossil fuels by consuming C@ and
eliminating pollution issuesand to plant-derived biofuels by considerablyreducing
arable land and waterequirementsand by producing less wastgreviewed inBranco
dos Santos et gl2014)

1.1.2 Synechocystissp. PCC6803

The most popular model organism among cyanobacterigignechocystisp. PCC 6803
(hereafter Synechocysijslts 3.6 Mbp genome with more than 3000 open reading
frameswas the first one to be sequenced among photosynthetic orgamis and the
third amongst prokaryotes(Kaneko et a]1996).Synechocystis a unicellulaynontoxic

and nondiazotrophicfreshwater cyanobacteriumwhich wasoriginally isolated from a
Californian freshwater lake in 1968 (Stanier et 29.71;lkeuchi and Tabata 2001yhe
isolated strain was thendepositedin the Pasteur Culture Collection (PCC) (Rippka et
al,1979) andsince then, has beensedconsistentlyin researchMany laboratoriesise

a glucosetolerant strain becauset is ableto grow photoheterotrophically (Williams
1988). Synechocystidelongs to the group of -cyanobacteriawhich possess -
carboxysomes and FormdB Rubisco and are ecologically wsjgread Conversely, -
cyanobacteriacontain -carboxysomes and ForAlA Rubisco(Badger et al.2002;
Badger and Price 2003nd are marhe species mostly found in opewaters.These
groups are also characterized by different metabolic features related to inorganic
carbon (C) and iron assimilationBadger and Pric2003) Importantly, Synechocystis
naturally competent for transformation with exogenous DNA(Grigorieva and
Shestakov 1982; Williams 198BatonRye 2004)Other popular model speciesare the
unicellular Synechococcus elongatss. PCC 7942, the filamentous and nitrogen fixing
Anabaenasp. PCC 7120, the thermophili®hermosynechococcus elongaBB1 (T.
elongatug and the marineProchlorococcus marinbdEDA4.

1.2 Cyanobacterial Photosynthesis

Oxygenic photosynthesis is a procestilized by cyanobacteria, algae and plants to
convertthe physical energy of suight into chemical energyto obtain carbohydrates
that can be lateconsumedto sustainthe organisms' activitiesThus, fhotosynthesis
maintains atmosphericO, concentrationsand supplies all of the organimolecules
and most of the energyessentialfor life on Earth (Bryargt al, 2006).

Components of the photosynthetic light reactions arecalizedin the TM or in its
proximity, and include the membrane-assaiated protein complexes: photosystem |
(PSI), cytochromdosf (Cyt bef), photosystem Il (PSIl) and ATP synthaBee light-
harvesting phycobilisome (PBS) are stromal complexes which associatéhto TM.
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Mobile components arealsopresentand include:plastoquinones(PQ) plastocyanins
(P9, cytochrome ¢ (Cyt cs), ferredoxins(Fd)and ferredoxin:-NADPH oxidoreductase
(FNR (see reviewsy Nelson and Yocun2006, DeRuyter and Fromm2008).

In cyanobacteria(similarly to algae andlants), sugars argenerated by a chain of
light-independent reactionsknown asthe CalvinBensonBassham (CBBYycle,which
takes place in the cytoplasm. The Ribulesé&-bisphosphate carboxydse/oxygenase
enzyme (Rubisco) catalyzes the fixation of £éto ribulose 1,5bisphosphate In
cyanobacteria Rubisco is packed into proteic icosahedral shellsknown as
carboxysome. The primary product of th&€CBBcycle is glyceraldehyd@&-phosphate,
that is used toproduce more complex sugarssge review byRaines 2003). In addition
to carboxylation, the Rubisco enzyme caperform an energetically “wasteful”
oxygenation reaction photorespiration,which alsoproducestoxic intermediates(see
reviewby Raines 2003The availability ofG is often limiting for photosynthetic carbon
fixation and enhances photorespiration Cyanobacteria haveleveloped carbon-
concentrating mechanisms (CCMeeviewed by Badger and Price 208 increase the
CQ concentration near Rubiscdo prevent photorespration. Five active uptake
mechanismsfor G have been identified in cyanobacteria, although not all are
conservedin all speciesgqee reviewshy Price et aJ.2008 Burnap et al., 20)5BCT1,
SbtA and BicAransporterstake up bicarbonate (Price et aR008) and there are two
systems for C@uptake: the lowCQ inducible NDH1MS and the constitutively
functioning NDH1MS'(see ‘CyanobacteriaNDH1 complexes” sectioh

1.2.1 Light-harvesting antenna: the phycobilisomes

Most of the visible light spectrumcan be utilizedby cyanobacteria. fiey have
numerous pigments with defined absorption features The Chl a pigment has
absorption maxima at the wavelengths 43@40 and 670 nm Carotenoid pigments
contribute to light-harvesting by absorbingoredominantly at 426480 nm (Mimuro
and Katoh 1991, DeRuyter and Fromme 200&)hycobiliproteins absorb sunlight
wavelengths mostly between 500 and 650 nm (Glazer 1984) and they makethgp
major light-harvesting complexes in cyanobacteri&known as phycobilisomes (PBS
ThePBSsare big assemblies3-10 MDa, diameter. 32—70 nm)and areassociated with
the cytoplasmic surface of th& M. ThePBScomplexis composedof colored stacks of
phycobiliproteins, and colorlesslinker polypeptides (Grossman et al., 1993ach
phycobiliprotein has adefined absorption and fluorescence emission maximum in
visible light. Their particulararrangement allowsthe PBSgo0 behave as an energy
funnel, with unidirectional absorption andtransferof light energy toChla of PSlland
PSI In this way, the cells take advantage of the available wavelengthdigtft,



18INTRODUCTION

especially deeper in the water colummherethe 500650nm rangeof light is enriched
and would otherwise beinaccessible taChl(Fig 1).
PC hexamers

Excitation max: 620 nm
Emission max: 645 nm

APC trimers
Excitation max: 650 nm
Emission max: 660 nm

APC-D/E/F
related trimers

Excitation max: 670 nm
Emission max: 680 nm

PSliChla
Excitation max: 677 nm
{434nm)
Emission max: 694 nm

Figure 1. A schematic representation dhe PBS structureX) and the antenna energy funneling system
from PBS components to P$B). The excitation and emission maxima for PBS componentsraxéewed
in Kirilovskyet al.(2014) PSIl Chd excitation and emissioimaxima are foind respectively in Tomo et al.
(2008) and Kashino et g2002).

