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Résume:

Le photosysteme Il (PSII) est un complexe multit@igue qui utilise I'énergie lumineuse
solaire pour oxyder l'eau et réduire les quinohessite catalytique d'oxydation de l'eau est
localisé sur le coté (lumen) du complexe, alorg tpisite de réduction comprenant deux
quinones (@ et ) et un fer non-hémique est localisé sur l'autrée cdu complexe
membranaire. Dans cette these j'ai étudié les detés accepteur et donneur d'électrons du
PSII.

Qa" et @~ sont couplés magnétiqguement au fer non-hémiqueadtrde faibles signaux
RPE. Le fer non-hémique possede quatre ligandsdinss et un ligand (bi)carbonate
échangeable. Le formate peut échanger le ligandafihonate en causant un ralentissement
dans le transfert d'électrons. Ici, je décris umification du signal RPE degQFée* lorsque
le formate substitue le (bi)carbonate. J'ai augsiodvert un second signal RPE du a la
présence du formate a la place du (bi)carbonasgler @ est réduit deux fois. De plus, j'ai
trouvé que les signaux RRatifs de Q~ F&* and @~ F&* possédent une caractéristique
intense jamais détecté. Tous ces signaux RPE ragsalans cette these devraient faciliter le
titrage redox de @par RPE.

J'ai aussi observé quesQpeut oxyder le fer non-hémique a l'obscurité enéasize.
Cette observation implique qu'au moins dans unetifra des centres, le couples @QgH>
posséde un potentiel redox plus haut que supp@squantification du nombre de centres ou
cette oxydation du fer se produit par le coupe/QgH. reste a faire.

La réduction du PSIl par le dithionite génére ugnal modifié¢ de @ Fe*, un
changement structurale du PSII obsérvé sur gefatéipe. Cela peut indiquer une réduction
d'un pont disulfure a l'interieur du PSII.

Concernant le c6té de I'oxydation de l'eau, jailét la premiére étape de I'assemblage du
site catalytique (MiCa), en étudiant I'oxydation du Kfnpar RPE classique et haut champ.
J'ai mis au point des conditions expérimentalesmptant le piégeage du premier
intermédiaire, et j'ai aussi trouvé une incohéreax des travaux publié dans la littérature.
J'ai aussi trouvé que le dithionite pouvait redldresite catalytigue MyCa, en formant des
états sur-réduits qui peuvent correspondre auxnrddiaires de l'assemblage du cluster
Mn,Ca.

Mots clés:Photosystéme Il, RPE, transfert d'électrons, quespsemiquinones, manganése,

photoactivation, formate, bicarbonate.



Abstract:

Photosystem II (PSIl) uses light energy to oxidisger and reduce quinone. The water
oxidation site is a MiCa cluster located on the luminal side of the memérprotein
complex, while the quinone reduction site is mag®itwo quinones (Rand @) and a non-
heme F&" located on the stromal side of the membrane protai this thesis | worked on
both oxidation and reduction functions of the engym

Q" and @ aremagnetically couple to the Feagiving weak and complex EPR signals.
The distorted octahedral £ehas four histidines ligands and an exchangeali)eatbonate
ligand. Formate can displace the exchangeableafibpnate ligand, slowing electron transfer
out of the PSII reaction centre. Here | report fitrenate-modified @ Fe* EPR signal, and
this shows markesgpectral changes and has a greatly enhanced iyteingaiso discovered a
second new EPR signal from formate-treated PSilighattributed to formate-modified Q
Fe?* in the presence of a 2-electron reduced form gfI addition, | found that theative
Qx" FE€* and @~ Fe* EPR signals have a strong feature that had besriopsly missed
because of overlapping signals (mainly the stajplesyl radical TyrD). These previously
unreported EPR signals should allow for the redoteitial of this cofactor to be directly
determined for the first time.

| also observed that whens@e was formed; it was able to oxidise the iron $jaw the
dark. This occurred in samples pumped to remox€lris observation implies that at least in
some centres, thegQQQgH> couple has a higher potential then is often asduané thus that
the protein-bound semiquinone is thermodynamickdgs stable expected. It has yet to be
determined if this represents a situation occuritmthe majority of centres. Treatment of the
system with dithionite generated a modified form @f Fe&** state and a change in the
association of the proteins on gels. This indicatesdox induced modification of the protein,
possibly structurally important cysteine bridgePisll.

On the water oxidation side of the enzyme, | stdiee first step in the assembly of the
Mn4Ca cluster looking at Mii oxidation using kinetic EPR and high field EPR.n@itions
were found for stabilising the first oxidised stated some discrepancies with the literature
were observed. | also found that dithionite cowddused to reduce the MPa, forming states

that are formally equivalent to those that exigirmyuthe assembly of the enzyme.

Keywords: Photosytem II, EPR, electron transfer, quinonesiiguinones, manganese,

photoactivation, formate, bicarbonate.
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1. La photosynthéese

La photosynthése est le plus important mécaniswledique de conversion d’énergie
solaire en énergie chimique nécessaire pour tauétles vivants. En effet, la photosynthese
convertit efficacement I'énergie solaire en éneréliectrochimique essentielle pour les
réactions d'oxydo-réduction (redox). L'excitatioasdpigments photosynthétiques par des
photons (lumiere solaire) provoque une séparaterclitarge et un transfert d'électrons a
travers une longue chaine de transporteurs juscieanier accepteur, le GOL'électron
perdu est ensuite récupéré par l'extraction d'aot@n a partir d'un donneur final. Il existe
deux types de photosynthese selon le donneurdiékdctrons. Si le donneur final d'électrons
est une molécule d'eau, alors on parle de photogyat oxygénique, car une molécule
d'oxygene est produite comme "déchet”. Si le donfieal d'électrons n'est pas une molécule

d'eau, on parle alors de photosynthese non-oxygeéniq

La photosynthese oxygénique a lieu dans les merabramotosynthétiques : les
thylacoides. Chez les plantes et les algues, {gacibides se trouvent dans les chloroplastes.
Elles sont empilées en grana interconnectées parlamheelles simples plus exposées au
stroma. Chez les procaryotes (eg. cyanobactéras)e différenciation est absente, les
thylacoides sont distribuées dans le cytoplasmelaié.

La réaction globale de la photosynthese oxygénggtieomme suit :

CO; + 2H,0 ---> (CH0) + O, + H0.

La photosynthése non-oxygénique est considérée eorfancétre de la photosynthése

oxygénique. Dans ce cas, le donneur d'électronsudist que l'eau, il peut s'agir par exemple
de HS. Certains bactéries pourpres, les bactériesreule vertes, les heliobactéries peuvent
effectuer cette réaction. Dans cette thése je seeaé a comparer le centre réactionnel des
organismes photosynthétiques non-oxygéniques teldes bactéries pourpres, pour lequel de
nombreux données sont diponible dans la littératuevec celui d'organismes

photosynthétiques oxygéniques tels que celui destgd supérieures et plus souvent de

cyanobactéries thermophileBhermosynechococcus elongatus

Deux phases caractérisent la photosynthése oxyggnig Une phase lumineuse ou
I'énergie solaire est transformée en énergie chimidgi) Une phase "obscure" ou I'énergie

chimique est utilisée pour fixer le G@n produisant les glucides (cycle de Calvin-Benson)
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Les acteurs principaux de la phase lumineuse sdfh):Des complexes protéiques
transmembranaires contenant des chlorophylles pbtites ( le photosystéme I; PSI, le
photosystéme II; PSII), ainsi que le cytochrobgket 'ATP synthase. (2) Un transporteur
d’électron membranaire liposoluble : la plastoqumo (3) Des transporteurs d’électrons
solubles : la plastocyanine ou le cytochrorbechez certaines espeéces, la ferrédoxine (Fd) et

la FNR (Ferrédoxine-NADRoxydoréductase). Voir la Figure 1.

ADP+Pi

Stroma

Membrane
Thylacoidienne

Lumen

Figure 1: Organisation et structure des complexgsruenant dans la phase lumineuse de la
photosynthése au niveau de la membrane thylacoitdaeke quatre complexes membranaires sont
présentés : Photosysteme Il (PSIl), Cytochronfe(linf), photosysteme | (PSI) et 'ATP synthase
(ATP 459 ainsi que les protéines solubles impliquées ldatpcyanine (Pc), la ferrédoxine (Fd) ainsi
gue la FNR (Ferrédoxin-NADPoxidoreductase). Les électrons sont transférébede au NADP
(trait rouge), ce transfert d’électrons génere tadignt de protons au niveau de la membrane. Ce
gradient de protons est utilisé pour la synthésd B par I'ATP synthase (fleche en bleu). L'ATPeet |
NADPH sont utilisés pour fixer le GGafin de produire les composés organiques (cycl€alein-
Benson). Figure modifiée a partir de la référerige |

2. Les centres réactionnels

Les centres réactionnels peuvent étre classésentygges. Les centres réactionnels
(CR) de type | (PSI) utilisent des centres fer-swufFeS) comme accepteurs finaux
d’électrons, alors que les centres réactionnels/pke Il (PSII) utilisent une quinone comme
accepteurs finaux d’électrons. Les bactéries pesret les bactéries vertes non-sulfureuses

contiennent le CR type Il, alors que les bactévieges sulfureuses et les héliobactéries

3/168.



contiennent le CR type |. Les organismes contenlastsleux types de CRs sont capables de

réaliser la photosynthese oxygénique, tel queltesea, les cyanobactéries et les plantes.

Selon la théorie de I'endosymbiose sur l'origines adloroplastes présents dans le
cytoplasme des plantes et des algues, une cyagoleaatété endocytée par une cellule héte
eucaryotigue non photosynthétique [2]. Cela justih grande ressemblance des CRs de
plantes, des algues et de cyanobactéries.

Une grande partie du travail présenté ici a étérai# en utilisant du PSIl isolé a partir
d'une cyanobactérie thermophildhermosynechococcus elongati&P1l, anciennement
appeléeSynechococcus elongatBP1. Cette souche a été isolée dans les sourcas d'e
chaude a Beppu au Japon [3]. Les avantages desdititin de cette espéce sont: une grande
stabilité a température ambiante et une homogéenéiteSll isolé, un génome totalement
séquenceé (disponible dans la banque de doQyamobasg et des conditions de culture a
haute température minimisant le risque de contaioimaors de la culture. De plus, le PSII

peut étre isolé a l'aide d'une étiquette histid[Ags

3. La chaine de transfert d'électrons (les électrande I'eau a la Fd)

L’absorption de la lumiére par les centres réacis chlorophylliens du PSI et du
PSII induit une séparation de charge et un transf@ectrons. Au niveau du PSII, la
séparation de charge est suivie par un transféleattons qui finit par la réduction de
l'accepteur final d'électrons du PSIlI (une quinolwenmée @, voir ci-dessous). £ peut
accepter deux électrons et deux protons pour foi@et,. QsH, migre au travers de la
membrane thylacoidale pour réduire le cytochrdgielLe cytochromesf réduit & son tour
un transporteur d’électrons soluble, la plastoayar{ou le cytochrome6 dans certain cas)
(Fig. 1). La chlorophylle du PSII qui a perdu séec&on apres la séparation de charge oxyde
une tyrosine, qui a son tour oxyde le site catqlyid'oxydation de I'eau (pour plus de détails
voir ci-dessous). Au niveau du PSI, la séparatiercliarges est aussi suivie par un transfert
d'électrons. Dans ce cas, la ferrédoxine est rédaia fin de la réaction. La ferrédoxine est
un carrefour métabolique de réactions redox, I'de® voies majeures est celle de la réduction
de la ferrédoxine-NADPréductase (FNR) qui produit le NADPH. La chlorojdndu PSI
oxydée est réduite par la plastocyanine. Cettenehdé transfert d'électrons est dite linéaire
(i.e les électrons de I'eau sont transféré vers RIAD Cependant, il existe un autre type de

transfert d'électrons non-linéaire, voir par exemfil]. Le transfert d’électrons linéaire (et
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cyclique) génere un gradient de protons au niveala dhembrane thylacoidale qui va servir a
la synthese d’ATP a partir d’ADP et de phosphatrganique grace au complexe multi-
protéigue de I'ATP synthase. L’ATP et le NADPH saititisés pour la fixation du C{Cet la

production de composés organiques tels que leespendant cycle de Calvin et Benson.

4. Le PSII

4.1 La structure

Le PSII est le siege de l'oxydation de I'eau etlderéduction des molécules de
plastoquinone, le nom exacte de cette enzymeeasi/plastoquinone :photooxydoréductase.

Le PSII catalyse la réaction suivante:

2H,0 + 2PQ + 4H ----> O, + 2PQH + 4H"

Les premiers modéles du repliement des sous upitg®iques du PSIl ont été
pendant longtemps inspirés par analogie a la streictes centres réactionnels des bactéries
pourpres, résolue dans les années 80s par [6laRaite, les résultats spectroscopiques n‘ont
cesseé de confirmer ces analogies [7-8]. L'analegsiite était validée dans les années 2000,
par la premiére publication de la structure cristahphique a une résolution de 28u PSI
[9]. Depuis ce jour, la résolution n'a cessé d'amreéliorée. La résolution était améliorée a
3.5A, ce qui a permis pour la premiére fois le raffiestnde la structure et la résolution des
acides aminés par [10], ensuite & Buis 2.9\ [11] (voir la structure & 24 sur la Fig. 2).
Une nouvelle résolution & un niveau atomique deiteci (1.94) est en cours d'achévement,
cette structure est supposée étre moins affectééepaadiations lors de l'acquisition des

données de diffractions aux rayons X (Shen etrghréparation).

Le PSII est un homodimére (de dimension 105x200x4)lséré dans la membrane
des thylacoides, composé de protéines transmenitmsnat de protéines extrinseques
attachées du coté lumen protégeant le site cajabyti'oxydation de I'eau. Selon la structure
la plus récente [11], le PSII est formé de 20 amiges peptidiques et d’'un grand nombre de
cofacteurs par monomere (35 chlorophylles, 12 éamitles, 2 phéophytines, un fer non-
hémique, deux ions calcium, dont un contenu danesluster de manganése, quatre ions
manganese (formant le cluster de Jda), deux ions Cl 2-3 quinones, 2 hemes et 25

lipides). Le noyau enzymatique du monomere (le reeméactionnel) est constitué de
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I'hétérodimere D1/D2 et du cytochroni®59 Ce noyau est entouré par deux proté€ines
antennes CP43 et CP47 qui capturent I'énergie lensi@ grace aux chlorophylles qu'elles
contiennent, et la transférent au centre réactiomri@etérodimere D1/D2 lie les cofacteurs

nécessaires a la séparation de charges et adbilrssttion.

Le PSII peut étre vu en trois parties: un coté éanrd'électrons qui se situe du coté
du lumen et qui posséde le site catalytique dutedude MnCa protégé par les protéines
extrinseques, un cbté accepteur d'électrons quiertiries quinones, qui se situe sur l'autre
cOté de la membrane i.e. stroma; et la partie alenfrossédant les acteurs impliqués dans le

transfert d'électrons du c6té donneur au c6té éeged'électrons.

Cyt c550

Fig. 2: Les principaux cofacteurs du PSII intervendans le transfert d'électrons. (PDB:3BZ1) [11].
Figure réalisée par Pymol.

4.2 Le transfert d'électrons dans le PSII

L'absorption de I'énergie d'un photon induit uneiteaxion puis une séparation de
charge au niveau de la GhlLe cation est stabilisé sur lgsk formant ainsi B’ et réduisant
le premier accepteur d'électron la phéophitine Phe,). La vitesse de formation de
Psso Pheo est estimée a4~ 2-20 ps. La Phéaéduit Q (ti» ~ 250-650 ps) avec une perte
d’énergie qui stabilise la paire de chargeso Poxyde la tyrosine Z (¥) avec une vitesse
multiphasique, la phase majoritaire avec 1420 ns pour les étatg 8t S, et un 1, ~250-
300 ns pour les états 8t $ [12]. La tyrosine oxydé cede un proton a I'Hist@lD1 formant
ainsi un radical neutre;Y[12]. Yz oxyde le cluster de M@a avec des vitesses dépendant de
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I'état S, 1>,<3-250 pus pour la transitiornyS;, t/,~30-140 ps pour la transition-S,, ti, 100-
600 us pour la transition,$s; et t/2,1-4.5 ms pour la transitiors$ [12]. Qa™ réduit @ (voir
ci-dessous pour plus de détail concernant le teandflectrons entre les deux quinongse®
Qg) [12-13]. L'absorption de deux photons induit dexéyarations de charges, et donc une
double réduction de £ Qs réduit deux fois accepte deux protons, formapH£ qui se
détache de son site de fixation, une autre moléquimonique (@) venant du pool
membranaire le remplace.

Le PSII accumule 4 équivalents de charges posjtiee@ec 4 déprotonations afin de
compenser cette accumulation de charges avantdbtioyy de 2 molécules d'eau et le

dégagement d'oxygene [14].

4.3 Les protéines extrinseques :

Le mécanisme catalytique et l'architecture du RSIt été conservés de maniére
remarquable a travers I'évolution depuis les cyaotdries jusqu’aux plantes. Il n’existe
gu’'un seul type de centre réactionnel PSII quekpiel'organisme photosynthétique dont il
est issu. Néanmoins, des différences existent @gani des protéines extrinséques qui
protégent le site catalytigue de I'oxydation dealie Il existe cing protéines extrinseques
(PsbO, PsbP, PsbQ, PsbU et la PshV) qui s’assanieatdes combinaisons différentes dans
chaque organisme photosynthétique. Les principadetines extrinseques chez les plantes
sont les protéines PsbO, PsbP et PsbQ. Chez laslmetéries, nous trouvons les protéines
PsbO, PsbU, PsbV (cytochroneb50 et aussi PsbP et PsbQ avec des combinaisons
différentes, les algues rouges et les diatoméesedesat aussi la PsbO, PsbP, PsbV et une
PsbQ-like (PsbQ') [15-18].

« PsbO

La protéine PsbO (33kDa) est la seule protéindreséique ubiquiste des organismes
faisant la photosynthése oxygénique. Son princiflalsemble étre de stabiliser et protéger le
cluster de MpCa des agents réducteurs [19]. Son absence empegatreissance photo-
autotrophique des plantes et des algues vertas, @le chez les cyanobactéries son absence
ne fait que baisser le taux de croissance phow-aophique [20-21]. Récemment, il a été
proposé gue la protéine PsbO puisse avoir des xatiacheminement de I'eau du lumen vers

le site catalytique et des canaux de dégagemepriotiens et d’oxygene [22].
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e PsbQ,P,UetV

Les protéines PsbQ et PsbP (17 kDa et 23 kDa) m@sentes chez les plantes et
algues vertes [23], et les protéines PsbU et P¢b¥ kDa, 15 kDa) sont trouvées chez les
cyanobactéries, les algues rouges et les diatons&ssprotéines stabilisent la fixation des
ions C&" et CI, essentiels pour I'activité de dégagement dey@xe [24]. La protéine PsbV

pourrait avoir une fonction redox inconnue du €pitelle contienne un heme [25].

Récemment, des protéines homologues aux protéisieB et PsbQ des plantes ont
éte identifiees chez les cyanobactéries [17, 26-2@F protéines extrinseques ne sont pas

présentes dans la structure cristallographiqueiudbtenue cheZ. elongatus

Il a été montré que les mutants 8gnechocystislépourvues de PsbP ou PsbQ
poussent plus lentement que la souche sauvage sEmabdes ions €aet/ou Cl. Ces
résultats suggérent que ces protéines ont un edis kh fixation des ions €aet/ou Cl. Le
PSIl a pu étre isolé grace a une étiquette hisiiddrésente sur la sous-unité PsbQ de
Synechocysti$28], la structure cristallographique de PsbQ isotie Synechocystia été
résolue récemment par [29]. Le nombre de PsbP $lme semble pas étre stcechiométrique
chezT. elongatug17]. Récemment aussi, la structure de la PsbP. diongatus été obtenue
[30].

e Cas unique de la PsbV (Cyt550)

La protéine extrinseque PsbV (15 kDa) est un cytwule de type ¢ (Cyt550. C'est
la seule protéine extrinséque possédant un hénwyida rend assez unique. Le @#50est
un composé du PSII trouvé chez les cyanobactdessalgues rouges, les diatomées et
quelques autres algues. Son rble demeure incorela. dit, plusieurs travaux montrent que
cette protéine n'est pas impliquée dans les réaciidotochimiques du PSIl. Son potentiel
redox a été mesuré par plusieurs laboratoiresaedre sensible aux traitements subis par le
PSII.

5. La photoactivation

Le photoassemblag@l{otoactivation du cluster de MyCa est un mécanisme a bas
rendement quantique qui se fait de maniére natuegllprésence d'ions K C&* et CI en

lumiere faible. La photoactivation passe au moias geux intermédiaires instables séparés
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par une étape de réarrangement [31-32]. Il esitcams la littérature que le premier Mrse
lie & un site de haute affinité. Ce Mrmst ensuite oxydé en Mpar la Tys générée lorsque
le PSII réalise une séparation de charge. La haidn deuxiéme ion Mf pourrait
constituée I'étape limitante correspondant a urapeétde réarrangement structural. Ce
deuxiéme MA" est photo-oxydé, 2 autres ions Mse lient et sont photo-oxydés et un ion
Cd" se lie au cours de la photoactivation. Au finatliester de MgCa est assemblé [32]. Le
mécanisme exact de I'assemblage du cluster dEMreste inconnu.

Le C&" et le Cl sont nécessaires pour le dégagement d’oxygérst firoposé que le
Cd&* a un role dans l'étape de réarrangement structiuraPSlIl. Le réle du Cldans la
photoactivation reste inconnu, mais sa présenceéestssaire a la photoactivatioravitro et
aussi au fonctionnement du PSIl. Une grande qéagdé I'ordre du molaire) de Gést
nécessaire pour maintenir le dégagement d'oxygensgue les protéines extrinseques sont
enlevées [33].

Le mécanisme ci-dessous (Fig. 3) représente le lm@dénmunément admis dans la
littérature [31-32, 34-35].

hv - hv
dark, b]OW *hv fas
IM,J-ﬁ IM,— IM, T IM.— PSI|

=43
Mn B Mn —_—— M#Mﬁz-b MT]}M#—P 4Mn

Fig. 3: Mécanisme de photoactivation tiré de la&méfice [32]. IM : intermédiaire. L'apo-PSlI lie le
Mn?* & son site de haute affinité (M Ce Mrf* est photo-oxydé en Mh(IM,). Cette étape est suivie
d'une étape lente, indépendante de la lumiérepars ce laquelle un second Mrest supposé se lié
(IM1). Ce deuxiéme M est photo-oxydé en Mh(IM,). Deux autres Mii sont liés et photo-oxydés
pour former le complexe M@a, aprés liaison de €a

La premiére étape de la photoactivation considier &in ion Mrf* & un site de liaison
de haute affinité. Cette étape peut étre piégdepaoiune congélation sous éclairement [36]
ou par éclairement & -20°C [37]. Il est supposa 20°C, seul un M lié au site de haute
affinité puisse subir une photo-oxydation [37]. t€dtypothése a été a la base de plusieurs
articles [37-40]. Un probléeme majeur de tous lagdux cités précédemment, est que seule la
RPE classique (X-band) a été utilisée, alors quklné" n'est pas quantifiable en utilisant

cette méthode.
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6. Le cOté donneur d’électrons :

6.1 Le cluster de MnCa et les états S

L'oxydation de deux molécules d’eau générant undéoube d’oxygene, est une
réaction a quatre électrons (TH— 4H" + O, + 4€). Le cluster de MyCa doit pour réaliser
cette réaction stocker 4 équivalents de chargesiyess Joliot et al, [41] ont observé une
périodicité de quatre dans le dégagement d’oxygé€egplication de cette observation a été
proposée par Kok et al, [42]. Dans ce modéle, lstel de MpCa passe par cing états S,
désignés par,Sou n= 0 a 4 (Fig. 4). Chaque étatr8présente un état d’oxydation différent
du complexe d’oxydation de I'eau. L’enzyme est agapable de stocker quatre équivalents
de charges positives, avant d’'oxyder 2 moléculeb@’et de dégager de OL'état § est
celui qui est le plus stable a I'obscurité. Le?’Cast un cofacteur nécessaire pour le
dégagement d’'oxygéne [33, 43]. Les études specipapees et structurelles ainsi que son
échange par le Sront clairement déterminé que le’Céaisait partie du cluster de Mn [11,
44]. Quant au C| il est évident que c'est un cofacteur importaatrple dégagement
d’oxygéne, et dans la photoactivation. Les réssitétents venant des expériences d’échanges
biosynthétiques, de mesures EXAFS ainsi que deriktallographies ont montré qu'il

existerait deux sites de liaison dé &environs 6-7 A du cluster de Ma [45].

L'état d’'oxydation de chaque état S n’est encorg fpgalement résolu. Néanmoins,
I'utilisation de la techniqgue Résonance ParamagunétElectronique (RPE) a montré que les
états § et S sont paramagnétiques, montrant des signaux ngnkis, et que I'état;& aussi
un signal RPE (en polarisation paralléle) (Fig.L4) modéle de structure du cluster de,Na
a l'état S le plus accepté de nos jours est celui d’'un asargnt en trimere/monomere de
trois Mn" et un Mi' [46]. Actuellement, les états de valences les plus fikesapour les
états S sont : MbgMn" pour S, Mn"'>Mn";, pour S et MA"Mn"'; pour S, (voir la revue
[47]).

Sy: L'état § donne un signal multiligne centré autour de g[4851]. Il est réparti sur
environ 2380 G et est constitué d’environ 25 ligresolues espacées de 65-95 G. Il provient
du cluster de Mn4Ca en spin Y. Le signal multiligfea été observé chez les plantes en
présence de méthanol [48, 51] et sans méthanolTlthamngatus [50]. Bien que la présence
de méthanol ne soit pas requise pour observegtaky chez T. elongatus, son addition
améliore la résolution du signal RPE SO. L'étap&ut étre formé par la réduction avec

I’hydroxylamine [48, 51] ou encore aprés une s@edlashs a température ambiante [49-50].
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Fig. 4 : Etats S avec les signaux RPE du clustéim€a identifiés jusqu'a présent. Figure modifiée a
partir de la réf [63]. Le spectre S1 est pris decférence [54], Le spectre S3 est pris de la eéfdr
[60]. L'état S reste toujours inconnu.

S;: C'est I'état le plus stable dans le noir. Invesibh RPE classique car son état de spin est
integre (S=1). Cela dit, l'utilisation de la RPE mwde parallele a permis la détection de
signaux attribués a I'état; & haut champ [52-54]. Le signal RPE en polarisaparalléle

obtenu pour Sest supposé étre compatible avec un motif d& m', [55].

S,: Le signal RPE de I'état,Saractérisé par un spin % donne lieu a un signafiligne
centré autour de g=2 et s’étend sur 1800 G, it@stposé de 18 raies séparées d’environs 87
G [66-57]. Un autre signal correspondant a des ésrmoins résolues du cluster de /Ma

haut spin a été identifié en hauts champs [33,%8-5
S;: L'état S est I'état le plus élevé en valence propremerdctiitle en RPE, le spectre

complet de cet état observé par RPE a été simalépkctre est simulé avec filnayant un
spin=3 [60].
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Sy. C'est I'étape ou la molécule d'eau est oxydéa etdlécule d'oxygene dégagée. Cet état
est jusqu'a présent inaccessible. Aucune méthodpermaet de le piéger et de le suivre.
L’élucidation de cet état permettra de faire pregeg nos connaissances sur la réaction
d’oxydation de l'eau et permettra le développemamtcatalyseurs chimiques inspirés de

l'oxydation de I'eau par le PSII.

Si, S, et Sz Ces états sur-réduits non détectés dans les morglphysiologiques peuvent
étre générés par réduction du PSII par le NO, tbwylamine ou I'hydrazine [61-62].

e lLaTyrZz

Le PSII contient deux tyrosines fYet Yp) qui sont oxydo-réductibles. Ces deux
tyrosines ¥ et Yp sont localisées de maniere symétrique aux positifil et 162 des
protéines D1 et D2 (160, 161 ch8ynechocyst)s respectivement dans le PSll; ¥st un
cofacteur trés important qui intervient dans le améeme d'oxydation de I'eau. En effet, aprés
la séparation de charge et la formation digo'P la Yz réduit Rgy afin d'empécher la
recombinaison de charge dans un temps de demjnviket50-300 ns (dépendant de I'état S,
voir ci-dessus), formant ainsizY Yz' oxyde le cluster de M@a (voir la revue de Diner et
Britt [12]).

L'oxydoréduction de la X est couplée a un transfert de proton avec le uébith
H190. L'oxydation de la ¥ chez le mutant délaité du résidu D1-His190, a méouh sévere
ralentissement du transfert d'électrons; ce ralsathent peut étre accéléré par l'addition de
I'histidine dans I'échantillon [64]. De plus, lesustures cristallines ont confirmé la proximité
de D1-His190 avec lay

e LaTyrD

Yp nest pas impliquée directement dans le procestogydation de I'eau.
Cependant, ¥ peut étre oxydée par la lumiere et formey. Y est beaucoup plus stable
que Yz (heures vs us respectivement). Le réle exact tlaaide aminé reste a définir [65].
Cela dit, Yo" peut oxyder I'état ¢S ce qui permet le maintien de I'enzyme dans llétgus
stable % [65-66]. Ce rble d'oxydant peut étre bénéfiqueaduita photoactivation du cluster

de Mn,Ca comme suggeéré dans [65, 67].
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Comme dans le cas de,YI'oxydoréduction de ¥ est couplée a un transfert d'un
proton [12]. Le proton généré par I'oxydation de eét pris par le résidu D2-His189. Il est
proposé que le proton ainsi généré influence lerndi@l redox et/ou la localisation de la

charge positive sureky’ [12, 65].

6.2 Les voies secondaires de transfert d’électrons

Dans les conditions physiologiques, le donneur edtédns a la &, est
majoritairement I'eau. Cependant, dans certaineditons non physiologiques, telles que le
PSII dépourvu du cluster de MPa, ou éclairé a basse températst0K), la réduction du
Psso par la Yz est en grande partie inhibée. Des donneurs d@éhecsecondaires peuvent
remplir le role de réducteurs degl® avec un faible rendement quantique. Ces donneurs
secondaires sont: le caroténoide situé sur la woits-D2 (Casy), le Cytb5590u encore la
Chl; 2 (voir la structure Fig. 2). Le CGarest oxydé par lagg générant Cap ™, ce radical
est ensuite soit réduit par le Gy&59si il est disponible ou par la Ghj, [68]. Il est souvent
considéré que les voies secondaires de transéecttons sont des mécanismes protecteurs
qui visent a réduire le catioredd [69], Faller et al, [68] ont proposé un autre rdke ces
donneurs secondaires, il s'agirait en fait, d'utlecphotoprotecteur visant a réduire le ‘Gar

ce qui lui permettra ensuite de jouer son réleungheur d'oxygene singulet.

7. Le cytochromeb559 (Cyt b559)

Le Cytb559fait partie intégrante du centre réactionnel dil P®-71]. En effet, il a
été montré que les sous unités nécessaires alikatéa d'une séparation de charge sont les
protéines D1, D2 et le Cyt559[72]. Le Cytb559peut étre photo-oxydé ou photo-réduit [71,
73]. Le Cytb559 peut étre aussi réduit ou oxydé chimiquement,egample par I'ascorbate

ou le ferricyanure, respectivement.

Trois formes avec des potentiels redox)(Hifférents existent pour le Ci#b659 (voir
la revue [70]). A pH 6,5, dans le PSII intact, ¢tarfie haut potentiel (E=390-400 mV) est la
plus dominante (70% des centres), le reste desesgmbssédent un potentiel redox entre 200-
250 mV (Potentiel intermédiaire) ou entre 50-100 (b¥s potentiel). La forme haut potentiel
est associé a lintégralité du PSII, plus le PStliatact, plus la forme haut potentiel est

trouvée. Dang. elongatusla forme bas potentiel n'est pas présente [74].
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Plusieurs roles sont proposés pour le K359 Il a été proposé que le Cyb59 soit
impliqué dans les premiers événements de photadictivou dans I'assemblage du PSII [75-
77]. Le r6le le plus attribué au Cb59 est I'implication dans la voie du transfert cyakq
d’électrons, qui contribue a la protection du PS8dntre la photoinhibition. Dans ce
mécanisme de protection, le @59 oxydé peut jouer le réle d’accepteur d’électromis du
pool de la plastoquinol membranaire ou de la seimée Q" ou encore de gH, [78-81].

Dans la thése présentée ici, le ®@E59 réduit est souvent utilisé comme donneur

d’électrons a la &y aprés un éclairement a des températures cryogénique

8. Le cOté accepteur d’électrons

Le PSII et le centre réactionnel des bactériesgearlient deux quinones, @t

(dans le cas du PSII, il s'agit de plastoquinones), sont des accepteurs d’électrons
fonctionnant de maniéere séquentielle, un fer nanigée se localise entre ces deux quinones.
Les propriétés physicochimiques de ces deux quseaet différentes. Qest fortement liée

et fonctionne comme un transporteur a un électatums que @ peut accepter deux électrons.
Qg est faiblement liée sous ses formes quinone etoguinais fortement liée sous la forme
semiquinone [14]. Dans le PSII intact, I'étaf’ @ une demie vie de l'ordre de 200 ps-1 ms
(selon les conditions expérimentaux), aucun prot@st associé a cette espéce. Lors du
transfert d’électron de Qa @, Qs se forme. @ est fortement liée, et il semble gu’elle reste
non protonée. Cependant, la charge négative eselfgament compensée par une prise de
proton par les résidus voisins dg QApres une deuxiéme séparation de chargeatrepte

un deuxiéme électron. Ce dernier événement esie€aupmne réaction de protonation formant
QsH2. QgH; se détache de son site de fixation, une nouvetégule de plastoquinone
venant du pool de la membrane le remplace [82i&4.vitesses de transfert d'électrons entre

Qa et @ sont rassemblées dans le tableau. 1

Tableau 1: Vitesses de transfert d'électrons épiret Qs

Qv —Qs Qa —QB Qa —QsH2

PSll intact 200-400 fs 600-800 pS 2-3ms

! vitesses tirées de la référence [85]
" Ces valeurs confirment celles publiées précéderhpeer{86-87].
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Le centre réactionnel des bactéries pourpreswestes modéles le plus étudié en terme
de transfert d’électrons couplé aux protons [88-8@] fait de (i) disponibilité de la structure
(Rb. sphaeroidglus de 30 ans [90], (ii) de I'acces a un graathbre de mutants, (iii) de la
grande stabilité du matériel biochimique (iv) dundbonnement de l'enzyme a basse
température dans certaines conditions, et enfindév)a présence de seulment 6 pigments
chlorophylliens présentant des propriété spectpgoes différentes.

Dans les centres réactionnels des bactéries pautlpreansfert d’électron entreaQet
Qg est dépendant de la conformation et du réarrangecthe CR. Le transfert d'un électron
entre Q et " est précédé par un événement de protonation rapideversible puis s’en
suit le transfert d’électron [88-89].

Dans le PSII, peu de choses sont connues concdesagenements de protonation. En
revanche, la sensibilité du transfert d'électramtseeQ et @ aux changements au niveau du
ligand du fer non-hémique, le bicarbonate, est Biablie [14]. Ce qui est souvent interprété

dans la littérature comme une possible implicatiorbicarbonate dans le transfert de protons.

A) PSII B) centre bactérien

Fig. 5: Structure du c6té accepteur d'électrons daPSIIT. elongatugPDB:3BZ1) [11] et dans le
centre réactionnel bactéridiastochloris viridis(PDB:1VRN) [91]. BC: bicarbonate, His: ligands
histidines, Glu: résidu glutamate 232. Figure s&adiavec le logiciel Pymol.

8.1 Le fer non-hémique

Un atome de fer non-hémique est localisé symétngune entre les deux quinoneg Q
et @ (voir la structure Fig. 5). Ce fer est coordonaé guatre histidines ; deux de la protéine
D1 (H215 et H272) et deux de la protéine D2 (H20#268). Dans les centres réactionnels

des bactéries pourpres, la cinquieme et la sixieamdination viennent d’'un groupement

15/168.



glutamate [7]. Dans le PSII, en revanche, une nutddabile remplit les coordinations cing et
six: il s’agit du bicarbonate [7-8, 92-93]. Dans kentres réactionnels des bactéries pourpres,
le fer peut &tre échangé par d’autres métauxgteds le MiA*, C*, Ni** et le Cd", dans ce
cas le transfert d’électrons entrey @ (& n'est ralenti que de moitié [94]. Des centres
contenant naturellement le ¥fha la place deu fer ont été identifiés [95]. Caslés ont
suggéré que ce fer a un réle marginal dans le fednd’électrons entre Qet i dans le

centre réactionnel des bactéries pourpres.

En revanche, dans le PSII, le transfert d’électeonQ, et i est nettement plus
sensible & I'environnement du# el e bicarbonate labile est le ligand dif Faans le PSII, ce
ligand peut étre échangé facilement par plusiewigcuales de nature différentes comme par
exemple : le cyanure, NO et plusieurs acides catlmmes (glycolate, formate...etc.) [14].