The structure of aSynechocystibemidiscoidal PBSis formed bya set ofrods
(composed ofthree stacked hexameric phycocyanin (PCHiscs) radiating from the
central core composedof three cylinders ofallophycocyanin (APCQfour APC trimers
per cylinder)(Fig 1). The core and the multiple raglare connected via linker proteins
(Lrg or CpcG)encoded by two independent genes (CpcGl and Cpc@BSs are
associatedwith the cytoplasmicside of the TM (Gantt and Contil966) via the large,
chromophorylated, core membrane linker protein ApcE (Redlinger and Ganti982),
which functions as terminal energy emitter. Two more terminamitters, ApcD,ApcF,
are also responsiblefor excitation energy transfer (EET) from P8&wards the PSs
(Mullineaux 1992 Ashby and Mullineaux 1999The PBSsassociate mainly with PSII
but canalsoassociate with PSI (see review llullineaux2008).

1.2.2 LET-Linear Electron Transfer and Major Protein Gomplexes

The “Zschemé (Hill andBendall 1960) describelnear electron transfe(LET)rom
water to NADP by the two photosystems(Fig. 2) Thephotons absorbed by antenae
excite the reactioncenter Chls P680 in PSIl and P700 in R&la fewpicoseconds, the
excited state of P680 (P680*) reduces a pheophyimolecule (Pheo) to form the
radical pair P680Pheo. Within a few hundred picoseconds, Phaduces atightly
bound plastoquinone molecule @to form P680PheoQ . P680has a venhigh redox
potential (>1 V) andon a nanosecond time scalé oxidizes a tyrosine residue Tytd
generate Tyr"P680PheoQ. TyrZ is deprotonated to form a neutral radical'yrZ. In
the millisecond time frameTyr removesan electron from a cluster dbur Mn atoms
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that bind two substrate water molecules and, at the same timg f@duces a second
plastoquinone Q to form TyrP680Pheo@Qs. Next, @ is reduced to @&, and
protonated to PQHandfinally released from the @pocket of PSII téhe PQ pool.The
oxidized P680 is then reducedwith electrons coming from thewater-splitting
reaction. The oxidation of PQH takes placeat the Q, site of the Cytbsf complex,
coupled with the release dafwo H' into the thylakoid lumen. One electron is trafesred
back to the P(Qpool;the other electron § transferred tahe lumen-soluble Cyt gor Pc
These carriers deliver the electron to PSI, radgooxidized P700 which wasformed
upon charge separationln PSI, an electron released from P700* is transferred to the
soluble electron carrier fieedoxin (Fd) or flavodoxin (Fdhat the cytoplasmic sidef
the TM Finally, hrough ferredoxin-NADP oxidoreductase (FNRghe electronreduces
NADP to NADPH.Together, he watersplitting reaction and oxidzation of PQH
generatea proton gradient across thefMwhich is usedby ATP synthase tproduce
ATP (Fig2). The ATP synthase complex requires I2&lobtain one complete rotation.
Each complete rotation yields 3 ATP moleculbstotal, it takes 4K to synthesize one
ATP. Thus, 2.667 photons per ATP are required rmowinally the ATP:NADPHatio is
3:2 (Behrenfeld et al., 2008).

Cytoplasm

-
-

Cyt b f

&

Figure 2. Schematic view of Linear Electron Transfer (LET) in the T3¢ra#chocystiBlue arrows indicate
electron transport. Red arrows indicate reactions consuming or releasing protons. Dotted red arrows
indicate proton translocation across the membrangigure modified from Allahverdiyeva et al. (204)5
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1.2.2.1 Photosystem ||

PSlusessunlight to drive the thermodynamically and chemically demanding reaction
of water splitting. In doingso, it provided biology with an unlimitedsourceof electrons
and protonsrequiredto convertCQ into the organiccompoundsof life (Barber2012).

PSIl is a multisubunit protein coptex of approximately 350 kDgaocated in the TM
(Barber 2003).The PSIlI coreeomprises at least 20 protein subunits, 3%hls 2
pheophytins, 11 -carotenes 2PQ 2 hemes (in cyanobacteria), 1 ntveme iron, and
the Mn,CaQ cluster that catalyzes the water splitting reactiaand the production of
O (Umena et al. 201,1Shen2015). The structure of cyanobacterial P8#Hs recently
beensolved at close to atomic resolutiorr{g.3, Umena et al.2011;, Shen 201p

The PSlicore (pRC)is the heart of thePSlicomplex,where photons areconverted to
electrochemical energy and where the wataplitting reactiontakes place ThepRCis
composedof two homologous proteins, D1 and D2, and tvather related Chtbinding
proteins, CP43 and CP47. The core is sundmd by low moleculamasssubunits: in
particular PsbE andPsbFattach to the high potential heme of cytochromédssy (Cyt
bssg). The oxidation of Cybsse, @ -carotene molecule, and a Clalmolecule probably
provide a safety valve against the harmful reactions induced by the very high redox
potential of the P680 radical cation when the rate of water oxidation becomes limited
(Stewart and Brudvig 1998).

= D1

M D2 and chlorophylls
m CP47

m CP43

PsbO and some low-molecular-
weight subunits

PsbV and some low-molecular-
weight subunits

- Water molecule

Figure 3. The structure of a PSII dimér.9-Aresolution). The verticalblue line divides the two monomers,

and the two yellow circleglesignate the binding regions ofthe MnCaQ cluster. Modified from Shen
(2015).

Finally, thePSlicomplex contains extrinsic proteinbound to its luminal surface that
form a protein shield over the catalytic site of watsplitting, the Mn,CaQ cluster.
Other extrinsicsubunits are transitorily attached during the life cycle of PSIThe PSII
complex usuallyfunctions as a dimer and the monomsmight be an intermediate
step in the assemblyepair cycle (Barbato et al1992, Hankamer et al1997).In
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Synechocystjghe isolated PSII dimer is more active than the monomer (Nowaczyk et
al., 2006)The dimericcomplex is servied by thePBS

1.2.2.1a PSII Biogenesis and #sembly

Many factors are involved in thassembly of a functional PSII multiprotein complex in
Synechocystigsee reviewdy Nixon et d., 2010; Nickelsen and Reng&013).1t is a
highly ordered processwhich is schematically represented in FigT4e first transent,
intermediate subcomplexs of PSllare the D2-Cyt bssg aggregate (Komenda et al.,
2004) and a dimecontaining the D1 precursor (pD1) and Psbl. The pPdbl complex
is thenincorporated in the D2Cyt bsss complex (Dobakova et al., 2007rming the
Reaction CentreRQ complex.Whilethe RC complexs forming, pD1 is processeih
two steps at its C terminus by CtpA-{€minal processing proteasepenerating an
intermediate D1 form (iD1), and finally a mature PAnbudurai et al., 1994; Komenda
et al., 2007)In addition, general insertases belonging to the Alb3/Oxal/YidC family
sustainthe integration, folding, and/or assembly of pDDgsenblihl et al., 2002006).

Following the insertion of pD1 into the membrane, the soluble PratA protein birtds
an -helix of the D1 Cterminus, in proximity to the aminoacidsimplicated in the
formation of the Mn,CaQ cluster Schottkowskiet al., 2009aUmena et al., 20]1
Further, PratA bindsvin?* with high affinity, suggestingthat PratAis responsible for
Mn?* preloading of PSIl susomplexes Stengel et al., 2012 YCF48optimizes RC
complex formation bysuccessivelystabilizing the synthesized pDland itsfollowing
interaction with the D2-Cyt bsso complex, and finally associates to RC forming RCa and
RC* complexes (Komenda et al., 2008L.F4&lso contributes to the replacement of
damaged D1 during PSIl repaikgmenda et al., 2008 The SynechocystiS$Il0933
protein (PAMG68 in plants) interacts with several PSIlI core proteins\OB48HCF136
(Ambruster et al., 2010, Rensgstl et al., 2013) mnight connectRG and PSlinonomer
formation. The RC complex is then converted into @P47RC complex, which
comprisesthe inner-antenna protein CP4,but not CP43Fig. 4)

The relocation of PSII precomplexes from the PM to the TM system is required for the
transition from RCto CP47RC complexegZak et al., 2001Schottkowski et al. (2009a)
identified a membrane subfraction presenting a mixture of PM and TM properties
which wasrepresentedby the accumulation ofthe PratAprotein andthereforenamed

as thePratA-defined membrane (PDM) fractiorPratAdependentcircularstructuresin

the periphery of the cell at TM convergence eit have been identified using
microscopy (Stengel et al., 2012 whereby thestructures were partially surroundng
areas calledhylakoid centers Kunkel1982). Both PratA and pDJparticularly localize

to these areas at TM convergence sitesStengel et al.,, 2002 In those sub
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compartments, other specific proteinssuch as YCF48, Bl71 (Oxal homologue
Ossenbuihl et al., 2006PORChlIbiosynthesis enzymegHe and Vermaas 199&nd Pitt
(a menbrane-bound TPR protein that binds and stabilizes P(3ehottkowski et al.,
2009b)alsoaccumulae. The presence of these protefrindicates that thePDMs are
subcellular biogenesis centerghere the early steps ofPSIl assemblynvolving D1
preloading with Mn?* and perhaps Chl insertion (Stengel et al., 2Q1ake place The
biogenesis centers which areomposed ofa central thylakoid rodvan de Meene et al.,
2006)and the surrounding PDMdjost the RC compleXormation. The complex can
then be relocaed into the evolving thylakoid lamellae(for a review Nickelsen and
Rengstl 2013)

CP47 isincorporated into the TM separately developing as a subcomplex with
numerous low-molecularmass PSIl subunit©nce integrated with the RC complex
(CP47RQ it subsequentlycombineswith another preformed complex thatincludes
CP43(Fig. 4) The Psb27 protein binds to the CP43 premplex andCP47RC, and
stabilizesthe assembly of the MiCaQ cluster (Nowaczyk et al., 2006; Komenda et al.,
2012).Monomeric FSlipossessesll of the amino acid residuegssentialfor the light-
driven association of the MnCaQ cluster, a process known as photoactivation
(Dasgupta et al., 2008At the lumenal side of cyanobacterial RShe extrinsic subunits
PsbO, PsbP, Psb®sbU, and Psb¥re bound to stabilize the MnCaQ cluster. Active
PSII locatedn the TMsformsdimers Eolea et al., 2008; Kouril et al., 2D%#th the help
of other low-molecularmass subunits$hi et al., 2012

PDM ™
(o) .
v
PD1-PSbl sy RC —l CP47-RC  ===——p  PSII-Psb27 =P PSI| monomer

Figure 4. Schematicmodel for PSlassemblyin Synechocysti$SIl biogenesistartsin PDMswith the
interaction of PratAbound pD1 protein with Pshl forming the pD1-Psbl complex Oxal (SIr1471)
facilitates integration/folding of pD1in the membrane After the addition ofD2-Cytbsseto pD1-Psb] RC
complexes arebtained. Insertion ofChla(green pentagon) ispossiblymediated by PittPORwhile YCF48
and Sll0933optimize the formation of RC and CP4HRC complexesThe resulhg CRI7-RCis relocatedto
the TM, where CP43 is attached with the help of Psb27 to f®&HPsb27complex The attachment of
PsbU;0O,-V,-P, and-Qon thelumenal sidecompletes the formation ofactive PSII dimergrigure modified
from Rengstl et al. (2011).
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1.2.2.1b PSII photoinhibition and repair

Photoinhibition is commonly defined as he light-induced decline of photognthetic
activity, resulting from an imbalance between photodamage and repair procesges
favor of the former (for reviews see Vass 2011; 20Ithe major site ofpphotodamage
is representedoy PSI] resulting in inhibition of electron transporand damageto its
protein structure Prasil et al., 1992ro et al, 1993. Traditionallyphotoinhibition is
assumedio happenwhen an excess of electrons is accumulated in the photosynthetic
chaindue to the unavailability of terminal acceptorsAn excesof excitationenergyis
accumulated modifying the activity of the @ (Kyle et al.1984) and Qquinones(Vass
et al, 1992a). Under excess excitationmechanisms of lightinduced photodamage
involve: i) charge recombination oP680Phea, producing highly reactive Chl triplets
(Vass et al1992a; Vass andCser 2009 ii) stable charge separated statggoduced by
oxidized intermediates of th&vin,CaQ clusterand reduced quinonegSQx ", SQs"and
SQ&) under flashing or low light (Keren et #1997, Szélrd et al, 2005);andiii) damage
of the catalytc Mn cluster (Hakala et aR005, Ohnishi et 8l2005, Tyys#rvi 2009.Due
to the variety of photodamage targets,a mechanism that could be generalized to
different conditions cannotyet be ascribed(Vas2011)

An important effect of light absorption andthe following reactions in PSlis the
developmentof the triplet excited state oChls These Chleasilyread with O, leading
to the production of singlet oxygen 'O, (KriegerLiszkay2005; Vass 201 Rehman et
al., 2013. Singlet oxygen, the most dangerous ROS ghotosynthetic cells (Krieger
Liszkay et al., 2008riantaphylides et al., 2008 riantaphylidesand Havaux 2009is
produced under photoinhibitory conditions. Therole of 'O, in photoinhibition has
been corroborated by: i) the presence of 'O,-specific lipid peroxidation
(Triantaphylides et al., 2008and ii) photoprotection performed by 'O,-quenching
compounds, sich as -tocopherol (Trebst et al., 2002; Inoue et al., 2PQ(Kruk and
Trebst2008; Yadav et al., 20180d the orange carotenoiebinding protein (Sedoudet
al., 2014)