Dans le cas de ces changements, le transfert tt@hscentre @ et i est ralenti.

Il a été observé que le fer pouvait étre oxydé auement par oxydation avec le
ferricyanure [96], ensuite Zimmermann et al ont tndmue le fer pouvait étre photo-oxydé

en présence de quinone [97].

Le potentiel redox du couple £#€* mesuré a pH 7 est de 400 mV (avec une
variation de -60 mV par unité le pH dans la zone6o#l 8,5) [96]. Le fer non-hémique peut
étre oxydé par g/QgH> lors de l'utilisation de quinones exogenes (PP&@)possedent un
plus haut potentiel redox que le couplg/QgH, [96-97]. Il a été montré récemment que
I'addition a lI'obscurité de l'inhibiteur DCMU au IP&n présence deginduit I'oxydation du
fer non-hémique dans une fraction des centres de[P8. Ishikita et Knapp, 2005, ont
proposeé a l'aide de calcules théoriques que ladtom de QH, a partir de I'oxydation du fer
non-hémique par £ fait intervenir la deprotonation de I'acide amD#&-His252. Ce méme
groupe a Vvérifié que le potentiel redox du fer h@émique est influencé par I'états des
quinones Q et @ ; a pH 6,5, en présence dg (e potentiel redox du fer est estimé a +313

mV, alors qu'en présence dg @on potentiel est de +207 mV.

8.2 Le (bi)carbonate et I'effet du formate

Le réle du bicarbonate a longtemps été discuté dmrigtérature, les auteurs ont
souvent interprété les données d’inhibition du dfart d’électrons aprés une déplétion du
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bicarbonate (phénomene connu sous le nom de leifarbonate) a un effet du bicarbonate
sur le c6té donneur ou sur le c6té accepteur [98ffet du bicarbonate direct sur le cété

donneur est controversé [100]. Une autre théoa&a&tablie par Klimov et al, [101] afin de

prouver I'effet du bicarbonate sur le coté donn€&ette théorie implique le bicarbonate dans
le processus de photoactivation du cluster dgQ4n39, 102]. L’effet du bicarbonate sur le

c6té accepteur est en revanche plus accepté [39, U® substitution du bicarbonate par le
formate, permettant d’enlever le bicarbonate, gtiemps été utilisée [99].

La substitution du bicarbonate par le formate ihdwun ralentissement du transfert
d’électron de @ a @ et a Q par un facteur de cinq et dix fois respectivemestte
inhibition peut étre levée par simple addition deatbonate [86, 104-106]. L’échange de
QgH2 est inhibé par un facteur 100 [105, 107-108]. &ees de ces inhibitions sont
pourraient étre dues a l'inhibition ou a la perairbn des réactions de protonation qui sont
couplées aux transferts d’électrons [92]. Une espilon claire de cet effet du formate (ou de
déplétion du bicarbonate) est encore manquante1@9]. Dans un travail récent, il a été
montré que le ligand du fer pourrait étre le cadterau lieu du bicarbonate [110]. La charge
négative supplémentaire sur le carbonate comparbiGubonate est supposée avoir une

importance pour le transfert d’électrons couplé puotons.

8.3 Le potentiel redox de Q et de

Le potentiel redox de Qdans le PSII a été mesuré. Krieger et al, 1995am@nsé plus
de 35 valeurs pour le potentiel redox du coupléQR [111]. Ce large panel de valeurs a été
rationalisé par I'état (ou la structure) du PSlpat la méthode utilisée. Chez les plantes, dans
le cas ou le cluster de MDa était présent, la valeur du potentiel de dewhirc&on pour le
couple Q/Qa” était basse (-80 mV), alors qu’en I'absence deuwster une valeur haute a été
mesurée (+65 mV) [112-113]. Le méme résultat atrétdvé si le C& était enlevé tout en
laissant le M@ en place [114-115]. Le remplacement du*’Cpar le Sf* provoque un
ralentissement dans la réoxydation d€ gar ¢ [116]. Le potentiel redox a récemment été
mesuré dans un échantillon contenant fé &ia place du GA Les auteurs ont trouvé que le
potentiel redox du couple R~ est moins réducteur en présence dé @fato, Boussac et
Sugiura, communication personnelle). Le changerdemniotentiel redox de QA" est donc
probablement due & la présence ou l'absence deqGaperturbe la structure du cluster de

Mn, et influence le coté accepteur du PSII qui seesittr45A.

17 /168.



Le potentiel redox du couplea@a peut étre influencé par I'occupation de la poahe d
Qs par des inhibiteurs tels que le DCMU (le poterdielcouple Q/Qa” devient plus oxydant)
ou le bromoxynil (le potentiel du couplex@®a” devient plus réducteur) [98, 117], voir [118].
L'effet de la liaison des inhibiteurs sur le potelntedox du couple JQa" est peut-étre da
aux changements du réseau de liaisons hydrogereelentsidu D2-His214 et Q la nature
de ce changement est trés probablement différenteldi induit par I'absence du cluster de
Mn,Ca [118-119].

Le changement de potentiel de demi-réduction d&Q8 en fonction de I'état du
cluster de MgCa pourrait avoir un grand réle sur les réactiomgsettombinaison de charges
qui peuvent générer I'état de triplet des CRidy) pouvant interagir avec I'oxygéne & I'état de
triplet et produire ainsi de I'oxygene singuletréxbiement réactif et dangereux pour le PSII
[112, 118, 120].

Récemment, le potentiel de demi-réduction dgdQQ a aussi été mesuré chéz
elongatus le méme phénomeéne a été observé concernant lmsgsau potentiel redox du
couple Q/Qa". -140 mV et +20 mV ont été trouvées pour la foraéve et la forme sans
cluster de MgCa, respectivement [121]. Ces valeurs sont plusthés que celle trouvées

chez les plantes.

Le potentiel redox de la plastoquinone du pool mambire (PQ/PQE) est de ~ +130
mV a pH 6,5 [122]. Le potentiel redox des couplesdQ et Q/QgH, ont été jusqu'a présent
tres peu mesureés dans le PSII. Un potentiel redox6® mV a été mesuré directement pour le
couple Q/Qg" chez une cyanobactérieiormidium laminosuin Ensuite, il a été proposé une
valeur de 0 mV pour le coupleg@QgH, [123]. Cette valeur a été obtenue aprés une seule
vague non réversible de titration, ce qui remetarse la validité de ces valeurs.

La force motrice entre Qa et Q/Qg” est estimée entre 70 mV et 83 mV [124-127].
Ces valeurs sont en harmonie avec la constanteilidég qui est de ~20 a pH7 pour les
couples Q Qg «— QaQp [124, 128].

La mesure du potentiel redox de/Qg” et @ /QgH2 est d'une importance primordiale.
Malheureusement, la titration degs @avere tres difficile. En effet,gfg n'a pas de signal
facilement mesurable comparé a l'état/@ qui peut étre suivie par fluorescence.
L'utilisation de méthodes optiques est compliquéer suivre et titrer @Qg". Les signaux
RPE de @ sont tres petits et élargis.
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8.4 Diagramme énergétique du transfert d'électrondans le PSlII

Pour l'instant, seul le potentiel redox des coupleeo/Pheoet Qi/Qa” sont mesurés
directement. En effet, le potentiel redox de PheedPa été mesuré il ya plus de 30 ans.
Klimov et al, et Rutherford et al, ont trouvé uredeur proche de -605 mV [129-130]. Cette
valeur a été pendant longtemps acceptée et utass la littérature. Kato et el, [131] ont
récemment remesuré cette valeur, et ont trouvé BJI5100 mV de différence), ce qui a
permis de réconcilier les cinétiques et les rémutia titrations redox [132-133]. La différence
d'énergie libre entreck /Pheo et Ryo/Pheo est estimé entre -150 mV [134] et -165 mV
[135] ce qui permet de déduire la valeur du cotfigig /Psgo” entre -620 mV et -660 mV. Le
potentiel du coupledgy/Psso est estimé entre 1170 mV et 1210 mV [121, 132-133]

En se basant sur les connaissances expérimentaléisé@iques, le diagramme
énergétique du transfert d’électrons dans le PSilpeoposé (Fig. 6). Le diagramme des
potentiels redox des différents cofacteurs présdatss le PSIl, mesurés dans le P8Il

elongatussont présentés.

Em [V]
P680*/P680+
- N 0.66 Phe-/Phe
’ -0.50
-+ QA'IQA
o

+0.0+ 014 ?

1 Qs/QsH: .
+0.4+ hv =1.83 eV
+0.8 T
+1.24 P680/P680+

+1.21

Figure 6: Les potentiels redox estimés impliquéssda transfert d'électron primaire et secondaire
selon Shibamoto et al, [121], dans ce model, lemal de Tys/Tyr," est estimé étre inferieur au
potentiel redox du couple;ddPsso . Les potentiels redox liés &®ont inconnu jusqu'a présent.

9. Objectifs et résumé de ma these

Les signaux RPE de gQsont couplés magnétiguement au fer non-hémiqus. Ce
signaux sont petits et souvent difficilement diéiéciables des signaux de B¢*. J'ai dans

un premier temps cherché & générer un signal phrmiget différent de celui de.@e’”, et
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cela par l'utilisation du formate. Le formate ackpacité de substituer le ligand naturel (le
bicarbonate) du fer non-hémique et il a été mod#puis plus de 30 ans que lorsque le
formate lie le fer non-hémique, le signal RPE der&* devient dix fois plus grand que la
normale. J'ai donc cherché & générer pour la prenfiés le signal @Fe** en présence de
formate. Les résultats sont présentés dans larficl L'effet du formate sur le transfert
d'électrons entre Qet i est aussi étudié en utilisant la thermolumineseeles résultats
sont présentés dans l'article 2.

Durant la réalisation de ce projet, jai résolu mpdéa premiére fois des signaux
complets d'RPE appartenant R k¥ " et QF&**. Les résultats sont présentés dans l'article 3.
Ces nouveaux signaux s'averent encore plus graredkesg signaux générés par le formate. En
collaboration avec le Dr. Nicholas Cox, les simola$ théoriques ont été réalisées afin de
renforcer nos connaissances et simuler nos résudgpérimentaux. J'ai participé a la
formation des spectres de ©¢*", Qs F&* et QF€'Qg™ qui ont ensuite été utilisés pour les
simulations, les résultats sont présentés darislkatO en annexes.

Dans l'article 4 de cette these, j'ai mis en éwdeque le fer pouvait étre oxydé par
Qs /QgH2 de maniere naturelle dans une fraction des cedad%Sll et cela, dans le PSIl WT,

dans le mutant PsbA3 ou encore dans le mutantisabs

L'effet de la réduction du PSII par le dithionit étudié. J'ai trouvé que le dithionite
pouvait réduire le cluster de Mda et produire I'étatoSDe plus que le dithionite pouvait
réduire le coté accepteur d'électrons. J'ai trajue le signal RPE de QA-Fe2+ évolue avec

l'incubation a température ambiante. La discussian l'origine de ce phénoméne est

présentée dans l'article 5.

En collaboration avec le Dr. Roncel Mercédes paticipé a la mise en évidence d'un
haut potentiel redox du cytochrora®5Q cela remet en question le role rempli par caitess

unité. Les résultats sont présentés dans I'afiicle
En collaboration avec le Dr. Krieger-Liszkay Anjaj participé au projet de mesure

du potentiel redox de QdansT. elongatuspar la réalisation des préparations de PSII. Au

cours de cette collaboration, nous avons testpdimgse du changement de structure du PSlI
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en l'absence du cluster de Ma, en utilisant ulross-linkercapable de bloquer la structure

dans une conformation donnée. Ces résultats sés¢més dans l'article 7.

Dans la derniere partie de ma these, je me suai$écsur la caractérisation de la
premiere étape de photoactivation. Les résultatms@résentés dans l'article 8 en cours de
préparation. Je me suis intéressé dans un preerigrst a la mise au point d'un protocole
semblable de photo-oxydation du M@ -20°C cheZ. elongatuspuis dans un second temps,
a la vérification du nombre d'ions Kfnoxydés par l'apo-PSIl & -20°C. Le résultat est
contradictoire comparé a ce qui avait été propasts da littérature. Plusieurs Kin(jusqu'a
10 Mrf* sont photo-oxydés & -20°C). J'ai mis au point develles méthodes de piégeage
d’intermédiaires au cours de la photoactivationsdenPSII deT. elongatusJ'ai aussi mis en
évidence que lorsque le Kfnlie un ion CI, le signal haut champ RPE est influencé, ce qui
permettra la distinction en un NKfnen interaction avec une protéine ou bien "libra" e
interaction avec le Cprésent dans le tampon. L'effet du €Ir le spectre du Miimesuré en

RPE haut champs est présenté dans l'article 9rexxas.
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MATERIELS ET METHODES

Souches utilisées

Souched'. elongatus

PSIl CP43 WT : contenant une étiquette histidinelswoté C-terminal de la sous unité CP43
[4].

PSII CP43 (PsbA3) : contenant une étiquette higtitk coté C-terminal de la sous unité CP43,
exprimant que la copie du gepsbA3[98, 136].

PSIl TyrD less : contenant une étiquette histideeoté C-terminal de la sous unité CP43, la
tyrosine D est muté par une phénylalanine [137].

PSII CP47 : contenant une étiquette histidine té &terminal de la sous unité CP47 [138].

Epinards:
Achetés au marché de Daumesnil a Paris.

Milieux de croissance T. elongatus)

DTN + NaHCQ. Solution (stock concentrée 20x) dans 1 L d’eatilst: 3,8 g EDTA Ng; 2 g
MgSQ,, 7TH,O; 2g KNG ;14 g NaNQ; 2,8 g NaHPQ@2H,0 ; 1,09 g CaGIH,0 ; 0,16 g NaCl
; pH7,5.

Isolation du PSII

Les cellules des différentes souchesTdelongatusont ensemencées dans des erlens-
mayers de 3 | contenant 1 a 1,5 | de culture esgmee de milieu DTN, décrit par [139]. Les
cultures sont incubées sous agitation rotativeaferpim a 45°C dans une atmosphére enrichie
en CQ (5%) et éclairées continuellement par des lamipesdscentes a lumiere blanche ayant
une intensité de 80 umoles photoné.si. Les souches mutantes sont maintenues par ajout de
I'antibiotique approprié. La concentration cellubaiest mesurée par spectroscopie a 800 nm.
La correspondance entre la B@.met la concentration cellulaire a été établie panération
de cellules viables sur milieu DTN solide (0,5 ©Wdah nm= 6.1 cellules /mL).

Les complexes PSIlI sont préparés selon la méthaudiorée dans notre laboratoire
selon [44], protocole inspiré de [4]. Les cellubsT. elongatug16 I) sont cultivées jusqu’a

atteindre une DO de 0,6 - 0.8. Les cellules sontrfagées a 22°C pendant 5 minutes a 6500
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rpm (rotor JA10) puis lavées par tampon TP1 (40 MES pH 6,5 ; 15 mM MgGl; 15 mM
CaChb, 10% glycerol et 1 M Bétaine) et sont centrifugé®sminutes a 7000 rpm et 4°C. A
partir de cette étape il est nécessaire de travaiins le noir, au froid et étre le plus rapide qu
possible. Le culot contenant les cellules est reemssuspension et sa concentration en
chlorophylle est ajustée a 0.8 — 1.2 mg/ml en dmbylles dans le tampon TP1. Des
inhibiteurs de protéases sont ajoutés : 1 mM berdiae) 1 mM acide caproique et 50 pg/ml
DNAase | en présence de 0,2% BSA. Puis les cslkdat cassées avec une Presse de French
a une pression de 700 PSI. Les cellules entienes &iminées par une centrifugation de 5
minutes a 3500 rpm (rotor JA20) et 4°C. Le surnageantenant la phase cytoplasmique ainsi
que les membranes est récupéré. Les membranessgléss par centrifugation de 40 min a
4°C et 50000 rpm (70 Ti Beckman rotor). Les thyldles sont lavées par le TP1 et
centrifugées 40 minutes a 4°C et 50000 rpm (70 &ckithan rotor). Le culot est remis en
suspension dans le TP1 a une concentration enogiiglie de 1 mg/ml. Les membranes sont
solubilisées dans 1% de&maltosyl- dodecyl et 100 mM de NaCl en concerdratiinal et
précipitées par centrifugation de 15 min a 5000 @0 Ti Beckman rotor) a 4°C. Le
surnageant est mélangé au méme volume de résiffmitianickel Probond" (Invitrogen,
Groningen, Pays-Bas) équilibré avec le tampon TiPdgié doucement pendant 2 minutes a
I'obscurité et 4°C. Le mélange est déposé sur caaat lavé avec 5 — 6 volumes de tampon de
lavage TP3 (50 mM MES pH 6,5 ; 15 mM MgCI15 mM CaCl; 100 mM NaCl ; 15 mM
Imidazole ; 10% glycérol ; 1 M Bétaine), le débé ldvage est régler de facon suffisante pour
toute la nuit. Le lendemain, le PSII est élué gatampon d’élution TP4 (150 mM MES pH
6,5; 15 mM MgC}; 300 mM Imidazole 200 mM NaCl ; 15 mM CaGl 0,1% Dodecyl
maltosyl ; 10% glycérol, 1 M Bétaine). Les fracsod’élutions sont collectées et mélangées
puis concentrées sur tubes Amicons (100 kDa). Eeipité est remis en suspension dans le
tampon TP1 et la concentration en chlorophyllenessurée. Le PSIl isolé est conservé dans
I'azote liquide.

Mesure de la concentration en chlorophyllBiluer 5 pl de I'échantillon PSII purifié dans 1
ml de méthanol. L’échantillon est vortexé et cdatye 1 min a 14000 rpm puis I'absorbance
de la chlorophylle est mesurée a 665 nm. La relatiovante nous donne la concentration en
chlorophylle dans le PSII purifié : [chlorophylle]DOges nmX Ak (Echiorophylle = 74,5 ml/mg cm

! d: dilution de la chlorophylle)

Mesure de I'activité d’émission d’oxygene du PSUlactivité d’émission d’oxygene du PSlI
est mesurée (5 pg Chlorophylle/ml de PS Il) dantahepon TP1 en présence de 0,5 mM

DBCQ (2,6, dichloro-p-benzoquinone, dissout damdshbnol) qui joue le rbéle d’accepteur
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d’électrons. Les mesures sont réalisées a 25°Cogemde |'électrode a oxygene (électrode de

Clark) avec une lumiere blanche saturante.

Mesure RPE

Les mesures RPE sont enregistrées sur Bruker E&G) X-band spectrometer équipé
d’un résonateur standard ER 4102 et d’'un cryoskdr@ Instruments ESR 900. Les réglages
de I'instrument sont : 9,4 GHz pour la fréquenceroyonde avec une modulation de 100 kHz.
Les autres parameétres, se reférer aux différerapitths. En général, un volume final de 120-
150 pL d’échantillon est utilisé pour les mesur@ERLes échantillons sont mis dans des tubes
RPE en quartz d'un diamétre externe de 4 mm. Leanétions sont d’abords congeler dans un
bain d'éthanol refroidi au COsolide a 200 K. Tous les échantillons sont dégazéstte
température. Les tubes RPE sont ensuite transws®s un bain d’azote liquide avant la
mesure RPE.

Thermoluminescence

La thermoluminescence est mesurée par l'utilisatienl’appareillage construit par
Ducruet [140]. Les échantillons d’'une concentratien1Opg Chl/mide PSII sont incubés dans
le noir & température ambiante durant 30 min. Lesaitillons sont éclairés a 5°C par
I'utilisation de flashs saturants produits par la@pe xénon (PerkinElmer Optoelectronics).
Les échantillons sont ensuite congelés a -10°C lgars secondes. Apres 5 sec supplémentaire

d’'incubation a -10°C, les échantillons sont chauffésqu'a 80°C avec une constante de
chauffage de (0,33°C/s).

24 /168.



Références:

[1] N. Nelson, C.F. Yocum, Structure and functidrpbotosystems | and Il, Annu Rev Plant
Biol, 57 (2006) 521-565.

[2] L.O. Bjorn, Govindjee, The evolution of photodlgesis and chloroplasts, Curr. Sci., 96
(2009) 1466-1474.

[3] T. Yamaoka, K. Satoh, S. Katoh, Photosynthatitivities of a thermophilic blue-green-
alga, Plant Cell Physiol, 19 (1978) 943-954.

[4] M. Sugiura, Y. Inoue, Highly purified thermoadie oxygen-evolving photosystem Il core
complex from the thermophilic cyanobacteriBynechococcus elongathaving his-tagged
CP43, Plant Cell Physiol, 40 (1999) 1219-1231.

[5] G. DalCorso, P. Pesaresi, S. Masiero, E. AseBva. Nemann, G. Finazzi, P. Joliot, R.
Barbato, D. Leister, A complex containing PGRL1 d@R5 is involved in the switch
between linear and cyclic electron flow in Arabiday Cell, 132 (2008) 273-285.

[6] J. Deisenhofer, O. Epp, K. Miki, R. Huber, H.idlel, X-ray structure-analysis of a
membrane-protein complex - electron-density maBAtresolution and a model of the
chromophores of the photosynthetic reaction ceinten Rhodopseudomonas virigig Mol
Biol, 180 (1984) 385-398.

[7] H. Michel, J. Deisenhofer, Relevance of the tplsgnthetic reaction center from purple
bacteria to the structure of Photosystem |II, Biocistry, 27 (1988) 1-7.

[8] A.W. Rutherford, Photosystem-Il, the water-8plig enzyme, Trends Biochem Sci, 14
(1989) 227-232.

[9] A. Zouni, H.T. Witt, J. Kern, P. Fromme, N. Krss, W. Saenger, P. Orth, Crystal
structure of photosystem Il fro®ynechococcus elongatas3.8 angstrom resolution, Nature,
409 (2001) 739-743.

[10] K.N. Ferreira, T.M. Iverson, K. Maghlaoui, Barber, S. Ilwata, Architecture of the
photosynthetic oxygen-evolving center, Science, (2084) 1831-1838.

[11] A. Guskov, J. Kern, A. Gabdulkhakov, M. Brosar Zouni, W. Saenger, Cyanobacterial
photosystem |l at 2.9-angstrom resolution and thle of quinones, lipids, channels and
chloride, Nat Struct Mol Biol, 16 (2009) 334-342.

[12] B.A. Diner, R.D. Britt, The redox-active tynogs Yz and Yp, in: T. Wydrzynski, K.
Satoh (Eds.) Photosystem II. The light-driven wapdsistoquinone oxidoreductase, Springer,
Dordecht, The Netherlands, 2005, pp. 207-233.

[13] A.W. Rutherford, A. Boussac, Water photolysisbiology, Science, 303 (2004) 1782-
1784.

[14] V. Petrouleas, A.R. Crofts, The iron-quinorezeptor complex, in: T. Wydrzynski, K.
Satoh (Eds.) Photosystem II. The light-driven wapdsistoquinone oxidoreductase, Springer,
Dordecht, The Netherlands, 2005, pp. 177-206.

[15] B. Hankamer, E. Morris, J. Nield, A. Carne, Barber, Subunit positioning and
transmembrane helix organisation in the core diofigthotosystem Il, Febs Lett, 504 (2001)
142-151.

[16] I. Enami, M. lwai, A. Akiyama, T. Suzuki, A. Kbmura, T. Katoh, O. Tada, H. Ohta,
J.R. Shen, Comparison of binding and functionapprtes of two extrinsic components, Cyt
Csso and a 12 kDa protein, in cyanobacterial PSIl wiibse in red algal PSII, Plant Cell
Physiol, 44 (2003) 820-827.

[17] L.E. Thornton, H. Ohkawa, J.L. Roose, Y. Ka&hiN. Keren, H.B. Pakrasi, Homologs
of plant PsbP and PsbQ proteins are necessargdatation of photosystem Il activity in the
cyanobacterium Synechopystis 6803, Plant Cell2064) 2164-2175.

[18] R. Nagao, A. Moriguchi, T. Tomo, A. Niikura, Slakajima, T. Suzuki, A. Okumura, M.
Ilwai, J.R. Shen, M. lkeuchi, I. Enami, Binding afwhctional properties of five extrinsic

25 /168.



proteins in oxygen-evolving Photosystem Il from arme centric diatomChaetoceros
gracilis, J Biol Chem, 285 (2010) 29191-29199.

[19] A.K. Williamson, Structural and functional asps of the MSP (PsbO) and study of its
differences in thermophilic versus mesophilic oigars, Photosynth Res, 98 (2008) 365-389.
[20] S.P. Mayfield, P. Bennoun, J.D. Rochaix, Esgsien of the nuclear encoded OEELl
protein is required for oxygen evolution and si&pilof Photosystem Il particles in
Chlamydomonas reinhardtieMBO J, 6 (1987) 313-318.

[21] X.P. Yi, M. McChargue, S. Laborde, L.K. Frahk&.M. Bricker, The manganese-
stabilizing protein is required for photosystemalisembly/stability and photoautotrophy in
higher plants, J Biol Chem, 280 (2005) 16170-16174.

[22] J.W. Murray, J. Barber, Structural characterss of channels and pathways in
photosystem Il including the identification of arygen channel, J Struct Biol, 159 (2007)
228-237.

[23] D.F. Ghanotakis, G.T. Babcock, C.F. Yocum,diiah reconstitutes high-rates of oxygen
evolution in polypeptide depleted Photosystem Hparations, Febs Lett, 167 (1984) 127-
130.

[24] J.L. Roose, K.M. Wegener, H.B. Pakrasi, Theriegic proteins of photosystem I,
Photosynth Res, 92 (2007) 369-387.

[25] F. Guerrero, A. Sedoud, D. Kirilovsky, A.W. terford, J.M. Ortega, M. Roncel, A
high redox potential form of cytochrome ¢550 in flsgstem Il from Thermosynechococcus
elongatus, J. Biol. Chem, (2010).

[26] Y. Kashino, W.M. Lauber, J.A. Carroll, Q.J. Wg J. Whitmarsh, K. Satoh, H.B.
Pakrasi, Proteomic analysis of a highly active phgétem Il preparation from the
cyanobacterium Synechocystis sp PCC 6803 revealsptesence of novel polypeptides,
Biochemistry, 41 (2002) 8004-8012.

[27] T.C. Summerfield, J.A. Shand, F.K. Bentley,).JEaton-Rye, PsbQ (SIlI1638) in
Synechocystis sp PCC 6803 is required for photeayst activity in specific mutants and in
nutrient-limiting conditions, Biochemistry, 44 (28)0805-815.

[28] J.L. Roose, Y. Kashino, H.B. Pakrasi, The Pspf@tein defines cyanobacterial
Photosystem Il complexes with highest activity atability, Proc. Natl. Acad. Sci. U. S. A,,
104 (2007) 2548-2553.

[29] S.A. Jackson, R.D. Fagerlund, S.M. Wilbanks, Eaton-Rye, Crystal structure of PsbQ
from Synechocystis sp PCC 6803 at 1.8 angstromtigatmns for binding and function in
cyanobacterial Photosystem II, Biochemistry, 491(®765-2767.

[30] F. Michoux, K. Takasaka, M. Boehm, P.J. NixdV. Murray, Structure of CyanoP at
2.8 angstrom: implications for the evolution anddtion of the PsbP subunit of Photosystem
II, Biochemistry, 49 (2010) 7411-7413.

[31] R. Radmer, G.M. Cheniae, Photoactivation ohganese catalyst of O2 evolution .2. 2-
Quantum mechanism, Biochim Biophys Acta, 253 (198D-&.

[32] N. Tamura, G. Cheniae, Photoactivation ofwaer-oxidizing complex in Photosystem-
I membranes depleted of Mn and extrinsic proteids Biochemical and kinetic
characterization, Biochim Biophys Acta, 890 (19879-194.

[33] R.J. Debus, The manganese and calcium-ionphoftosynthetic oxygen evolution,
Biochim Biophys Acta, 1102 (1992) 269-352.

[34] A.F. Miller, G.W. Brudvig, Manganese and calti requirements for reconstitution of
oxygen-evolution activity in manganese-depletedt®ystem Il membranes, Biochemistry,
28 (1989) 8181-8190.

[35] T. Ono, Metallo-radical hypothesis for photsasmbly of Mn-cluster of photosynthetic
oxygen evolving complex, Biochim Biophys Acta, 152801) 40-51.

[36] K.A. Campbell, D.A. Force, P.J. Nixon, F. Do A. Diner, R.D. Britt, Dual-mode EPR
detects the initial intermediate in photoassemdiythe photosystem Il mn cluster: The

26 /168.



influence of amino acid residue 170 of the D1 peftde on Mn coordination, J Am Chem
Soc, 122 (2000) 3754-3761.

[37] A.M. Tyryshkin, R.K. Watt, S.V. Baranov, J. 8gupta, M.P. Hendrich, G.C. Dismukes,
Spectroscopic evidence for €adnvolvement in the assembly of the Mia cluster in the
photosynthetic water-oxidizing complex, Biochemis#5 (2006) 12876-12889.

[38] J. Dasgupta, A.M. Tyryshkin, G.C. Dismukes,HEB/ spectroscopy reveals carbonate
and an N-donor protein-ligand binding to frin the photoassembly reaction of the Mn4Ca
cluster in photosystem II, Angew Chem Int Edit,(2607) 8028-8031.

[39] J. Dasgupta, G.M. Ananyev, G.C. Dismukes, Bastembly of the water-oxidizing
complex in photosystem Il, Coordin. Chem. Rev, g8108) 347-360.

[40] J. Dasgupta, A.M. Tyryshkin, S.V. Baranov, Gl@ismukes, Bicarbonate coordinates to
Mn** during photo-assembly of the catalytic M core of photosynthetic water oxidation:
EPR characterization, Appl. Magn. Reson., 37 (2ABJ)-150.

[41] P. Joliot, G. Barbieri, R. Chabaud, A new mloolephotochemical centers in system-2,
Photochem Photobiol, 10 (1969) 309-&.

[42] B. Kok, B. Forbush, M. Mcgloin, Cooperation diarges in photosynthetic O2 evolution
.1. Allinear 4 step mechanism, Photochem Photobio(1970) 457-&.

[43] M. Miqyass, H.J. van Gorkom, C.F. Yocum, THelIRcalcium site revisited, Photosynth
Res, 92 (2007) 275-287.

[44] A. Boussac, F. Rappaport, P. Carrier, J.M.bdeatz, R. Gobin, D. Kirilovsky, A.W.
Rutherford, M. Sugiura, Biosynthetic €6rF" exchange in the photosystem Il oxygen-
evolving enzyme oT hermosynechococcus elongatliiol Chem, 279 (2004) 22809-22819.
[45] J.W. Murray, K. Maghlaoui, J. Kargul, N. IslaidT.L. Lai, A.W. Rutherford, M. Sugiura,
A. Boussac, J. Barber, X-ray crystallography idegi two chloride binding sites in the
oxygen evolving centre of Photosystem Il, EnergigemvSci, 1 (2008) 161-166.

[46] J.M. Peloquin, K.A. Campbell, D.W. Randall, M.Evanchik, V.L. Pecoraro, W.H.
Armstrong, R.D. Britt, Mn-55 ENDOR of the, State multiline EPR signal of photosystem II:
Implications on the structure of the tetranucleam Muster, J Am Chem Soc, 122 (2000)
10926-10942.

[47] A. Haddy, EPR spectroscopy of the manganesgstal of photosystem II, Photosynth
Res, 92 (2007) 357-368.

[48] J. Messinger, J.H. Robblee, W.O. Yu, K. SaMeK. Yachandra, M.P. Klein, The S-0
state of the oxygen-evolving complex in photosystém paramagnetic: Detection of EPR
multiline signal, J Am Chem Soc, 119 (1997) 1134350.

[49] K.A. Ahrling, S. Peterson, S. Styring, An d&ting manganese electron paramagnetic
resonance signal from the S-0 state of the oxygemvieg complex in photosystem II,
Biochemistry, 36 (1997) 13148-13152.

[50] A. Boussac, H. Kuhl, E. Ghibaudi, M. Rogner,WA Rutherford, Detection of an
electron paramagnetic resonance signal in thestdte of the manganese complex of
photosystem Il frons8ynechococcus elongatigochemistry, 38 (1999) 11942-11948.

[51] J. Messinger, J.H.A. Nugent, M.C.W. Evans, da&bn of an EPR multiline signal for
the S state in photosystem I, Biochemistry, 36 (199%035-11060.

[52] S.L. Dexheimer, M.P. Klein, Detection of a paragnetic intermediate in the S1-state of
the photosynthetic oxygen-evolving complex, J Ane@hSoc, 114 (1992) 2821-2826.

[53] T. Yamauchi, H. Mino, T. Matsukawa, A. Kawamor. Ono, Parallel polarization
electron paramagnetic resonance studies of thest8te manganese cluster in the
photosynthetic oxygen-evolving system, Biochemis3f/ (1997) 7520-7526.

[54] K.A. Campbell, J.M. Peloquin, D.P. Pham, RD&bus, R.D. Britt, Parallel polarization
EPR detection of an ;Sstate "multiline” EPR signal in photosystem Il fides from
Synechocystis spPCC 6803, J Am Chem Soc, 120 (1998) 447-448.

27 /168.



[55] W.Y. Hsieh, K.A. Campbell, W. Gregor, R.D. BfiD.W. Yoder, J.E. Penner-Hahn, V.L.
Pecoraro, The first spectroscopic model for thet&te multiline signal of the OEC, Biochim
Biophys Acta, 1655 (2004) 149-157.

[56] G.C. Dismukes, Y. Siderer, Intermediates gibéynuclear manganese center involved in
photosynthetic oxidation of water, Proc. Natl. Ac&di. U. S. A., 78 (1981) 274-278.

[57] O. Hansson, L.E. Andreasson, EPR-detectablgnetecally interacting manganese ions
in the photosynthetic oxygen-evolving system aftemtinuous illumination, Biochim
Biophys Acta, 679 (1982) 261-268.

[58] A. Boussac, S. Un, O. Horner, A.W. RutherfoHigh-spin states (S >= 5/2) of the
photosystem Il manganese complex, Biochemistry;1998) 4001-4007.

[59] A. Boussac, H. Kuhl, S. Un, M. Rogner, A.W.tRerford, Effect of near-infrared light
on the $ state of the manganese complex of photosystenom 8ynechococcus elongatus
Biochemistry, 37 (1998) 8995-9000.

[60] A. Boussac, M. Sugiura, A.W. Rutherford, P.rleg Complete EPR spectrum of the S
state of the oxygen-evolving Photosystem I, J Aned@ Soc, 131 (2009) 5050-+.

[61] J. Messinger, G. Seaton, T. Wydrzynski, U. Wéagc G. Renger, .$state of the water
oxidase in photosystem Il, Biochemistry, 36 (196862-6873.

[62] G. Schansker, C. Goussias, V. Petrouleas, &RWherford, Reduction of the Mn cluster
of the water-oxidizing enzyme by nitric oxide: Faton of an $ state, Biochemistry, 41
(2002) 3057-3064.

[63] J. Yano, V.K. Yachandra, Oxidation state chemgf the MpCa cluster in Photosystem
II, Photosynth Res, 92 (2007) 289-303.

[64] A.M.A. Hays, I.R. Vassiliev, J.H. Golbeck, RDebus, Role of D1-His190 in proton-
coupled electron transfer reactions in photosystenrA chemical complementation study,
Biochemistry, 37 (1998) 11352-11365.

[65] A.W. Rutherford, A. Boussac, P. Faller, Thaldé tyrosyl radical in Photosystem II:
why D?, Biochim Biophys Acta, 1655 (2004) 222-230.

[66] S. Styring, A.W. Rutherford, In the oxygen-éxing complex of Photosystem Il they S
state is oxidized to the, State by D (Signal-Il slow), Biochemistry, 26 (1987) 2401-340
[67] G.A. Ananyev, |. Sakiyan, B.A. Diner, G.C. Imskes, A functional role for tyrosine-D
in assembly of the inorganic core of the water ag& complex of photosystem Il and the
kinetics of water oxidation, Biochemistry, 41 (20@Z4-980.

[68] P. Faller, C. Fufezan, A.W. Rutherford, Sidsp electrondonnors: cytochroms§
chlorophyll Z and beta-caroten, in: T.J. Wydrzyndki Satoh (Eds.) Photosystem II: The
light-driven water: plastoquinone oxidoreductagerir®er, Dordecht, the Netherlands, 2005,
pp. 347-365.

[69] L.K. Thompson, G.W. Brudvig, Cytochrome b-5%@y function to protect Photosystem
Il from photoinhibition, Biochemistry, 27 (1988) 58-6658.

[70] J. Whitmarsh, H.B. Pakrasi, Form and functadrcytochromeb-559 in: D.R. Ort, C.F.
Yocum (Eds.) Oxygenic photosynthesis: The lightctieas, Kluwer Academic Publishers,
The Netherlands, 1996, pp. 249-564.

[71] D.H. Stewart, G.W. Brudvig, Cytochromesgof photosystem I, Biochim Biophys Acta,
1367 (1998) 63-87.