D1 protein is the primary targetof photodamage during photoinhibition in vivo
(reviewed by Edelman and &ttoo 2008).The rapid synthesis and degradatioof D1
revealsthe action of a PSII repair cycleeplacing damaged D1 suburis by newly
synthesized copies (Ohad et al., 198¥%0 et al., 1993The PSII repaicycle involves
monomerization and partial disassembly of PSII, degradation of damagéd,
integration of a newly synthesized D1 into a sabmplex and reassembly of the
holoenzyme (dscussed imAro et al., 2005). PSII repaacursat all light intensities but
is enhanced in higher light, thus constitutinga photoprotective mechanism in
photosynthetic organisms Edelman and Mattoc2008).The PSlirepair cycle is also
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affected byenvironmental stress, resulting in an aggravation thie sensitivity of PSII
to photoinhibition (Takahashi and Murat2008).I1n Synechocystis specific role fathe
FtsH2proteasewasdemonstratedin D1degradation, the PSII repair cycle and protein
quality control in the TM (Silva et al., 2003; Komeralaal., 2006,2010).Recently,
Sacharz et al. (2015) demonstratéte existence okeparatedrepair areasaway from
active PSJbuggesting thatthey could help to reduce theharmful effects of ROS on PSlI
repair.

Some ganobacterial speciesitilize distinct D1 forms under low and high ligh{HL)
conditions (see review by Mulo et al., 20pT he lightdependent substitution of D1
protein forms isassociatedwith photoprotection (Sippola and Aro 2000; Sicora et al.,
2006). The tuning of non-radiative charge recombination vienodification ofthe redox
potential of Phe through the substitution of Glnwith Glu residues at the 130th amino
acid position(Q130E)n the D12 form proteinplays acentralrolein this procesgTichy
et al., D03;Cser and Vas&007; K& et al., 2008ugiura et al., 2010)lhe exchange of
D1 protein forms whereby there isa preference for D1:2 in His responsible foan
increased phototolerance (Krupa et al., 1991; Clarke et al., 1993; Soitamo et a),, 1996
that is related to accelerated norradiative charge recombination with subsequent
decreasedproduction of 'O, (Tichy et al., 2003; Cser and Va887; Sander et al., 2010).

1.2.2.2 Cytochrome bf

TheCytbsf complexoxidizesPQH and constitutesthe electrontransportlink between
PSII and ASto which H pumping is coupledthus contributing to the transnembrane
pH. Electrons aréransportedto PSI va Pcor cytcs (Fig. 3.

The Gt bsf complex is a 220 kDadimer and contains 8 firmly bound subunits per
monomer. There are7 prosthetic groups (4 hemes, 1 [228] cluster, 1 Cldand 1 -
carotene) in the cyanobacteriumMastigocladusaminosus and 9 in plant chloroplasts
(Whitelegge et al 2002)The two-electron oxidation ofPQH occursvia a splitroute
where one electronis provided to the high potential Riesketype subunit, which is the
electron donor to cyt fandthe otheroneto the pair of lower potential cybs hemes.

Pcis a watersoluble electron carrietocalizedin the thylakoid lumen. Itenclosesa
single @ atom coordinated to two His residues and aCysresidue in a distorted
tetrahedron. This mobile electron carriéransferselectrons fromCyt bsf to PSI.

1.2.2.3 Photosystem |

The finalstep of the light reactions igperformed by PSKFig. 2)In cyanobacteria the
PSicomplextypically functions as a lighidriven Pd Cyt cs: Fd/Fdxoxidoreductase(see
review Nelsonand Yocum 2006) Themalleability of cyanobacterial metabolisnto
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fluctuations of nutrient availability allowsPcto be substituted by Cyt cswhen Cuis
limiting, andFd to be exchanged withFdx when iron is limiting. PSI incorporatea
group of 11 polypeptides to provide ligands to the photoactive machinery,
approximately 110 antennaChla moleculessupply a broad optical crosssection to
incoming photons, inorganic and organic ctactors to performcharge sepaation and
charge stabilization(Jordan et al., 2001A PsaA and Psafetero)dimer containsa Chl
dimer (the primary electron donor P700) Chl monomers (the primary eé&ctron
acceptor, Ao), two quinones (the intermediate electron acceptas, phylloquinones A;)
and the inter-polypeptide iron-sulfur clustey /. Two aher iron-sulfur clusters, Fand
Fa, located on PsaCdivert electrons from the membrane to the stromal phase,
reducing Fd with high quantum efficiency. The other PSubunits provide auxiliary
roles in stabilizing PsaC and dockingd or Fdx (PsaD)pr Pc(PsaF)in improving Fd
reduction and allowing for cyclic electrortransfer(PsaE)and in PSltrimeric complex
formation (PsaL peculiar function in cyanobacterig. Although this transformation of
photon energy into chemical free energygoes against a steep thermodynamic
gradient, the photoconversion process is remarkgbefficient(Nelson 2009; Croce and
Amerongen 2011)

FAd-NADP reductase (FNRong isoform inSynechocystiF=NR) performsthe electron
transferfrom reducedrFdto NADP and associates with PB8san Thor et al., 19997 his
reactionoccurson the cytoplasmicside of theTMand the uptake of a proton by NADP
further increasethe pH across thadM.

1.3 Mechanisms of balanced energy distribution and dissipation: the
regulation of light -harvesting

Changesin light regimes often rapid and extremen the natural environmentare a
major challengeto photosynthetic organismsTo cope with short-term fluctuating

irradiances, photoprotective mechanismswhich are different from photoacclimation

have evolved Kiyogi 2000, involving transient and reversible rerganization and
modification of existing photosynthetic units. The regulation of lightharvesting

efficiency, which has been studied iplants, algae and cyanobaterias, perhaps, the
most characterized of this type obhotoprotective processegHorton et al., 1996;
Finazzi et al., 2006

1.3.1 Non-Photochemical Quenching: The role of Orange Carotenoid binding
Protein (OCP)and Hlips

Whenirradianceis excessivghe harvestedenergythat is utilized to drive PSII activity
decreasesas a consequence of neradiative lossesHorton and Ruban2005), thus
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avoiding an over accumulationof excited Ché. Thisprocessensuresthe minimization
of dangerousROSgeneration, wherebyexcited Chis might otherwise decay to triplet
Chk, able tointeract with O, to generate’O, (Mdller et al., 2001; Kriegdiiszkay 200b

The nonradiative dissipation of absorbed light energyompeteswith fluorescence to
decayexcited Chisto their ground state.The quenching ofChlfluorescenceis driven
by photochemistry and by processeghat cannot be attributed to photochemistry,
collectively referred to adNon-Photochemical QuenchingNPQ see review by Bailey
and Grossman 2008