[72] O. Nanba, K. Satoh, Isolation of a photosystémeaction center consisting of D1 and
D2 polypeptides and cytochrome;§ Proc. Natl. Acad. Sci. U. S. A., 84 (1987) 10211

[73] D.B. Knaff, D.l. Arnon, Light-induced oxidatioof a chloroplast b-type cytochrome at -
189°C, Proc. Natl. Acad. Sci. U. S. A., 63 (1969p<%..

[74] M. Roncel, A. Boussac, J.L. Zurita, H. Botti, Sugiura, D. Kirilovsky, J.M. Ortega,
Redox properties of the photosystem Il cytochroies9 andc550 in the cyanobacterium
Thermosynechococcus elongatiisBiol. Inorg. Chem., 8 (2003) 206-216.

28 /168.



[75] A. Magnuson, M. Rova, F. Mamedov, P.O. Fresktn, S. Styring, The role of
cytochrome bsg and tyrosing in protection against photoinhibition during invei
photoactivation of photosystem I, Biochim Biophsta, 1411 (1999) 180-191.

[76] F. Morais, J. Barber, P.J. Nixon, The chloegplencoded alpha subunit of cytochrome b-
559 is required for assembly of the photosystemdarplex in both the light and the dark in
Chlamydomonas reinhardtii, J Biol Chem, 273 (1928315-29320.

[77] N. Mizusawa, T. Yamashita, M. Miyao, Restooatiof the high-potential form of
cytochrome b559 of photosystem Il occurs via a s$t&p mechanism under illumination in
the presence of manganese ions, Biochim Biophya,Aet10 (1999) 273-286.

[78] C.A. Buser, B.A. Diner, G.W. Brudvig, Photodzition of cytochroméssg in oxygen-
evolving Photosystem Il, Biochemistry, 31 (1992%49-11459.

[79] N. Bondarava, L. De Pascalis, S. Al-Babili,@ussias, J.R. Golecki, P. Beyer, R. Bock,
A. Krieger-Liszkay, Evidence that cytochronigsy mediates the oxidation of reduced
plastoquinone in the dark, J Biol Chem, 278 (2Q(B554-13560.

[80] N. Bondarava, C.M. Gross, M. Mubarakshina,. J3lecki, G.N. Johnson, A. Krieger-
Liszkay, Putative function of cytochroniigsg as a plastoquinol oxidase, Physiol. Plantarum,
138 (2010) 463-473.

[81] J. Kruk, K. Strzalka, Redox changes of cytache Bsy in the presence of
plastoquinones, J Biol Chem, 276 (2001) 86-91.

[82] B. Bouges-Bouquet, Electron transfer betwebe two photosystems in spinach
chloroplasts, Biochim Biophys Acta, 314 (1973) Z4885.

[83] B.R. Velthuys, J. Amesz, Charge accumulatidnreducing side of system 2 of
photosynthesis, Biochim Biophys Acta, 333 (19741085

[84] C.A. Wraight, Oxidation-reduction physical-chistry of the acceptor quinone complex
in bacterial photosynthetic reaction centers - endt for a new model of herbicide activity,
Isr. J. Chem., 21 (1981) 348-354.

[85] R. de Wijn, H.J. van Gorkom, Kinetics of elext transfer from @to Qs in photosystem
[I, Biochemistry, 40 (2001) 11912-11922.

[86] H.H. Robinson, J.J. Eaton Rye, J.J.S. van &enSovindjee, The effects of bicarbonate
depletion and formate incubation on the kineticsogfdation-reduction reactions of the
Photosystem Il quinone acceptor complex., Z.Natad.(C), 39 (1984) 382-385.

[87] W. Weiss, G. Renger, UV-spectral characterzain tris-washed chloroplasts of the
redox component-D1 which functionally connectsrgction center with the water-oxidizing
enzyme system-Y in photosynthesis, Febs Lett, 1684) 219-223.

[88] M.Y. Okamura, M.L. Paddock, M.S. Graige, GhEg Proton and electron transfer in
bacterial reaction centers, Biochim Biophys Ac#68 (2000) 148-163.

[89] C.A. Wraight, Proton and electron transfer time acceptor quinone complex of
photosynthetic reaction centers frdRlhodobacter sphaeroideBront Biosci, 9 (2004) 309-
337.

[90] J.P. Allen, G. Feher, Crystallization of raant center from Rhodopseudomonas
sphaeroides - preliminary characterization, Proatl.Mcad. Sci. U. S. A., 81 (1984) 4795-
4799.

[91] R.H.G. Baxter, B.L. Seagle, N. Ponomarenk®&. Norris, Cryogenic structure of the
photosynthetic reaction center of Blastochlorisdvérin the light and dark, Acta Crystallogr.
Sect. D-Biol. Crystallogr., 61 (2005) 605-612.

[92] J.J.S. van Rensen, W.J.M. Tonk, S.M. Debruijnjolvement of bicarbonate in the
protonation of the secondary quinone electron-aocegf Photosystem-Il via the non-heme
Iron of the quinone-iron acceptor complex, Febg, 12826 (1988) 347-351.

[93] R. Hienerwadel, C. Berthomieu, Bicarbonate doiag to the non-heme iron of
photosystem Il investigated by Fourier transforrmared difference spectroscopy and C-13-
labeled bicarbonate, Biochemistry, 34 (1995) 1626897.

29 /168.



[94] R.J. Debus, G. Feher, M.Y. Okamura, Iron-degule reaction centers from
Rhodopseudomonas sphaeroides R-26.1 - Characi@mnizahd reconstitution with Fe2+,
Mn2+, Co2+, Ni2+, Cu2+, and Zn2+, Biochemistry,(2986) 2276-2287.

[95] A.W. Rutherford, I. Agalidis, F. Reisshussdvianganese-quinone interactions in the
electron-acceptor region of bacterial photosynthegaction centers, Febs Lett, 182 (1985)
151-157.

[96] B.A. Diner, V. Petrouleas, £, the non-heme iron of the Photosystem-II iron-quim
complex - a spectroscopic probe of quinone andbitdri binding to the reaction center
Biochim Biophys Acta, 895 (1987) 107-125.

[97] J.L. Zimmermann, A.W. Rutherford, Photoreduttamduced oxidation of Fé in the
electron-acceptor complex of Photosystem-Il, BiotBiophys Acta, 851 (1986) 416-423.
[98] A. Boussac, M. Sugiura, F. Rappaport, Prolimgquinone binding site of Photosystem
Il from Thermosynechococcus elongatasntaining either PsbAl or PsbA3 as the D1 protein
through the binding characteristics of herbicid@®chim Biophys Acta, 1807 (2011) 119-
129.

[99] J.J.S. van Rensen, V.V. klimov, Role of bicarhte in Photosystem I, in: T.J.
Wydrzynski, K. Satoh (Eds.) Advances in Photosysitheand Respiration Oxygenic
Photosynthesis: Photosystem 1l. The light driventenaPlastoquinone oxidoreductase,
Springer, Dordrecht, 2005, pp. 329-346.

[100] A.J. Stemler, The bicarbonate effect, oxygmrolution, and the shadow of Otto
Warburg, Photosynth Res, 73 (2002) 177-183.

[101] V.V. Klimov, S.V. Baranov, Bicarbonate reqerinent for the water-oxidizing complex
of photosystem Il, Biochim Biophys Acta, 1503 (2DpQ87-196.

[102] S.V. Baranov, G.M. Ananyev, V.V. Klimov, G.@ismukes, Bicarbonate accelerates
assembly of the inorganic core of the water-oxidizicomplex in manganese-depleted
photosystem II: A proposed biogeochemical roleatwnospheric carbon dioxide in oxygenic
photosynthesis, Biochemistry, 39 (2000) 6060-6065.

[103] J.J.S. van Rensen, Role of bicarbonate atabeeptor side of Photosystem I,
Photosynth Res, 73 (2002) 185-192.

[104] P. Jursinic, J. Warden, Govindjee, Major sitdicarbonate effect in system-II reaction
evidence from ESR signalg{) fast fluorescence yield changes and delayed-&gtission,
Biochim Biophys Acta, 440 (1976) 322-330.

[105] U. Siggel, R. Khanna, G. Renger, Govindje&gektigation of the absorption changes of
the plasto-quinone system in broken chloroplastse Effect of bicarbonate-depletion,
Biochim Biophys Acta, 462 (1977) 196-207.

[106] J.J. Eaton-Rye, Govindjee, Electron-trangifieough the quinone acceptor complex of
Photosystem-Il after one or 2 actinic flashes igalonate-depleted spinach thylakoid
membranes, Biochim Biophys Acta, 935 (1988) 248-257

[107] M.P.J. Pulles, H.J. Van Gorkom, J.G. WillemsAbsorbance changes due to charge-
accumulating species in system 2 of photosynthsighim Biophys Acta, 449 (1976) 536-
540.

[108] J. Farineau, P. Mathis, Effect of bicarbonate electron transfer between
plastoquinones in Photosystem I, in: Y. Inoue, A®ofts, Govindjee, N. Murata, G.
Renger, K. Satoh (Eds.) The oxygen evolving systénphotosynthesis, Academic Press,
Inc., 1983, pp. 317-325.

[109] D.J. Blubaugh, Govindjee, The molecular meitra of the bicarbonate effect at the
plastoquinone reductase site of photosynthesigoBiath Res, 19 (1988) 85-128.

[110] N. Cox, L. Jin, A. Jaszewski, P.J. Smith,KEausz, A.W. Rutherford, R. Pace, The
semiquinone-iron complex of Photosystem II: streadtunsights from ESR and theoretical
simulation; evidence that the native ligand to tlo@-heme iron is carbonate, Biophys. J., 97
(2009) 2024-2033.

30 /168.



[111] A. Krieger, A.W. Rutherford, G.N. Johnson, @re determination of redox midpoint
potential of the primary quinone electron-accep@y, in Photosystem-Il, Biochim Biophys
Acta, 1229 (1995) 193-201.

[112] G.N. Johnson, A.W. Rutherford, A. Krieger,change in the midpoint potential of the
quinone Q in Photosystem-Il associated with photoactivabbmmxygen evolution, Biochim
Biophys Acta, 1229 (1995) 202-207.

[113] A. Krieger, E. Weis, Energy-dependent quenghof chlorophyll-a-fluorescence - the
involvement of proton-calcium exchange at Photasys?, Photosynthetica, 27 (1992) 89-98.
[114] A. Krieger, E. Weis, S. Demeter, Low-pH-inédic Ca2+ ion release in the water-
splitting system is accompanied by a shift in thielpaint redox potential of the primary
quinone acceptor QA, Biochim Biophys Acta, 1144939411-418.

[115] A. Krieger, A.W. Rutherford, Comparison oflahde-depleted and calcium-depleted
PSII: The midpoint potential of Q(A) and suscepitipito photodamage, Biochim Biophys
Acta, 1319 (1997) 91-98.

[116] J. Kargul, K. Maghlaoul, J.W. Murray, Z. Deak Boussac, A.W. Rutherford, I. Vass,
J. Barber, Purification, crystallization and X-rdifraction analyses of the T-elongatus PSII
core dimer with strontium replacing calcium in tb&ygen-evolving complex, Biochim
Biophys Acta, 1767 (2007) 404-413.

[117] C. Fufezan, C.M. Gross, M. Sjodin, AW. Rufoed, A. Krieger-Liszkay, D.
Kirilovsky, Influence of the redox potential of th@imary quinone electron acceptor on
photoinhibition in photosystem II, J Biol Chem, 2@907) 12492-12502.

[118] AW. Rutherford, A. Krieger-Liszkay, Herbi@dnduced oxidative stress in
photosystem II, Trends Biochem Sci, 26 (2001) 688-6

[119] A. Takano, R. Takahashi, H. Suzuki, T. Nogucterbicide effect on the hydrogen-
bonding interaction of the primary quinone electamceptor QA in photosystem Il as studied
by Fourier transform infrared spectroscopy, Phattsyres, 98 (2008) 159-167.

[120] A. Krieger-Liszkay, C. Fufezan, A. Trebstn§let oxygen production in photosystem |I
and related protection mechanism, Photosynth Re&@8) 551-564.

[121] T. Shibamoto, Y. Kato, M. Sugiura, T. WataealRedox potential of the primary
plastoquinone electron acceptox @ Photosystem Il fronThermosynechococcus elongatus
determined by spectroelectrochemistry, Biochemigt8y(2009) 10682-10684.

[122] J.H. Golbeck, B. Kok, Redox titration of eiem-acceptor Q and the plastoquinone
pool in Photosystem Il, Biochim Biophys Acta, 54B79) 347-360.

[123] A.R. Corrie, J.H.A. Nugent, M.C.W. Evans, mdiéication of EPR Signals from the
States Q' Qs” and @~ in Photosystem-II fronPhormidium laminosumBiochim Biophys
Acta, 1057 (1991) 384-390.

[124] H.H. Robinson, A.R. Crofts, Kinetics of theidation reduction reactions of the
Photosystem Il quinone acceptor complex, and thlewssy for deactivation, Febs Lett, 153
(1983) 221-226.

[125] A.R. Crofts, C.A. Wraight, The electrochentickomain of photosynthesis, Biochim
Biophys Acta, 726 (1983) 149-185.

[126] J. Minagawa, Y. Narusaka, Y. Inoue, K. Satekectron transfer between,@nd @ in
photosystem Il is thermodynamically perturbed imtololerant mutants dynechocystis sp
PCC 6803, Biochemistry, 38 (1999) 770-775.

[127] F. Rappaport, J. Lavergne, Thermoluminescetieory, Photosynth Res, 101 (2009)
205-216.

[128] W.F.J. Vermaas, G. Renger, G. Dohnt, The ¢gdn of the oxygen-evolving system in
chloroplasts by thylakoid components, Biochim BigplActa, 764 (1984) 194-202.

[129] V.V. Klimov, S.I. Allakhverdiev, S. DemeteA.A. Krasnovskii, Photo-reduction of
pheophytin in the Photosystem 2 of chloroplastseddmg on the oxidation-reduction
potential of the medium, Doklady Akademii Nauk $&29 (1979) 227-230.

31/168.



[130] A.W. Rutherford, J.E. Mullet, A.R. Crofts, Msurement of the midpoint potential of
the pheophytin acceptor of Photosystem Il, Febg .88 (1981) 235-237.

[131] Y. Kato, M. Sugiura, A. Oda, T. Watanabe, 8peelectrochemical determination of
the redox potential of pheophytin a, the primarmgctbn acceptor in photosystem II, Proc.
Natl. Acad. Sci. U. S. A., 106 (2009) 17365-17370.

[132] F. Rappaport, M. Guergova-Kuras, P.J. NixBrA. Diner, J. Lavergne, Kinetics and
pathways of charge recombination in photosystemitdchemistry, 41 (2002) 8518-8527.
[133] M. Grabolle, H. Dau, Energetics of primarydasecondary electron transfer in
Photosystem 1l membrane particles of spinach redsion basis of recombination-
fluorescence measurements, Biochim Biophys Act@812005) 209-218.

[134] S. Vasilev, A. Bergmann, H. Redlin, H.J. Ider, G. Renger, On the role of
exchangeable hydrogen bonds for the kinetics oDPE8A.- formation and P680s+ Pheoe-
recombination in photosystem II, Biochim Biophyst#&cl276 (1996) 35-44.

[135] K. Gibasiewicz, A. Dobek, J. Breton, W. Leillodulation of primary radical pair
kinetics and energetics in photosystem Il by tlaoxestate of the quinone electron acceptor
Q(A), Biophys. J., 80 (2001) 1617-1630.

[136] M. Sugiura, Y. Kato, R. Takahashi, H. SuzukiWatanabe, T. Noguchi, F. Rappaport,
A. Boussac, Energetics in Photosystem Il frohrermosynechococcus elongatugh a D1
protein encoded by either thpesbAlor psbA3 gene, Biochim Biophys Acta, 1797 (2010)
1491-1499.

[137] M. Sugiura, F. Rappaport, K. Brettel, T. Nogy A.W. Rutherford, A. Boussac, Site-
directed mutagenesis dthermosynechococcus elongafisotosystem Il the O2-evolving
enzyme lacking the redox-active tyrosine D, Bioclstm, 43 (2004) 13549-13563.

[138] A. Sedoud, L. Kastner, N. Cox, S. El-Alaobi, Kirilovsky, A.W. Rutherford, Effects
of formate binding on the quinone-iron electronegator complex of photosystem I, Biochim
Biophys Acta, 1807 (2011) 216-226.

[139] U. Muhlenhoff, F. Chauvat, Gene transfer amdnipulation in the thermophilic
cyanobacteriunsynechococcus elongatidol Gen Genet, 252 (1996) 93-100.

[140] J.M. Ducruet, Chlorophyll thermoluminescerafeleaf discs: simple instruments and
progress in signal interpretation open the wayew ecophysiological indicators, J Exp Bot,
54 (2003) 2419-2430.

32 /168.



RESULTATS

33/168.



ARTICLE 1

Effect of formate binding on the quinone-ir on acceptor

complex of photosystem |1

34 /168.



BBABIO-46605; No. of pages: 11; 4C:

Biochimica et Biophysica Acta xxx (2010) XXX-XXx

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbabio

Effects of formate binding on the quinone-iron electron acceptor complex
of photosystem II

Arezki Sedoud ?, Lisa Kastner ?, Nicholas Cox P, Sabah El-Alaoui ¢, Diana Kirilovsky 2, A. William Rutherford **

2 iBiTec-S, CNRS URA 2096, CEA Saclay, 91191 Gif-sur-Yvette, France
> MPI fiir Bioanorganische Chemie, Stiftstrasse 34-36/D-45470 Miilheim an der Ruhr, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 4 August 2010

Received in revised form 1 October 2010
Accepted 25 October 2010

Available online Xxxx

EPR was used to study the influence of formate on the electron acceptor side of photosystem II (PSII) from
Thermosynechococcus elongatus. Two new EPR signals were found and characterized. The first is assigned to
the semiquinone form of Qg interacting magnetically with a high spin, non-heme-iron (Fe?*, S=2) when the
native bicarbonate/carbonate ligand is replaced by formate. This assignment is based on several experimental
observations, the most important of which were: (i) its presence in the dark in a significant fraction of centers,
and (ii) the period-of-two variations in the concentration expected for Qz"~ when PSII underwent a series of

ll:%‘ggist'em Il single-electron turnovers. This signal is similar but not identical to the well-know formate-modified EPR
Quinone signal observed for the Qs Fe?" complex (W.F,J. Vermaas and A.W. Rutherford, FEBS Lett. 175 (1984) 243-
Non-heme iron 248). The formate-modified signals from Qx Fe?>* and Qs Fe?* are also similar to native semiquinone-iron
Formate signals (Qx Fe?"/Qs Fe?t) seen in purple bacterial reaction centers where a glutamate provides the
g::;fbonafe carboxylate ligand to the iron. The second new signal was formed when Q4 ~ was generated in formate-

inhibited PSII when the secondary acceptor was reduced by two electrons. While the signal is reminiscent of
the formate-modified semiquinone-iron signals, it is broader and its main turning point has a major sub-peak
at higher field. This new signal is attributed to the Qx Fe?" with formate bound but which is perturbed
when Qg is fully reduced, most likely as QgH, (or possibly QgH™™ or Qg ). Flash experiments on formate-
inhibited PSII monitoring these new EPR signals indicate that the outcome of charge separation on the first
two flashes is not greatly modified by formate. However on the third flash and subsequent flashes, the
modified Qx Fe?TQgH, signal is trapped in the EPR experiment and there is a marked decrease in the
quantum yield of formation of stable charge pairs. The main effect of formate then appears to be on QgH,
exchange and this agrees with earlier studies using different methods.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction but tightly bound in its one-electron reduced semiquinone form

(reviewed in [3]).