In many cyanobacteriait has beenestablishedthat the orange carotenoid protein
(OCP), a soluble protein binding a ketocarotenadslessential for the triggeringf NPQ
(Wilson et al.2006, 2007Boulayet al., 2008 The OCRlependent NPQ mechanism
requires onlyPBSsOCP, and the Fluorescence Recovery Protein ((SREB)reviewby
Kirilovsky2014) OCP isactivated by changes in theketocarotenoidinduced by blue
green light Active OCPhinds to an APC timer, inducing fluorescence andenergy
guenching. FRPinduces detachment of OCP from the PBand thusthe recovery of
fluorescence m darkness or low light Gwidzala et al., 2011; reviewed in Kirilovsky
2014).Photoinhibition and state transitions are minor NPQ components

Cyanobacteriacan expressa family ofhigh-light-inducible proteins (Hlips) that are
considered ancestors of theHC superfamily in algae and pla{Dolganov et al., 1995;
Engelken et al., 2010HIips have a photoprotectiverole, being involved in the
synthesis ofChtbinding proteins (Chidgey et al., 2014Lhl recycling (Vavlin et al.,
2007)and PSIl assemblf¥ao et al., 20Q/Knoppova et al., 2034n particular, wo Hli
proteins named HIiC and Hlilorm a subcomplex with the Ycf39 protein, called Ycf39
Hlip, which associateto the RCa complex to form RC* (Knoppova et al., 20I4Ag -
car and Chls bound t&rcf39HIip safely dissipat excess excitation energin the RC
complex through NPQ thus protecting the RC complex from photodamage
(Knoppova et al., 2018taleva et aj2015).

1.3.2 State transitions and PBS detachment

One of theprocessegegulating the allocation of absorbed light energy between PSI
and PSII ishe mechanism of state transitiom(Bonaventura and Mers 1969; Murata
1969) State transitions ardast dynamic processsthat poisethe relative activities of
PSI and PSII adjusting the supply of excitation energyto PSI and PSH response to
an imbalanced light regimewhich isnduced by specific illuminations of PSI or P&or
general reviews orstate transitionssee Minagawa and Takahashi 2004; Mullineaux
and EmlynJones 2005; Kirilovslat al., 20132014) Such specifiéllumination creates
animbalancein the electra trander chainaltering, in particular, the redox state of the
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PQ poo] which acts as a trigger for state transition@viullineaux and Aen 199Q Mao
et al., 2002

A first state transitions model based on fluorescence dat@roposed that PBS

movement isessentialfor state transitions According to this modelunder PSII light
(or darkness)PBSs migrate from PSIl to PS(State Il)while PSI light provokeshe

opposite (State |,Joshua and Mullineaux 2004;i et al, 2004, 2006).However,

Chukhutsina et al. (201%)ave suggested thatin natural white light conditions, the

light state is based of®BS uncouplindrom PSI and nobn PBS migration between the
PSs

Thesecond %pillover’ model of state transitionsnvolves earrangements of PSin the
TM(Olive et al.1986, 1997)In State I, PEcomplexedorm rows from whid PS(more
abundant as amonomer) is excluded In State II, a lower amount abws of PSII is
observed and more abundanPSltrimers interact with PSII (Olive et 81986, 1997,
Folea et al., 2008The roworganizationof PSIprobably prevents energyspillover from
PSIl to PSNowadays, it is layely accepted that fluorescence changes observed in stat
transitions could result froma combination of both mechanismgEmlynJones et al.,
1999; McConnell et al., 20Dl hishypothesiswasrecently supported by the isolation
and characterization of a functional cyanobacterial megacomplex, comgm®f PBS,
PSI and PSII (Liu et al., 2013)

Decoupling of PBSs from PSs is another regulation mechanism of cyanobacteria to
modulate the excitation energy arriving at the PSs, in particulaunder stressul
conditions Geereview by Kirilovsky 2014)For example, the exposure &ynechocystis
cells to strong light leads t@n energetic uncoupling and detachment of PBSs from
RG, at least from those of P§Btoichkova et al. 2007; Ka et al., 2009famary et al.,
2012) A similar effet has beenobserved in mutants with a destabilized PSII structure
(Sakuraiet al., 2007) The PBSdetachment mechanismis advantageous under
continuous stress conditions, when the photoprotective respses have been
exhausted and the maintenance of efficient light harvesting and energy transfer would
be both unnecessaryand harmful (Tamary et al., 2012).

1.4 Dissipation of excess electrons and regulation of NADPH/ATP
ratio : Alternative Electron Transfer (AET) mthways in the TM

In fluctuating environmental conditions photosynthesisrequires an optimization of
light energy conversion by PSsin relation to its use by metabolic reactios or
dissipative mechanisms. farticularly important parametemwhich needs to be fine
tuned is the balance between phosphorylating (ATP) and reducing (NADPH) power
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supplies. In addition to the main route of electrond.ET which operates during
oxygenic photosynthesis, auxiliary routes of electron transt&ET)have also been
described(Fig.5, see reviewby Peltier 2010.

AETreactionsof the TMincluding:i) electron input fromstromal reductant/respiration
i) electron output from the PQpool or Fd poolto terminal acceptors like € andiii)
cyclic electrontransferaround PS{CETJcontribute to the regulation of photosynthesis
by preventing over-reduction of electron carrierand tuning the NADPH/ATP ratio
according to metabolic demand. Further, electron transport pathways can be
controlled by the stoichiometry, interactions or proximity of a number efectron
transfercomplexesin and around the TM

Sincethe PQ poolplaysa central role between the two PSsits redox state has been
identified as an essential factahat acts as a sensor of environmentalodifications
andwhich can signal photosyntheticmbalances (Mullineaux and Allet990; Ma et al.,
2010; Allen et al., 201IJhe oxidation ofPQH by the Cyt kf complex is considered to
be the ratelimiting stagein photosynthetic electrontransfer, beause it depends on
the rateof diffusion of PQ/PQkthrough the TM(Blankenshipg2002).In cyanobacteria,
it appears thathe capabilityto homeostatically regulate the redox state tie PQ pool
is morerelevantthan maintaining maximum amounts of free energy in the forsof
NADPH and ATP ¢Buurmans et al., 2014). Since cyanobactegiaw in open water
columns,where mixing canrapidly expose them toHLand/or to nutrient fluctuation,
thistype of regulation may be an importansurvival strategyShuurmans et al., 2014)

Importantly, the PQ pool is shared bpoth photosynthetic and respiratory electron
transport in cyanobacteria (Aoki and Katoh983; Matthjs et al., 1984; Scher&90).
Respiratory electrortransport allows cells to form ATP in the dark, but this is not
restrictedto darkness Apart from PSII activityhe electron transportinto the PQ pool
is the consequenceof the joint action of respiratory dehydrogenases (NAD(P)H:PQ
oxidoreductase, NDH,; succinate dehymbgenase, SDH)and cyclic electroriransfer
around PSI mediated by NDH andthe PGR8ike protein(Mi et al., 1995; Cooley et al.,
2000; Yeremenko et al., 2008) turn,the oxidation of PQHis catalyzed byyt bef, and
respiratory terminal oxidase§RTOs|Nicholls etal., 1992; Pils and Schmetter2001,;
Berry et al., 20QZPeltier et al., 2010)and might be influenced by the activity of
hydrogenases and flavodiiron proteing-ig. 5.