Photosystem II (PSII) is a chlorophyll-containing membrane-
bound enzyme that uses the energy of light to take electrons from
water and reduce plastoquinone (reviewed in [1,2]). The protein has
two bound plastoquinones, Q4 and Qg, which act as sequential
electron acceptors. Although both are plastoquinones, their physical
and chemical properties differ. Q4 is tightly bound and acts as a one-
electron carrier while Qg undergoes two sequential one-electron
reduction steps. Qg is weakly bound in its quinone and quinol form

Abbreviations: ANT2p, 2-(3-chloro-4-trifluoromethyl) aniline-3,5-dinitrothio-
phene; Cyt bssg, Cytochrome bssg; DAD, 2,3,5,6 tetramethyl-p-phenylenediamine;
DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; EPR, electron paramagnetic reso-
nance; PSII, photosystem II; Q4 and Qg, primary and secondary quinone electron
acceptor of PSII

* Corresponding author. Tel.: +33 1 69 08 2940; fax: +33 1 69 08 87 17.

E-mail address: alfred.rutherford@cea.fr (A.W. Rutherford).

0005-2728/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2010.10.019

Excitation of the chlorophylls in PSII by light results in a charge
separation forming a radical pair made up of a chlorophyll radical
cation (Pggo) and a pheophytin radical anion (Ph"~). The pheophytin
radical anion subsequently reduces Qa to Qa . The Qi state is
relatively short-lived (<1 ms) and undergoes no observable proton-
ation events during its lifetime. Qa~ then reduces Qg, forming Qg a
tightly bound semiquinone that is thought to remain unprotonated.
However, the negative charge is partially compensated by proton
uptake by protein residues in close proximity to the semiquinone.
After a second photochemical turnover, Qg™ undergoes a further one-
electron reduction step. This event is coupled to protonation reactions
forming QgH>. QgH; leaves the Qg site and is replaced by plastoquinone
from the pool in the membrane, this gives rise to the characteristic
two-electron gate phenomena associated with Qg function [4-7].

The acceptor side electron and proton transfer reactions occurring
in PSII are poorly understood compared to the related reactions
occurring in the purple bacterial reaction center [8,9]. As a result the
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working model for PSII is greatly influenced by insights from the
purple bacterial reaction center [3]. The close structural similarity
between the purple bacterial reaction center and PSII was indicated by
the similar spectroscopic signatures from the semiquinone iron
complex (reviewed in [10]). The crystallographic model from the
purple bacterial reaction center [11] thus provided a good model for
PSII [11,12], this was supported by amino acid sequence comparisons
[13], mutagenesis [14,15], molecular modeling [16] and biochemistry
[17,18]. The model was verified by extensive biophysical studies (e.g.
[19,20]) and eventually by crystallography of PSII [21-23].

A high spin non-heme iron (Fe?™, S=2) is located between the
two bound quinones Q4 and Qg. It is coordinated by four histidines,
two from the D1 subunit (H215 and H272) and two from the D2
subunit (H214 and H268). In the bacterial reaction center, the fifth
and sixth ligand to the iron is a bidentate carboxylate ligand from the
glutamate M-E232 [11]. In PSII an exchangeable, bidentate bicarbon-
ate/carbonate is the non-histidine ligand [10,11,24,25].

The depletion of bicarbonate/carbonate or its substitution by
formate results in a slowing of the electron transfer rate from Q5" to
Qg and to Qg™ by factors of five and ten, respectively [26-29]. The
exchange of the QgH, with the plastoquinone pool is slowed down by
more than a two orders of magnitude [27,30,31]. Some of these
inhibitory effects maybe due to the perturbation and/or inhibition of
the protonation reactions that are coupled to electron transfer [24]. A
specific chemical model explaining how depletion of bicarbonate
affects electron transfer in the quinone-iron complex has not yet been
established (reviewed in [32,33]). Recent observations have sug-
gested that carbonate rather than bicarbonate is the native ligand to
the non-heme iron in PSII [34]. The additional negative charge on the
carbonate ion compared to bicarbonate would be expected to be
relevant to its purported roles in the proton-coupled electron transfer.

The existence of an exchangeable ligand on the iron that strongly
affects the rate of electrons leaving PSII could reflect a regulatory
mechanism of some kind. The natural ligand (CO527/HCO57) is in
equilibrium with CO,, the terminal electron acceptor of photosyn-
thesis. A role for CO, in regulating electron input into the electron
transfer chain seems plausible. If however the slow down in electron
transfer occurs simply upon protonation of carbonate (forming
bicarbonate) [34], then the regulatory factor could be pH or the
binding of another carboxylic acid.

The semiquinone radicals Qs and Qg™ in PSII and purple bacteria
are magnetically coupled to the non-heme iron Fe?"™ (S=2). This
interaction strongly perturbs the radical signals as seen by EPR.
Semiquinones generally appear as sharp structureless signals cen-
tered at g~2.004 but in PSII and purple bacterial reaction centers they
interact with the Fe?>* leading to a broadening of their EPR lineshape.
In PSII, the Q;/sFe® ™ complexes have turning points around g~ 1.8 and
1.9[35-39], reviewed in [3,10]. The signal at g=1.9 is the native form
[37] while the g = 1.8 form is seen when formate or other carboxylic
acids replace the bicarbonate/carbonate ion [38]. In PSII isolated from
the cyanobacterium, Thermosynechococcus elongatus, the same phe-
nomenology is observed [40,41]. The presence of the g = 1.8 form in
samples that have not been treated with a carboxylic acid [35-37]
presumably reflects those (non-native) centers: (i) in which the (bi)
carbonate ion is absent, or (ii) in which the native carbonate is
replaced by bicarbonate (see [34]). In either case, the g=1.8 form
probably represents non-functional centers [42]. The addition of
formate to PSII significantly increased the amplitude of the Qx ~Fe?™
EPR signal by converting the weak g=1.9 signal to a well resolved
g=1.8 signal [38]. This simple biochemical procedure is routinely
employed to allow Qi Fe?™ to be monitored (e.g. [40,41]). Some
other carboxylic acids have been shown to have smaller effects on the
Qx Fe?™ in plant PSII showing competitive binding effects with the
much more pronounced formate effect [43].

Qg Fe?* EPR signals have been the subject of less study. This is
because the detergent treatment used to isolate PSII in plants and the
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low pH used to stabilized Mn4Ca cluster [44] appears to be
detrimental to Qg. It is possible that the low pH procedure could
result in the loss of the native carbonate/bicarbonate ligand to the iron
(the pKa of bicarbonate/carbonic acid is 6.4). Nevertheless, Qg Fe?™"
signals have been reported in plant PSII on rare occasions in which Qg
integrity is conserved in standard preparations [10,39,45], and when
efforts were made to conserve bicarbonate [46]. In the cyanobacteria
however, Q3 Fe?™ EPR signals are routinely detected, thus, Qg seems
more stable to both the detergent used and the pH [47,48]. The native
Qg Fe?* EPR signal has a very similar line shape to that observed for
the native Q3 Fe?™ [48].

Fufezan et al. noted the presence of an additional functional
quinone in T. elongatus PSII core preparations [48]. An additional
quinone was also reported in quinone quantification studies in similar
preparations [49] and was detected in the most recent crystallo-
graphic model of PSII and designated Qc [23]. Mechanistic evidence
for an additional quinone binding site in PSII from plants had already
been obtained from studies of Cytochrome b559 (Cyt bssg) [50,51].

In the present work we have used EPR to study the effect of
formate binding on PSII using cyanobacterial preparations that have
functional Qg and Q¢ prior to formate addition.

2. Materials and methods
2.1. Culture conditions

A strain of T. elongatus with a histidine tag on the CP47 protein of
PSII was engineered as described in supplementary information. Cells
of the transformed strain were grown in a rotary shaker (120 rpm) at
45 °C under continuous illumination using fluorescent white lamps of
intensity of about 80 umoles photons m2s™!. Cells were grown in a
DTN-medium [52] in a CO,-enriched atmosphere. For maintenance,
the cells were grown in the presence of kanamycin (40 pug ml™'). For
PSII preparations, the cells were grown in 3 L flasks (1 L culture).

2.2. PSII preparation

PSII core complexes were prepared as described in [53] using a
protocol based on [54] with the following modifications. The
concentrations of betaine in all buffers used here was 1 M instead of
1.2 M and the concentration of n-dodecyl-3-maltoside used in the
elution buffer “buffer 3” was 0.06% (w/v) instead of 0.10% (w/v). The
eluted fraction from the nickel column was concentrated and washed
using Millipore Ultrafree-15 centrifugal filters. Oxygen evolution was
measured under continuous light at 27 °C in a Clark-type oxygen
electrode (Hansatech) with saturating white light. The oxygen
evolution activity of the PSII core complexes was ~3500 pmol
0,-mg~!-Chl/h. Samples were stored in liquid nitrogen in the storage
buffer (10% glycerol, 40 mM MES pH 6.5, 1 M betaine, 15 mM MgCl,
and 15 mM CaCly).

2.3. Formate treatments

For EPR experiments the formate treatment was performed as
follows. 120 pL aliquots of PSII (~1 mg Chl/ml) were dark-adapted for
the time specified in the figure legends (either 1 or 12 h), then
160 mM final concentration of sodium formate in the storage buffer
was added in the dark and the sample allowed to incubate for 30 min
incubation at room temperature. Experiments in which the concen-
tration and incubation time were varied demonstrated that these
conditions were optimal for generating ~100% of the modified
semiquinone-iron EPR signals (not shown). For oxygen evolution
measurements 160 mM of sodium formate was added to PSII at 5 pg
Chl/ml, and the sample was then incubated for 30 min at room
temperature. The O, evolving activity decreased to 20% under these
conditions and was restored to 60% by addition of 50 mM bicarbonate.
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These formate-induced changes in activity are reported in the
literature (e.g. [55]). The addition of 160 mM NaCl had no affect on
oxygen evolution. In all the experiments shown here sodium formate
was added as a 1 M stock in storage buffer.

2.4. Chemical reduction treatments

Chemical reduction of the 120 pL aliquots of PSII (~1 mg Chl/ml)
with ascorbate was performed using two methods (see figure
legends). (1) Sodium ascorbate in storage buffer (300 mM stock)
was added to the sample in the EPR tube in darkness to give a final
concentration of 10 mM. The sample was then incubated for 10 min at
room temperature prior to freezing. (2) DAD in DMSO (30 mM stock
solution) was added to the sample in the EPR tube in darkness to give
a final concentration of 1 mM and then sodium ascorbate in storage
buffer was added to give a final concentration of 10 mM. The sample
was then incubated for 30 min at room temperature before freezing
the sample (see below). Dithionite reduction was performed by
addition of sodium dithionite to the sample in the EPR tube to give a
final concentration of 30 mM using a 500 mM stock solution made up
in degassed storage buffer.

2.5. EPR measurements

EPR spectra were recorded using a Bruker Elexsys 500 X-band
spectrometer equipped with standard ER 4102 resonator and Oxford
Instruments ESR 900 cryostat. Instrument settings were: microwave
frequency 9.4 GHz, modulation frequency 100 kHz. All other settings
were as indicated in the figure legends. 120 pl aliquots of PSII cores
(~1 mg Chl/ml) in the same buffer used for storage were loaded into
4 mm outer diameter quartz EPR tubes. The samples were manipu-
lated under dim-green light and then incubated in complete darkness
for 1 h (short-dark adaptation) or 12 h (long-dark adaptation). The
EPR samples were frozen in a dry-ice/ethanol bath at 200 K. Samples
were degassed by pumping at 200 K and then filled with helium gas.
EPR tubes were then transferred to liquid nitrogen prior to the EPR
measurements being made. Samples were handled in darkness.

2.6. Illlumination conditions

Flashes were performed using a frequency-doubled Nd:YAG laser
(Spectra Physics, 7 ns fwhm, 550 mJ, 532 nm) at room temperature.
After flashing, samples were rapidly frozen (1-2s) in a dry-ice/
ethanol bath at 200 K followed by storage in liquid nitrogen. The laser
flash used was saturating under these conditions.

Low-temperature red-light illuminations were performed in an
unsilvered dewar using either liquid nitrogen (77 K) or a dry-ice/
ethanol bath at 200 K. 77 K illuminations were performed for 30 min
in order to reduce Q3 Fe?™ and oxidize Cyt bsse to near completion, as
verified by EPR. Illuminations at 200 K for ~20 sec generated ~100% S,
manganese multiline signal. Continuous illuminations were per-
formed using an 800 W halogen lamp. The light was filtered through
3 cm of water, Calflex IR heat filters and a long-band pass filter (RG-
670 nm).

For multiple photochemical turnover experiments, separate
samples were used for 0, 1, 2 and 3 turnovers. The samples were
treated with sodium ascorbate after a long dark adaptation (see
above). A photochemical turnover was performed by illuminating a
sample for 30 min at 77 K. Samples were then thawed and incubated
for 10 min at room temperature, this allowed: (i) electron transfer to
be completed on the electron acceptor side, i.e. Qx~ to Qg, or Q4 to
Qg -, associated protonation reactions and the exchange of QgH, when
possible; and (ii) the reduction of the oxidized Cyt bssg by ascorbate as
verified by EPR. When a second or third turnover was required,
further low temperature illumination/thawing cycles were given.
Sodium formate (final concentration 160 mM) was added to samples
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which had undergone 0, 1, 2 and 3 turnovers and then incubated for
30 min at room temperature in darkness. Samples were then frozen
and their EPR spectra recorded.

2.7. EPR simulations

Spectral simulations were performed as described in [34]. The Spin
Hamiltonian (10 x 10 matrix) was solved numerically using: (i)
Scilab-4.4.1, an open source vector-based linear algebra package
(wwwe.scilab.org); and (ii) the EasySpin package [56] in MATLAB. To
broaden the comparison we also simulated Qs Fe?" and Qg Fe?™
signals from wild type of Rhodopseudomonas viridis chromatophores.
Biochemical preparation and EPR conditions for the R. viridis were as
described in Ref. [57]

3. Results
3.1. The formate-modified Qz Fe** EPR signal

Fig. 1A shows the EPR spectrum measured at 4.5 K of untreated
PSII core complexes isolated from T. elongatus after short dark-
adaption. A weak broad signal was observed at g=1.73 that is
characteristic of the Q3 Fe?™ complex [48]. The Qi Fe?* complex has
a second turning point at g=1.95 that is not readily observed at this
temperatures (see [34]) but which can be seen more easily at higher
temperatures [48] (see Fig. 6). The addition of sodium formate alters
the Qi Fe?* signal (Fig. 1B). The native signal as described above is
replaced by a new signal centered at g~1.84 that is similar to
semiquinone-iron signals observed in purple bacteria reaction
centers [58,59]. A similar signal has also been observed for the
formate-modified Qx Fe?™ complex in plant and cyanobacterial PSII
[38,40,41,60].

Under the experimental conditions used here, no Qs is expected
to be reduced prior to the addition of formate. In contrast, Qg™ is
expected to be present in a significant fraction of centers (~40%) after
a short-period of dark-adaptation in T. elongatus [48]. Thus it is
probable that this new signal (Fig. 1B) arises from the formate-
modified Qi Fe?", where formate has displaced the exogenous
bicarbonate/carbonate ligand of the Fe?*. The new semiquinone-
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Fig. 1. EPR signals present in formate-treated PSII from T. elongatus. (A) Short-dark
adapted (1 h) PSIL (B) After formate addition to the sample shown in A. (C) Formate
added to a long-dark adapted PSIL. (D) One saturating laser flash at room temperature
given to the long dark-adapted sample shown in C. (E) Spectrum attributed to formate-
modified Q4 Fe?" generated by 30 min illumination at 77 K in a long-dark adapted PSII
sample. Some g-values of features mentioned in the text are shown. Instrument
settings: microwave power: 20 mW, modulation amplitude: 25 gauss, temperature:
45K.
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iron signal described above was absent when formate was added to a
sample that had been dark-adapted for 12 h (Fig. 1C). Incubation for
12 hin the dark at room temperature is known to result in the almost
complete loss of Qy~ Fe?™ [48]. This result is consistent with the
assignment of the signal in Fig. 1B to a formate-modified form of
Qp Fe?t.

Fig. 1D shows the EPR signal obtained after a single saturating flash
was given to a long dark-adapted sample (Fig. 1C) at room
temperature. The photo-induced signal is similar to that seen in
Fig. 1B. Excitation of dark-adapted PSII by a single saturating flash is
expected to generate the S,Qp" state. This result further supports the
assignment of this new signal to the formate-modified Qj Fe?™
complex. The size of the Q; Fe?™ signal in Fig. 1D is approximately
double that of the signal seen for the short dark-adapted sample
(Fig. 1B). This suggests that formate does not affect the yield of Qg™
formation on the first flash and is consistent with earlier studies of
bicarbonate depletion/formate addition (e.g. [28-33]). In this exper-
iment the contribution from the overlapping S=1 multiline signal
from S, is minimized by the choice of EPR conditions used for the
measurement (low temperature and high microwave power). When
S, is formed in centers containing TyrD, the S, state is reduced back to
the S; state and TyrD" is formed [61]. This occurs in the seconds
timescale through the equilibrium between the intervening electron
carriers (Pggo, TyrZ) (reviewed in [62]). This also contributes to the
low intensity of the S, signal in Fig. 1D.

Control measurements (see Fig. S2 in supporting information)
showed that the addition of formate did not significantly alter the
electron donor side function on the first photochemical turnover. The
S, multiline signal [63] generated by 200 K illumination [64] had
almost the same amplitude in control and formate-treated samples,
=+ 20% (Fig. S2 in supporting information). This is in marked contrast
to the situation in plant PSIl where it was concluded that acceptor side
effects of formate were matched by donor side inhibition [65,66] but
see however [67]. The discrepancy is most likely due to species
differences and/or biochemical conditions.