1.4.1 Electron inputsinto LET

Stromal reducing equivalents careduce the PQ pool through aon-photochemical
electron pathway (eviewed in Peltier and Cournac 20P2The dloroplast and
cyanobacterial NAPH dehydrogenasdike complex (NDHL) is involved in this
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process. NDHLis structurally related to thenulti-subunittype | NADH dehydrogenase
present in bacteria and mitochondrigQomplex }.NDH1 complexedransfer electrons
from an electron donor(it is unclear whether this iBIADPH (Mi et al., 1995; Ma et al.,
2006), or Fd(Yamanoto et al., 201))to PQwith a concomitant generation of pHused
for ATP synthesi¢Berger et al., 1991)his specific function of NDH complexes
sustains respiration in cyanobacteriaallowing growth in photoheterotrophic
conditions (Ohkawa et al., 2008ee CyanobacteraNDH1 complexes section).

In Chlamydomonaseinhardtii NADHdependent PQreduction is also mediated by a
single-subunit-type enzyme (NDFR), but this reaction is not coupled with proton
transfer Melo et al., 2004). IiBynechocystighere are three NDF2 homologues
however they are thought to play a regulatory role responding to the redox state of
PQrather thanPQ reduction(Howitt et al., 1999)Recently, a more specific role in the
biosynthesis of Vitamin Khas been revealed for theyanobacterialNdbB isoformof
NDH2 (Fatihi et al., 2015).

In darknessa large contributionof electronsto the PQ pool is medi@d by succinate
dehydrogenase $DH, a homologue of eukaryotic @nplex Il (Cooley et al., 2000)
According to Cooley et al(2001), the contibution of NDH1 and NDH2 to PQ

reduction is minimal compared to that of SDH activityput no further reportshave

confirmed this hypothesis.

1.4.2 Electron output sfrom LET

Mechanismshat remove electrons fronLETare alsocalled“electron valves”or AET,
which preventhazardousover-reduction of the electrortransferchain. The flavodiiron
proteins FIvi4 are examples ofyanobacterialAETthat sequesterelectrons fromLET
and divert them to alternative acceptorsee“Flavodiiron proteing section).

Under aerobic conditions, Flv1/3 proteins and the thylakoréspiratory terminal
oxidases RTOs (cytochrome 4ogiinol oxidase, Cg, and cytochrome c oxidase, Cpx
areimportant electron valvesDeletion mutantsof Flvl/3and RTOs are disadvantaged
under fluctuating light and 12 h dark/high-light transitions respectively
(Allahverdiyeva et al., 2013; L&mith et al., 2013FIv1/3 acts athe PSI acceptor side,
likely receiving electrons from NADPHVicente et al., 2002; Helman at., 2003see
“Flavodiiron protein” sectioiy; Cyd is reduced by PQHBerry et al 2002)and Cox
receives electrons fronPdCyt cs (Howitt and Vermaad998) Al reactions result irO,
reduction to HO (Fig. 5also defined as watewater cycle inBranco dos Santos et al.,
2014) Cox can potentially couple the electron transpaa O, with the translocation of
protons across theanembrane (wata et al., 1995; Bndén et al., 200% In algae, plants
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and a few cyanobacterial speciesther than Synechocystis plastid terminal oxidase
(PTOX) is alsavolved in PQ pool reoxidatiofiMcDonald et al., 2011)

Under anaerobic conditions aher cyanobacterial electron valves are relevant
Bidirectional hydrogenase (Hoxvhich isinhibited by O,, cansequesterelectrons from
the acceptor side of Bland use them to reduce protons to produck, (Appel et al.,
2000; Gutekunst eal.,2014). Hox consumes protons in the cytoplasmthus it could
contribute to increase theproton gradient across the TMasdo Flvl/Flvdand RTOs,
which reduce Qto H;O). Thereforesomeelectron valvesnight influence ATP/NADPH
ratios. Hox could beinvolved in a rapid electrontransfer mechanism (Appel et al.,
2000) with H, evolution terminating with the rise inO, concentration due to HlI
activity (Cournac et al., 2004).
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Figure 5. Schematic diagram of electron transport routes in the TMSyfnechocystiBlue arrows indicate
electron transport. Dotted blue arrows indicate possible or unverified electron transpmathways. Red
arrows indicate reactions consuming or releasing protons. Dotted red arrows indicate proton
translocation across the membran&hereactions of PQ reduction invotsthe uptake of twagprotons from

the cytoplasmic side of the membrane. Thedeparkon the Hox complex indicates inhibition by OFor
clarification, the FNRsoform can associatavith PC (van Thor et al., 1999). Mibetil from Allahverdiyeva

et al.(20159.

In autotrophic cultures bidirectional hydrogenase is constitutivelyexpressed
suggesing that Hox is also important under prolonged constant conditionsand
especially during adaptation to higher light intensitgAppel et al., 2000). Furthehd
bidirectional NiFehydrogenase inSynechocystisan bereducedby Fdx and Fdand is
important under mixotrophic, nitratelimiting conditions (Gutekunst et al2014).
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In the review ofLeaSmith et al. (2015)F-d isdescribed asthe electron donorto

metabolic pathways involving reduction otulfite (Kaneko et al., 1996), nitratad

nitrite (Flores et al., 2005ylutamate (Navarro et al., 20Q@jliverdin (Frankenberg et
al., 2001)and thioredoxin (Hishiya et al., 2008Df these, aly nitrate and nitrite
reduction have been demonstrated to be a significant electron siikloreset al., 2005;
Klotz et al., 2015). In diazotrophic cyanobactetize reducing power ofNADPHand

reduced Fd can be utilized asa substrae for nitrogen fixation andH, evolution by

another Q-sensitive enzymenitrogenase(see review by Boéthe et aR010)

1.4.3 CETvs LET poising the ATP/NADPH ratio

CET plays an important physiological roéed is essential for photosynthesis when
cells are exposed tetresall environmentalconditionsand require elevated ATP levels
(reviewed in Nixon and Mullineaxi2001; Rumeau et al., 2007he control of CETvs.
LETis critical for the redox poise of the cell.In cyanobacteria angblant chloroplasts
CETiunctions to increase the ATP/NADPH ratio produced by LEET facilitates ATP
synthesis: 4 photons absorbeily PSI result in 8 Heleased into the lumen by @ bef,
driving the synthesis of 2 ATP molecule€Eherefore 2 photons per ATRre required,
while LEThecessitate.667 photons per ATP.