Fluorescence yield experiments were performed on samples
before and after the addition of formate to rule out the possibility
that formate addition led to Qx reduction in the short dark-adapted
samples, perhaps by a change in the QaQg~ —Qa Qg equilibrium. The
addition of formate increased the Fy level by less than 1% of the Fiax
(see Table 1 in supporting information). In addition, thermolumines-
cence experiments in the presence of formate indicated that S,Qgp~
recombination occurs on the first flash; no evidence for S,Qa

recombination was seen (not shown). These results show that
formate addition does not generate formation of a significant fraction
of Qa~ from Qg™ and further support the assignment of the new EPR
signal (Fig. 1B) to formate-modified Qy Fe*™.

Fig. 1E shows the EPR signal generated by illumination of a long
dark-adapted PSII sample at 77 K for 30 min. Illumination at this
temperature is known to generate Qn in most centers [68]. The
observed Qx Fe?" signal (Fig. 1E) has the same g-values (a peak at
g=1.84 and a trough at g~1.73) and line-shape as seen in PSII from
higher plants [38] and as reported earlier in T. elongatus [40,41]. The
signal generated after one flash (Fig. 1D), which is attributed to
Qp Fe?*, is similar to that of Q5 Fe?* (Fig. 1E) but it has an additional
resolved secondary peak at g~1.83. These small changes in the line-
shape of the two signals are reminiscent of those that distinguish the
Qi Fe?™ and Qi Fe?™ signals in purple bacteria [59,69,70].

3.2. Formate-treated PSII illuminated by a series of flashes

The left panel of Fig. 2 shows the effect of a series of flashes on long
dark-adapted PSII that was subsequently treated with formate.
Fig. 2A, the zero flash sample showed no signal. After one flash
(Fig. 2B) the Qi Fe?* was formed in the majority of the centers (~80%,
this is obtained from an estimate of the miss factor derived from the
size of the signal present after the second flash). Fig. 2C shows the
sample that was excited by two flashes. In this case, the EPR signal was
significantly smaller than that seen after 1 flash (Fig. 2B). The residual
Qg Fe?* observed maybe attributed to: (i) the centers that did not
turnover on the first flash because of photochemical misses but which
did turnover on the second flash; and (ii) those centers that did
turnover on the first flash but not on the second flash, again because of
misses. The marked decrease in amplitude on the second flash is
similar to that expected for untreated PSII. This indicates that the yield
of electron transfer from Qa to Qg and from Q4 to Qg™ is not greatly
affected by formate treatment. In contrast on the third and
subsequent flashes the EPR spectra indicate the gradual accumulation
of an EPR signal with peaks at g=1.84 with additional features at
g=1.81 and g=1.68 (Fig. 2D and E).

In the right panel of Fig. 2 each of the samples that had been
flashed at room temperature (Fig. 2 left panel), were then illuminated
at 77 K. Under these conditions the final electron donors are the
chlorophyll(s), the carotenoid(s) or Cyt bssg, known collectively as
the side-pathway donors [71]. Fig. 2F shows the one flash sample
(Fig. 2B) after illumination at 77 K. The EPR signal intensity of the
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Fig. 2. The effect of a flash series on the formate-treated PSII. PSII samples were dark-adapted for 12 h. A series of 0, 1, 2, 3, 4 flashes were then given. The corresponding spectra are
shown in the left panel and labeled as A, B, C, D and E respectively. In the right panel, the spectra labeled F, G, H and I correspond to the samples used to obtain spectra B, C, D and E,

respectively, but after a 77 K illumination. Instrument settings were the same as in Fig. 1.
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semiquinone-iron signal decreased upon 77 K illumination. This
effect is more marked under comparable conditions in Fig. 3 (see
below). This is attributed to the formation of a Qx Fe?*Qg~ biradical
species that does not show an EPR signal in this region. A similar
situation occurs in purple bacterial centers when the same state is
formed [69,72]. The theoretical rationale for this will be discussed
elsewhere (Cox et al., in preparation).

In Fig. 2F the remaining signal is a mixture of Q4 Fe?" and Qi Fe?™
present in separate centers. [llumination of samples that had been
pre-flashed by 2, 3 or 4 flashes prior to low temperature illumination
(Fig. 2G, H and I) showed an increase in the EPR intensities and the
signal formed is broad and has features at g=1.84, g=1.81 and
g=1.68. This is the same signal which appeared after 3 and 4 flashes
prior to low temperature illumination (Fig. 2D and E). Given that this
signal is formed at low temperature, it seems likely that it arises
from Q4 even though it is unlike the well-known formate-modified
Qx Fe?™ signal (Fig. 1E) [38]. In Fig. 2 this new signal is seen when
three or more turnovers have occurred: i.e. after 3 or more flashes at
room temperature or after 2 or more flashes at room temperature plus
an illumination at 77 K.

3.3. EPR signals formed after a series of photochemical turnovers at low
temperature

In Fig. 2 it was shown that in formate-treated PSII the typical
period-of-two flash dependence in the Qg concentration could be
observed for the first two flashes but its reappearance on the third
flash was inhibited. To demonstrate more extensive period of two
amplitude oscillations in the Qi Fe?™ signal we performed experi-
ments in which the Qa to Qp/Qg electron transfer steps were
allowed to occur before adding the formate. Fig. 3 (left panel) shows
variations in the size of the Q3 Fe?™ EPR signal depending on the
number of photochemical turnovers when formate was added after
the turnovers had occurred. Because of the long incubation time
needed for formate to bind and the occurrence of charge recombina-
tion during this time, this experiment could not be done by addition of
formate after a series of flashes. Instead photochemical turnovers
were generated using a protocol involving low temperature illumi-
nation (77 K) of ascorbate-reduced PSII followed by thawing (for
details, see material and methods). The increase in the size of the
signal on turnovers 1 and 3 (Fig. 3B and D) is characteristic of Qg
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function and further supports the assignment of the signal to the
formate-modified Qy Fe?™ state.

The right panel of Fig. 3 shows EPR spectra obtained from the same
samples used for the experiments used for the multiple turnover
experiments (Fig. 3 left panel) but recorded directly after an
additional illumination at 77 K. Fig. 3E shows the formation of a
formate-modified Qx Fe?™ signal in a dark-adapted sample. Fig. 3F
shows the effect of illumination at 77 K of a sample that already
contained the formate-modified Qi Fe?™ state in a significant fraction
of centers. The resulting signal has a smaller amplitude (i.e. Q3 Fe?*
signal is lost) (Fig. 3F) and is more reminiscent of a residual formate-
modified Q4 Fe?* signal. These effects can be explained in the same
way as those in Fig. 2F: the Q4 Fe?"Qg"~ biradical state was formed in
those centers in which Qj Fe?™ was present prior to the 77 K
illumination and this state exhibits no (or a small) EPR signal in this
region. The remaining signal seen upon illumination represents
formation of Qi Fe?™ in those centers lacking Qg~ prior to 77K
illumination. By comparison to the Qx Fe?" signal in Fig. 3E, this
fraction is estimated to represent ~25% of centers.

Fig. 3G shows the result of a 77 K illumination given to a sample
that had undergone two turnovers and should have passed two
electrons already to Qg in the majority of centers. Because of
inefficiencies in the turnover protocol some centers do show
formate-modified Qi Fe?™ prior to the 77 K illumination, however
this is in a small minority of centers. As seen earlier (Fig. 2), instead of
the standard formate-modified Qx Fe?™ EPR signal (e.g. Fig. 3E), a
new broader signal (with peaks at g=1.84, and g=1.81 and a trough
at g=1.68) is observed (see Fig. 2). A similar signal was seen after
77 K illumination of a sample that had undergone three turnovers
(Fig. 3H). The data in Fig. 3 confirm the association of the new signal
with a formate-modified Q5 Fe?" state in centers in which two (or
more) electrons have already arrived at the secondary acceptor.

3.4. The new formate modified Q4 Fe? ™ signal: effects of light, reductants
and inhibitors

The new broad signal was also seen when a formate-treated sample
was frozen under illumination (Fig. 4B) or frozen in the dark
immediately after illumination (not shown). This treatment should
fully reduce Qg, Qc (when present and if reducible) and trap Qs in the
reduced form. Fig. 4B shows that the new signal formed does not
resemble the usual Qx Fe?™ signal (trace 4A). It has a significantly

Magnetic Field (gauss)

Fig. 3. The formate-modified signal monitored with different Qz~ concentrations induced by 0, 1, 2 or 3 photochemical turnovers occurring prior to formate addition. See the text
and material and methods for more experimental details. In the left panel, A, B, C and D represent the formate-induced EPR signal after 0, 1, 2 and 3 photochemical turnovers
respectively. In the right panel, E, F, G and H show the samples shown in the left panel, A, B, Cand D, respectively, but after a 77 K illumination. Instrument settings were the same

as in Fig. 1.
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Fig. 4. The formate-modified Qi Fe?>* EPR signals generated in formate-treated PSII
under a range of conditions: (A) illumination at 77 K of the 12 h dark-adapted PSII
showing the usual Qs Fe?" formate-induced signal as reference; (B) freezing under
illumination; (C) dithionite reduction in the dark; (D) 77 K illumination of a sample
reduced by DAD/ascorbate. Instrument settings were the same as in Fig. 1.

different line-shape with a peak at g=1.81 and a trough at g = 1.68. The
same signal is formed in formate-treated samples when reduced with
dithionite in the dark (Fig. 4C) and also when pre-reduced by DAD and
sodium ascorbate and then illuminated at 77 K (Fig. 4D). Dithionite is
expected to fully reduce Qg to QgH, and singly reduce Q, in the dark.
Similarly, DAD/ascorbate treatment is able to doubly reduce Qg to QgH,
in fraction of centers, and subsequent illumination at 77 K is expected to
result in formation of Q4 . Hence, both of these chemically modified
samples represent the Qx Fe?TQgH, state (or possibly one of its
deprotonated forms Qx Fe? ™ QgH" ™~ or Q4 Fe? Q3 ™).

Fig. 5B and C show the signals generated in formate-treated PSII in
the presence of DCMU after freezing under illumination or reduced by
dithionite, respectively. Both conditions should give rise to Qy Fe®™.
These signals are virtually indistinguishable from each other and
similar to that formed by low temperature illumination in the absence
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Fig. 5. Effect of DCMU on formate-treated, long dark-adapted PSIL. (A) The signal
present in the dark. (B) The signal formed after freezing under illumination. (C) The
signal formed by reduction with dithionite. DCMU was prepared in DMSO (the
concentration of the stock solution was 1 mM) was added to the sample in the EPR tube
in darkness to give a final concentration of 50 pM. Instrument settings were the same as
in Fig. 1.

of DCMU (Fig. 1E). These results indicate that occupation of the Qg site
by the inhibitor DCMU prevents the formation of the new broad
signal.

When the PSII was treated with dithionite in the presence of
ANT2p the modified Qa"~Fe?* broad signal was converted to the
unmodified Qx Fe®" signal (Fig. S3). Similarly when the redox
mediator indigodisulfonate (E,= —125mV), or the anion, azide,
were added to dithionite reduced PSII, the modified signal showed
partial reversion to the usual Qx Fe®™ signal (Fig. S3).

Fig. 6 shows an experiment in which DAD and sodium ascorbate
were used as a reducing treatment. In the control sample without
formate, the Qg~ was present in the majority of centers as indicated by
the large Qx Fe?*Qy~ signal generated at g= 1.66 upon illumination
at 77 K [47,48]. This spectrum of the native Qx Fe?"Qy~ state (Fig. 6B)
shows almost no overlap from the typical Qs Fe?* signal at g=1.95,
indicating that Qg~ was present in nearly all the centers prior to
illumination at 77 K.

In the right panel the formate-modified Qy Fe?™ signal was
formed in the presence of DAD/ascorbate (Fig. 6C). While the size of
the signal seems to vary from experiment to experiment, illumination
at 77 K resulted in formation of the new broad Qs Fe?™ signal. This
was the case even when the formate-modified Q5 Fe?* signal was
small. Given the assignment of the new signal to Q4 Fe?™ in the
presence of a two-electron reduced form of Qg, this observation
indicates that DAD/ascorbate is capable of doubly reducing Qg in at
least a fraction of the formate-treated PSII, while the untreated PSII
was reduced only to the Qg level. This may indicate that the
potentials of the redox couples associated with Qg are shifted in the
presence of formate, resulting in a less thermodynamically stable Qg~
state. Redox titrations are planned to test this.

We note that in the spectrum of native Qi Fe?™ in Fig. 6B there is a
strong sharp feature at g~2.00, in addition to the typical features at
g=1.95 and a broad signal at g=1.71 [48]. This new feature arises
from Qj Fe?* and is detected here because the TyrD" signal is absent
due to reduction by the DAD/ascorbate. This, and a corresponding
signal in Qx Fe?* will be the subject of a future publication. The
g=2.00 signal from Qi Fe?™ can also be seen in the TyrD-less mutant
(Boussac et al. personal communication).

3.5. Simulations of the semiquinone-iron EPR signals

Spectral simulations of the semiquinone-iron signal seen in
formate treated PSII were performed using the Spin Hamiltonian
formalism. The semiquinone-iron signal seen in purple bacteria is
well understood from a theoretical standpoint [59]. The strong
turning point at g~1.8 can be considered the intersection of two
signals that arise from the two lowest Kramer's doublets of the
quinone-iron spin manifold (for full discussion see [59]). The
interaction of the non-heme iron (S=2) and semi-quinone, Qx
(S="1) was described as follows. A basis set that describes the Fe-
semiquinone (Q’, So = %2) spin manifold can be built from the product
of the eigenstates of the two interacting spins. These are expressed in
terms of three quantum numbers,|S, m, s). Where S is the total
spin of the ground iron manifold (S=2), m is the iron magnetic sub-
level (m=—S, —S+1,...,S—1, S) and s is the semi-quinone sublevel
(s=—¥,%). Thus 10 basis vectors are required to span the spin
manifold.

The Spin Hamiltonian appropriate for the Qx Fe?* system, includes
zero field (D, E), Zeeman (gre, 8o) and anisotropic exchange (J):

H = D|(Skz—1/3Sre(Sre+1) + (E/ D) (Stex—Stey | (M
+ PH gpe"Spe + 8PH S—Sp J'Sq

Subsequent calculations assume the zero-field, Zeeman-iron and
exchange tensors to be co-linear and gq to be scalar as in [59].
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Fig. 6. Effect of DAD/ascorbate reduction on PSII in the presence and absence of formate. Left panel shows untreated PSII, (A) in the dark and (B) after illumination at 77 K. Right panel
shows formate-treated PSII, (C) in the dark and (D) after illumination at 77 K. Instrument settings were the same as in Fig. 1, except for the temperature (5 K).

Estimates for all the Spin Hamiltonian parameters (D, E, gre, 8q and J)
have been made in the species R. sphaeroides. The zero-field splitting
of the non-heme iron, measured using static magnetisation, yielded
values of D~5 cm~! (7.6 K~ ') and E/D ~0.25. The interaction between
the quinone and the iron is axial and of the order of ~0.5 cm™!. The
structural homology between the PSII and purple bacteria and the
strong similarity of the semiquinone iron signals observed suggest
that the same theoretical approach is valid. The starting point for all
optimized simulations reported here is the parameter set as
determined for R. sphaeroides.

Table 1 shows the fitted parameters for simulations presented in
Fig. 7. As a calibration, the variation amongst different purple bacteria
was examined. R. viridis has virtually the same quinone-iron acceptor
side complex as R. sphaeroides with the exception that R. viridis
contains a menaquinone as Qa instead of a ubiquinone. Only small
differences for the simulated parameters were seen between the two
species (Table 1). Both simulations (in R. viridis and R. sphaeroides)
were of samples where o-phenanthroline was bound, displacing Qg
from its site. The addition of o-phenanthroline and other herbicides
slightly narrows the signal of Q4 Fe?* and this has a minor affect on
the parameters of the fitted lineshape (see [59]).

Simulation of the semiquinone—-iron signals (Qx Fe?™ or Q3 Fe2™)
seen in formate-treated PSII are also very similar to those seen in
purple bacteria with little variation in the coupling between the
quinone and the iron and in zero-field splitting of the iron. However,
the coupling interaction is rhombic rather than axial. This suggests
that there is a small difference in for example the tensor geometries in
PSII compared to purple bacteria. An analogous change in the tensor
orientations of the system was observed in DFT calculations of iron-
quinone model complexes based on crystallographic data from the

Table 1
Optimized parameter set for the simulation of the semiquinone-iron complex signals.

bacterial reaction center and PSII [34]. No significant change was
observed in the magnitude of the zero-field splitting of the iron, but
small changes were seen for the orientation of the tensor coupling
relative to the zero-field tensor (as estimated by the Fe hyperfine
tensor). The Qs Fe?" signal seen in R. viridis can also be modeled
using the same parameters as used for formate-treated PSII (Q s~ Fe?™
or Qg Fe?™). The slightly different parameters used for Qp Fe?™
compared to Qx Fe?* may reflect the slight asymmetry in the Q sFe? " Qg
motif in R. viridis, as seen in its crystal structure [11].

A more significant change is observed for the new broad signal
attributed to Q3 Fe?*QgH,. The spectrum of the Qx Fe?"QgH, state
shown in Fig. 7 was corrected by subtraction of the unperturbed
Qn Fe?" signal (see figure caption). The corrected lineshape is
reminiscent of the semiquinone iron signal (Qx Fe?") of purple
bacteria rather than those in PSII, with the peak-to-trough splitting
the same as observed for R. viridis (~310 G). However, the turning
point of Q4 Fe?"QgH, is shifted to higher field by ~100 G compared to
all the other semiquinone signals simulated. The fitted parameters
show that this new signal is basically similar to that of “typical” g~1.8
semiquinone-iron signals. The exchange interaction between the
quinone and the iron is axial, with the x component being the
smallest. It appears though that the zero-field splitting of the iron is
significantly bigger (~2 K™1). This solution is unlikely to be unique
since the changes in the coupling between semiquinone and iron (in
particular the Jy component) and the changes in the zero-field
splitting influenced the simulated spectrum in the same way. The
fitted parameters presented represent the minimum changes to the R.
sphaeroides solution that are required to reproduce the new spectrum.

In conclusion these simulations demonstrate that a significant change
in the fitted parameters is required to simulate the Qi Fe?tQgH,

R. sphaeroides (Qx Fe?*)P< R. viridis (Qx Fe?™)®

PSII + formate (Qx Fe?",Qy Fe?™) R. viridis (Qs Fe*™)?