Cyanobacteridnavemultiple routesfor CET(see review byullineaux2014).The major
pathway of CETinvolveselectrontransportfrom NADPHFdto PQviaNDH-1 (Mi et al.,
1995, while another route might involve electron transport from Fd to PQ via the
cytoplasmic PGR&ke protein Fig.3, Yeremenko et al2005) FNR is requiredfor salt
stressinducible CET (van Thor et al., 2000). A rovig FNRshort isoform (FNR),
NADPH,and NDH1 is also plausible (Fig.3, Thomas et al., 2006; Korn 2Q1Qvith
electron donation to the intersystem chain via NBHbeing enhanced inHL (Mi et al.,
2001).Controloverthe extent of CETvs.LETcould be obtained through changes irnthe
expressionof NDH1, PGR5FNR and FNR FNRcan associatavith PBSs while FNIis
stromaland thisdifferent localizationcould affectelectrontransfer routes (Thomas et
al., 2006 Korn2010. Interestingly, the distribution of a number of electron trafes
complexes in theTM is under physiological control and plays eelevant role in
regulating the pathway of electron flov (Liu et al., 201Burroughset al., 2014). For
example,a larger-scale distribution of NDHL in the TM s regulated in response to
changes in the redox state of the PQ pool (Liu et al.,, 2012), #heanging the
probability that electrons from respiratory complexes are transferred to PSI rather than
to a RTO (Liu et al., 2019n shortertimescalespost-translationalmechanismscould
be importantin the shift between CETand LET
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1.5 Cyanobacterial NDH-1 complexes

1.5.1 NDH1 and Complex I: @mparison of subunits and function

The type 1 NADPH dehydrogenase (N2H complex is an NAD(P)H:quinone
oxidoreductase, als&known ascomplex I. The complex is identified in a multitude of
organisms, from bacteria to mammals (Friedrich et al., 1995; Hdkedand Scheide
2000; Brandt et al., 2003). In general, the complex functions in transferring electrons
from an electron donor to a quinone (Yagi et al., 1998), developing a transmembrane
proton motive force used for ATP synthegBerger et al., 1991)

Complex | in eubacteria consists of three main structural modules or-somplexes:

an activity module responsible for NADBinding and oxidation (input of electronsh
linking amphipathic segment with Fe& clusters and a hydrophobic fragment
embedded in the membranewhich performs proton translocation and binding the
quinone molecule (Friedrich et al., 1995; Sazam007). The size of Complex | differs
substantially, the "minimal” Complex | in bacteria is about 500 Kvigh 13-15 subunits
(reviewed in Sazanov 2007), while bovine Complex | has 45 subunits and reaches
almost 1MDa (Carroll et al., 2006).

Cyanobacterial and plastidial NDHcomplexes form a subclass of the complex | family
(Battchikova et al., 2011). This group is characterized by a fewnummfeatures: the
absence of three subunits of the activity module homologous to NuoE, NuoF, and
NuoG of theEscherichia colkomplex, the presence of 11 subunits, NdiMdhK,
conserved within the complex | family (Friedrich and Scheide 2000), and the
occurrence of several subunits specific for complexes of oxygenic phototrophs (NdhL,
NdhM, NdhN, NdhO, NdhP, and NdhQ, Birungi et al., 2010; Nowaczyk et al., 2011,
Schwarz et al., 2013; Wulfhorst et al., 2014).

In Escherichia colComplex | genes are found one nuo cluster (Weidner et al., 1993),
whereas cyanobacteriahdh genes are dispersed in the genome, sometimes as small
operons. Interestingly, genes encoding NdhD and NdhF are found in most of
cyanobacterial genomes in several copi€dynechocystisas $x ndhD genes (dhD1-

D6) and threendhFgenes AdhF1ndhF3andndhF4 inits genome (Kaneko et al., 1996
ThendhD3D6, ndhF3and ndhF4genes are specific to cyanobacteria, as wellcapA
(chpY),cupB(chpX andcupSgenes (Ogawa and Mi 2007).

Mitochondrial and bacterial complex | is an NABlépendent oxidoreductase
(Friedrich et al., 1995; Yagi et al., 1998; Brandt 2006), but cyanobacteriail Niid
suggested to be an NADRHependent enzyme (Matsuo et al., 199Beng et al., 2003a
b; Ma et al., 2006However, the active subunits have not been assigned yet, thus the
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electron donor is stilunder debate. FNRmay provide electrons from NADPH to the
NDH1 complex (Thomas et al., 2006; Korn 20k0) Fd could also be the electron
donor to the NDH1 complex in oxygenic phototrophs. Iirabidopsighaliana, the
CRR31 protein functions as a-bthding Ndh subunit in the chloroplast NDH-like
complex (Yamamoto et al., 2011). A recent purification of NDEomplexes fromT.
elongatuscontained Fd and FNR together with the NBHcomplex, suggestingan
electron donation from NADPH to NDH via interaction with FNR and Fd (Hu et al.,
2013). In mammalian Complex I, NADH is the electron donor, giving two alastto
the quinone molecule, via FMN and the sequence of$elusters. While two electrons
are transferred in the complex, the translocation of four protons through the
membrane occurs (Efremov et al., 2010; Hunte et al., 2010).

1.5.2 Cyanobacterial NDH1 variants and physiological roles

Complex | of mitochondria and eubacteria plays a solitary role in respiration, whereas
cyanobacterial NDHL complexes are involved in respiration, CET and &€juisition.
Importantly, for applied research, deletion of NB-1 in Synechocystiprovoked an
accumulation of reducing equivalents in the light which prolonged the activity of the
Hox hydrogenase, resulting in enhanced photoevolution (Cournac et al., 2004).

Thedifferent functions assigned to ganobacterial NDHL complexes arébased on the
diversity of the NdhD and NdhBubunitsthat results in an occurrence afiverseNDH
1 complexes within a cyanobacterial cell (reviewed in Battchikova et al., 20&ltier
et al., 201% The diversity ofcyanobacterial NDHL complexes predicted by reverse
genetic studiessillustratedin Fig. 6

1.5.2.1 NDH1M complex

NDH1M complex is an assembly intermediate for both the NQ2H and NDHLMS
complexes (Fig. 6 The NDHLM complex consists of 14 subunits (NdH& NdhE,
NdhG-O).Ndhl, J, K and H form a soluble domain and the NabANdhE, NdhG and
NdhL-O are supposed to be the components of the hydrophobic membrane asag
review byBattchikova et al., 20901 The NdhO subunit was recently shown to strongly
interact with Ndhl and NdhK subunits in the hydrophilic domathereby destabilizing
the NDH1M complex and repressing NDBET activity (Zhao et al., 2014). A small
transmembrane NdhQ subunit (Nowaczyk et al., 2011), is also assigned to thellNDH
complex according to Wulfhorsét al.(2014).The assembly of the NDEHM complex is
fairly obscure with only one maturation factor, SIrl097being identified in
SynechocystiPai et al., 2013).
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1.5.2.2 NDH1L complex(es)

NDH1L is a 450 kDa protein complex, localized in the TM of all cyanobacteria-NDH
containsthe subunits present in the NDHM complex with the addition of the NdhD1
and NdhF1 in the membrane domain, giving the typicl-shape to the complex (Fig.
6, for a revew see Battchikova et al., 2011Recently, it was shown that the NEIH
complex has another specific subunildhP,which is localized to the membrane arm
andis essential for stabilization and optimal activity of the NEIH complex (Schwarz
et al, 2013; Wulfhorst et al., 2014).

Act-NDH-1L' Act-NDH-1MS'

Respiration and
cyclic electron flow
Act-NDH-1L
q4 —
( \

?

NDH-1L NDH-1MS

Figure 6. The functional and structural multiplicity of cyanobacterial NE-Hcomplexes. The unknown
activity domain (ActNDH) is indicated by a question mafkigure from Battchikova et af2011).

The canonical “darkrespiration and CET functions are assigned to the NDOH
complex (seeeview Battchikova et al., 20)1The malfunction of the NDHL complex
induces the glucosesensitive phenotype under photoheterotrophic conditions
(Ohkawa et al., 2000Yhe NDHLL comgex is the main contributor to cyanobacterial
CETand thus plays arucial physiological role particularly when cyanobacteria are
exposed to environmental stresses and require additional ATP to maintain their
growth and development(Ohkawa et al., 2000)

A hypothetical NDHLL' complex, harboring the NdhD2 subunit instead of the NdhD1
subunit, is likely to be expressed in particular environmental conditions, although the
complex and NdhD2 has never been found at protein le{€ig. 6) Indeed, thendhD1
gene is rather constitutively expressed butdhD2 has been shown to be highly
expressed upon C@imitation and HL Hihara et al., 200Wang et al., 2004) and poorly
expressed upon iron depletion (HernandeRrietoet al, 2012). This might indicate a
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different function for the NDH1L' complex as compared to the ordinary NDH.
complex.

1.5.2.3 NDH1MS complexes

The NDH1MS complex includes NDHM plus the specific subunits NdhD3 and NdhF3
in the membrane arm and two extra proteins, CupA and Cup&und to the NdhD3
and NdhF3 proteins (NDHS, Fig. b TheNDH1MS complexes, first isolatefdom T.
elongatus(zZhang et al., 2005), easily dissociatéo the NDH1M complex and two
small NDH1S sibbcomplexes in native gels (Fig, 6lerranen et al., 2004; Zhang dt, a
2004). The NDHMS’ complex has only recently been evidencatthe protein leve)
with the identification of specific subunits NdhD4, NdhF4 and Cupf3jch form NDH
1S’ (Wulfhorst et al., 2014, Fig. Bespite, he constitutively expressed NDHMS’
complex demonstrating alow expression level, NDHMS*mediated CET has been
established (Bernat et al., 2011).

Both NDH1MS and NDHLMS’have been shown tdunction in cyanobacteriaas part

of the CCM (Ogawa 1991, Ohkawa et al., 2000; Price et al., 2008; Burnap et alln2015).
CCM,CQ enters cyanobacterial cells by diffusion and the NEAMSs complexes
situated in the TM catalyze its hydration to HEQOwhich accumulates in the cysml

and is transported into the carboxysome. In the carboxysongarbonic anhydrase
converts HC@to CQin close proximity to Rubisco (for a revieseefor example Price

et al., 2008).

Typically, the NDHLMS complex is missing from cyanobacteria grogiin HC (35 %)
but appears rapidly upon C@stepdown to LC conditions (Battchikova et al., 2010).
CupA and CupS subunits are likely essential for, 8@iration to HCQ@, whereas the
rest of the complex is likely to energize the €@umping mechanism by grforming
CET (Bernat et al., 2011) to produce ATP.

1.6 Flavodiiron proteins

1.6.1 A conserved family of modular enzymes

Flavodiiron proteins(FDPsform a conserved family of enzymeashich are present in
prokaryotes (Wasserfalle et al., 1998)some eukaryotesincluding algae and lower
plants (Zhang et al., 2009Allahverdiyeva et al., 20b% and anaerobic protozoa
(TrichomonasGiardiaand Entamoebaspp., Saraiva et al., 2004; Di Matteo et al., 3008
FDPseduce nitric oxide (NO) to nitrous oxid&{O)and/or reduce O, to H,O (Saraiva
et al., 2004, Vicente et al, 200Ba These proteins protect cellsom nitrosative stress
(Rodrigues et al., 2006) andn case ofanaerobic organismsfrom harmful O,
accumulation (Hillman et al., 2009DPsshow a shared stuctural and functional



36 INTRODUCTION

pattern. The prototype coreincludes a -lactamaselike domain containing a non
heme diiron center, and a flavodoxiiike domain with an FMN binding site.The
presence of extra structural domains fused at theototype Cterminus hasled to the
establishment of foulrDPsubfamilies (Tasses AD, see Fig.)/In many organisms, he
prototype FDP (Class Ajcts as terminal oxidase of &-component systemwhere
rubredoxin (Rd)is the intermediate carrigthus involving the presence cin NADHRd
oxidoreductase.This enabls the coupling of NADH oxidation to ©reduction, as
observed in the Rd:oxygen oxidoreductase, ROO, fidesulfovibrio Giga€hen et al
1993.

Figure 7. Modular organization ofthe flavodiiron protein family and occurrence in different organisms.
Figure from Allahverdiyeva et al. (2045

Class B FDPs are called flavorubredeXifiRd)since at the @erminusthey containa
Rdlike domain. This typ of enzyme igestrictedto enterobacteria Escherichiand
Salmonellaspp.). FIRG accept electrons directly from NADHRdreductase forming a
2-component electron transport modul§Gomes et al., 2002; Vicente et al., 2007).

Class C FDPare typically present in cyanobacteria. They havan NADPHflavin

reductase domain at the @rminus (Wasserfallen et al., 1998; Vicente et al., 2002

Saraiva et al., 2004mportantly, in a single proteinthese FDPsondensethe whole
electrontransportreaction that couples NADPH oxidation to,@nd/or NO redution.

Class D FDPs result from the fusion of a Class B FDP wittespective NADH:FIRd
reductase. The resulting-domain protein is likely toperform O, or NO reduction
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