PSII + formate (Qx Fe?*QgH,)

Jix (K71 —0.13 —0.154 —0.103 —0.193
Jiy (K71 —0.58 —0.689 —0.733 —1.003
Jiz (K1) —0.58 —0.630 —0.496 —1.008
Jrasoy (K71 —0.43 —0.491 —0.444 —0.73
D (K™ 7.6 7.560 7.740 9.82
E/D 0.25 0.253 0.250 0.270
2 R. sphaeroides (Qx Fe?*) taken from Butler et al. [59].
5 In the presence of o-phenanthroline.
€ gre tensor values fixed to those reported in [59].
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Fig. 7. Simulation of the semiquinone-iron complex signals seen in purple bacteria and
PSIL (A) the Q5 Fe? " signal seen in PSII; (B) the Q Fe?" signal seen of PSII; (C) the Q Fe? "
signal in R. viridis; (D) the Q5 Fe?* signal observed in R. viridis were o-phenanthroline was
added (see [57]); (E) the modified Qx Fe?*QgH, state seen in PSIL This spectrum has been
corrected by subtraction of the unperturbed Qx Fe?" signal. It is estimated that the
unperturbed Qx Fe?* state accounts for ~20-30% of centers under the conditions where a
maximal modified Q5 Fe?*QgH, signal was observed. The offset dashed lines show spectral
simulations of the EPR lineshape using the Spin Hamiltonian formalism discussed in the
text.

quinone-iron complex and this change is much larger than the variation
seen in all of the g~1.8 semiquinone-iron signals seen in a range of
species in the presence and absence of herbicides.

4. Discussion
4.1. An EPR signal from Qg “Fe?™ in the presence of formate

Here we report an EPR signal that we attribute to formate-modified
Qi Fe?* state. This assignment is based on a series of observations
and arguments. (i) The signal is similar but not identical to the signal
observed for the Qi Fe?" in the presence of formate [38].
(ii) The differences between the new signal and the formate modified
Qi Fe?* signal in PSII are similar to those that differentiate the Q Fe?™
and Qi Fe?™ signals in purple bacterial reaction centers [59,69,70].
(iii) The EPR signal is formed upon addition of formate to a short dark-
adapted sample (Fig. 1) and Qg™ is known to be stable in the native
system (i.e. bicarbonate/carbonate bound) after short dark-adaption

[48]. (iv) The formation of the EPR signal does not result in an increase in
fluorescence yield (Table 1 in supplementary information) and thus the
signal cannot be attributed to a modified form of Q4. (v) The new signal
is relatively stable but decays after 12 h of dark adaptation (Fig. 1) as
expected from Qg [48]. Since we observed that TyrD" decays in
a significant fraction of centers during the long dark adaptation
(not shown), and since evidence exists for TyrD" Q4 recombination at
room temperature [73], the slow Qg"~ decay may at least in part reflect
TyrD* Qg recombination. (vi) When the signal was absent, a single flash
reformed the new signal with double the amplitude of that present in a
short (1h) dark-adapted sample (Fig. 1). (vii) The signal is much
smaller on the second flash, as expected of Qg™ (Fig. 2). Taking into
account the usual photochemical miss factor, we estimate that Qg™ is
present in ~80% of centers after 1 flash. Thus the signal present in
the short dark-adapted sample is estimated to be approximately 40%.
These estimates are similar to those for Qz Fe?" in untreated PSII
in comparable conditions [48]. On the third flash however the Qj Fe?*
signal did not increase in intensity. Instead a new signal attributed to
Qi Fe?* in the presence of a two electron reduced form of Qg was seen.
(viii) The formate-modified Qi Fe?* signal shows a period-of-two
oscillation in its amplitude when formate is added after photochemical
turnovers have occurred (Fig. 3). (ix) The signal can be formed by
reduction of a formate-treated sample with DAD/ascorbate, conditions
which generate a high concentration of Qg in the native system (Fig. 6).

These lines of evidence present a convincing case for the
assignment of this EPR signal to assignment to a formate-modified
Qi Fe?™ state. This new signal is easy to detect and should be useful
for measuring the presence of Qg . The maximum signal intensity
seen in these studies is less (by around a factor of 2 based on the flash
experiments) than that seen for the Qi Fe?" signal in the same
samples. This may be partially explained by inefficiencies in electron
transfer, (e.g. less than 100% occupancy by Qg, miss factors...etc.),
however it also represents an intrinsically smaller signal from this
state. A similar situation was seen for Qg Fe?* in R. viridis, where the
Q: Fe?™ signal also shows a greater splitting of the main peak [70] as
shown here for PSIL

4.2. The Qi Fe?*Qy~ state in formate-treated PSII

In untreated PSII the Q4 Fe? " Q5™ state gives rise to a strong signal at
g=1.66 (Fig. 6B) [46-48]. Here we show that when formate is bound,
the Qi Fe? Qg state does not give rise to a signal at g=1.66. Instead
the signal intensity at g = 1.84 decreases while the shape of the residual
signal is attributable to residual Qi Fe?*, and perhaps Qz Fe?™
present in a very small fraction of centers where Qa~ is not formed by
77 Killumination [68]. The absence of an EPR signal in this region in the
Qa Fe?™Qy~ state in formate-treated PSII is a further similarity with the
purple bacterial reaction centers (see [69,72]). The absence of a signal in
this region from the Qi Fe?*Qi~ state can be understood based on
simulations of the spectra and theoretical considerations (Cox et al, in
preparation).

4.3. A new formate-modified Q4 ~Fe?" EPR signal: Q3 Fe? " QgH,?

The second novel EPR signal described here seems to represent
QA Fe?™ modified not only by formate but also by the presence of a
two-electron reduced form of Qg. This signal is broader than the
usual formate-modified Qi~Fe?* signal, with peaks at g~1.84 and
g~1.81 and a marked trough at g~1.68. This new state can be
generated in several ways in formate-treated PSII: (i) after 3 or
more flashes at room temperature (Fig. 2D and E); (ii) by photo-
generating Qi Fe?™ at low temperature after Qg has been reduced
by two electrons photochemically (Figs. 2 and 3 right panels) or
chemically (Fig. 4); (iii) freezing under illumination (Fig. 4B) or
immediately after illumination; and (iv) dithionite reduction
(Fig. 4C). Furthermore, in the presence of the inhibitor DCMU it
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was not possible to form the broad signal. These results indicate that
the EPR signal from QA Fe?™ is sensitive to the occupation of the Qg
site. It is already known that inhibitor binding in the Qg site has a
marked influence on the Qi~Fe?™ EPR signal in PSII [74] and in the
purple bacterial reaction centers [57,59]. However in the present
work the Q4 site is specifically and significantly modified by the
presence of a two-electron reduced form of Qg in its site. In contrast,
in the purple bacterial reaction center, Butler et al. [59] reported
that QgH; had only a small influence on the Qi Fe?" signal.

This modified form of the formate-modified Qi~Fe?* signal in
dithionite was not seen in earlier reports [38,40,41]. We suggest that
this could reflect low occupancy of Qg in these preparations. Early
preparations of T. elongatus as used by van Mieghem, [40] lacked Qg
[21]. The small Qi~Fe?"Qs~ EPR signal observed in the PSII
preparation of T. elongatus [41] compared with our current material
(see Fig. 6 and [48]), indicates that the PSII used in [41] had a low Qg™
concentration. The plant thylakoids used in Ref. [38] would be
expected to have had native Qg levels. However, much lower
concentration of formate were used in [38]. An investigation of the
concentration dependence of formate on the formation of the new
Qs Fe?* state may help understand these effects.

The presence of ANT2p, indigodisulfonate and azide, all resulted in
a decrease of the new signal and a relative increase of the standard
formate Qs Fe?* signal (Fig. S3). It is not obvious why these diverse
chemicals all had a similar effect. Redox, protonation, charge and
binding effects can be imagined but further experimentation is
required before this can be determined.

Based on the literature [33,75], the most likely candidates for the
origin of the new Qi Fe?" signal is the Qi Fe?*QgH, state. This
would fit with formate inhibition of electron transfer being due to
inhibition of QgH, release from the site [27,33]. In the most recent
crystal structure Qc is close to the Qg site (~17 A) and suggestions
have been made for its role in electron transfer as a staging post for
QgH, replacement [23]. If Q¢ represents the one-quinone pool
reported by Fufezan et al. [48], then it is possible that formate
interferes with the exchange process with Qc. This could occur as a
long range influence from its binding to the iron or as a second
binding effect closer Qg and Qc. It has already been suggested that a
second bicarbonate/formate site other than the iron ligation site may
be present [32]. This suggestion was mainly based on the observation
that DCMU addition inhibited formate binding. Here we suggest it
could interfere with Qg/Qc exchange. Further experimentation is
required in order to address this idea.

If formate interferes with the protonation pathways as suggested
earlier [24] and [34] then it is worth considering the two deproto-
nated forms of the state of Qa~Fe?*QgHs, that is to say Qx Fe?"QgH~
and QA Fe?*TQ3 ™ states as a possible origin of the new EPR signal.
While we do not rule out these options, in the absence of
experimental arguments, the Qi Fe?*QgH, (formate) state is the
more conservative assignment and this will be used in the remaining
discussion.

Spectral simulations of all the semiquinone-iron signals demon-
strate that the modified QA~Fe?*QgH, (formate) state is significantly
different from all previously measured signals at around g = 1.84. The
magnitude of the difference is significantly larger than that seen
between different species or from the binding of herbicides to the Qg
pocket. Thus QgH, occupation of the Qg pocket alone is unlikely to
explain the “modified state” of the Q4 Fe?*. Indeed from the range of
semiquinone-iron signals present in the literature, the effects of point
mutations and binding of herbicides and the nature of the spectral
changes seen, it seems that significant changes in the spectrum of
QA Fe?™ reflect changes is the vicinity of the Q™ or the Fe?™. In our
simulations, the zero-field splitting of the Fe>* was different for the
modified state. A similar change was seen for the simulations of the
g~1.9 signal [34] where an increase in the zero-field splitting was
inferred of up to 7 K~'. This was interpreted as being due to a change

in the first coordination sphere of the iron, i.e. the COs>~ ligand
significantly altered the Fe?™ It is suggested that an analogous
modification albeit of lesser magnitude, may occur for the new
formate-modified Qi Fe?"QgH, state. Potentially the introduction of
a charged group in the 1st/2nd coordination sphere of the iron could
induce this effect. One possibility is that formate prevents the re-
protonation of a protein residue (close to the iron) after QgH,
formation. An alternative explanation along the same lines is that an
additional formate ion is bound (or formed by deprotonation of
formic acid) during Qg reduction.

4.4. Formate-induced inhibition

The EPR study shows that formate inhibits the electron
transfer after two electrons arrive on Qg, as manifest by the formation
of the QA Fe?*QgH, (formate) state on the third flash. This fits with
results reported earlier using fluorescence [30] and electronic
absorption measurements [27]. In earlier work the Qs oxidation
kinetic slowed by more than 2 orders of magnitude, from around 1 ms
to 100-200 ms on the third flash [27,30]. Here however the Q4 signal
is still present in a sample frozen ~1s second after a laser flash.
Possible explanations for this difference include: (i) slower quinone
exchange in the thermophile at room temperature (i.e. a species
difference); and (ii) some centers lacking Qc in the isolated PSII (i.e. a
biochemical difference). Kinetic experiments on the present material
measuring Qa~ decay by using fluorescence or optical absorption
changes should resolve this issue.

Overall the data indicate that formate does not greatly modify
electron transfer from Q4 to Qg or Qa~ to Qs . We know from the
literature that the kinetics is slowed by a factor of 5 and 10
respectively. Given that the uninhibited electron transfer rate (t;,,
around 400 and 800 ps) [76] is much faster than the decay of S;/3Q4
(t12=1s), then this slowing of the rate has little effect on the yield of
the final charge separated state. In contrast, on the 3rd flash electron
transfer is more drastically affected: (i) Qa~ begins to get trapped
under the conditions of the EPR experiment; (ii) the advance of the
charge accumulation states of the water oxidizing complex (S states)
becomes less efficient (probably because of the long time for QgH;
exchange compared to the flash spacing); and (iii) a new state is
detected by EPR which we suggest is the Qa Fe?* in the presence of a
double-reduced form of Qg. The observation that the main effect of
formate on electron transfer occurs on the third turnover, fits with
earlier observations in the literature using fluorescence and absorp-
tion measurements [27,30]. However the current work indicates that
the block occurs with reduced quinone in the Qg site rather than with
an empty site.

The signals reported and characterized here allow the pre-
viously elusive Qg Fe?"state and the newly discovered, formate-
inhibited, Qa Fe?"QgHS, state to be easily monitored using EPR. These
signals should be useful in future studies aimed at understanding in
more detail the nature of the electron transfer inhibition induced by
formate and potential regulatory mechanisms involving bicarbonate/
carbonate. Indeed the signals are probably distinct enough to be
useful for studies in physiologically relevant biological material.
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His-tagged CP47 strain construction

The Thermosynechococcus elongatus genome region containing the psbB and psbT genes and
flanking regions was amplified by PCR using the Xhol-CP47a and the BamHI-CP47b
oligonucleotides containing the Xhol and BamHI restriction sites (supplementary figure 1).
The PCR product of 1.64 kb was cloned in the SK(+) ampicillin-resistant vector. To construct
a C-terminal His-tagged CP47 mutant, the His-tag was introduced by site-directed
mutagenesis using the Quickchange XL site-directed mutagenesis kit (Stratagene) and
synthetic mutagenic oligonucleotides HistagCP47a and HistagCP47b. In addition these
primers created an Apall restriction site. An Hpal restriction site was created just after the
psbT gene using the synthetic oligonucleotides CP47aHpa and CP47bHpa. Then a 1.3 kb
kanamycin resistance gene was introduced into the Hpal restriction site. The plasmid
containing the gene coding for the C-terminal His-tagged CP47 was put into wild type T.
elongatus cells by electroporation according to [1]. Genomic DNA was isolated from T.
elongatus cells essentially as described by [2]. To verify that the six histidines were present in
the transformed 7. elongatus cells and to confirm the total segregation of the mutant, a PCR
analysis was carried out using the oligonucleotides X#ol-CP47a and the BamHI-CP47b. The
amplified fragment was digested by ApaLl. Figure S1C shows that the amplification of the
genomic region containing the psbB and psbT genes and flanking regions gave a 3 kb
fragment indicating the presence of the kanamycin resistance. No traces were detected of a
1.6 kb fragment observed in the wild type lacking the antibiotic resistance cassette. The

amplified fragment was completely digested by ApaLl giving fragments of 2.2 and 0.6 kb
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indicating that the six histidines were present and that complete segregation was achieved in

the mutant cells.

Figure S1:

A Xhol-CP47a: 5'-TAGAATTCGCTCGAGCCACCCTGGAAGAGGCTTGG-3'
BamHI-CP47b: 5-TCGCGGATCCGCTTCCAGTTGAGCAGGTTGCCGCA-3'

HistagCP47a: 5'-CTCGCCGCAAGGAAGCTGTGCACCACCACCACCACCACTAGTCAT
TCCTAGGGGACTA-3'

HistagCP47b: 5-TAGTCCCCTAGGAATGACTAGTGGTGGTGGTGGTGGTGCACAGC
TTCCTTGCGGCGAG-3'

CP47aHpa: 5-GATCACTAAATAGGTCGTTAACATGTGCCGATCGCGCC-3'
CP47bHpa: 5'-GGCGCGATCGGCACATGTTAACGACCTATTTAGTGATC-3'

B .
Wild tvoe
1psbB  Hpsh T
<
His-taaaed CP47 His-taq
Km resistance =~
> <«
C

1 2 MW

3 kb

0.5 kb

Construction of the His-tagged CP47 T. elongatus mutant. A) Oligonucleotides used as
primers in the construction of the His-tagged mutant. B) Gene arrangement of the psbB and
psbT genes in wild type T. elongatus and His-tagged CP47 mutant cells. C) PCR
amplification (2) and ApaLl digestion of the amplified fragment (1) of mutant DNA.
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Figure S2:
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Formate effect on the formation of the S, manganese multiline EPR signal. The control (solid
line) and formate (dotted line) PSII samples were dark-adapted for 12 h. The S; state is
expected to be present in virtually 100% of PSII prior to illumination. The S, state is
generated by illumination at 200 K for 20 sec. Instrument settings: microwave power: 20
mW, modulation amplitude: 25 gauss, temperature: 8.5 K. The main difference in the two
spectra arises from the presence of the EPR signal from the formate modified Q A Fe?' signal
at around 3600 gauss. However the intensity of the hyperfine lines from the S, state itself is
slightly smaller in the formate-treated sample.

Table S1:

no addition Formate addition
FO I:max FO I:max
10.8 100 11.3 100

The variation of Fy fluorescence level due to the formate addition is <1 % compared to the
Fmax induced after a pulse of continuous illumination. The Fy,,x value was not affected by
formate.
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Figure S3
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Figure S3: Conversion of the new broad form of the formate-modified Q5" Fe*" signal by the
addition of sodium azide (panel 1), ANT2p (panel 2) and indigodisulfonate (panel 3). A, C

and E: dithionite + 30 min incubation, B: addition of azide (100 mM final concentration, 30
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min incubation). D: addition of ANT2p (10 pM final concentration, 10 min incubation). F:
addition of indigodisulfonate (20 uM final concentration, 10 min incubation). Instrument

settings were the same as in figure S2, except the temperature was 4.5 K.
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1. Abstract

Thermoluminescence (TL) was used to investigateetiergetics and the reduction
state of PSIl treated with formate. The TL measemes showed inhibition of electron
transfer after 2 flashes followed by a progresssheft to lower temperature of the
luminescence peak upon flash number. The luminesceaen under these conditions may
contain increasing contributions from charge recoaon involving $ and $ and the two-
electron reduced form(s) of gQ These data provide new insights into the natdrehe

electron transfer inhibition induced by formate.

2. Introduction

The depletion of bicarbonate/carbonate or itsssuwhion by formate results in a
slowing of the electron transfer rate from™@o @ and to Q™ by a factors of five and ten
respectively [1-4]. The exchange of thgHR with the plastoquinone pool is slowed down by
more than a two orders of magnitude [2, 5-6]. Safthese inhibitory effects maybe due to
the perturbation and/or inhibition of the protopatireactions that are coupled to electron
transfer [7]. A specific chemical model explainihgw depletion of bicarbonate affects
electron transfer in the quinone-iron complex haisyet been established (reviewed in [8-9]).

The main TL peaks in PSIl arise from radiative rabmation between the positive
charge equivalent stored on the J/@a cluster in the Sand S states and the electron stored
on Q" or @ "[10]. The amplitude and the temperature maximahefTL peaks depend on
which states are present, their relative conceatratand their relative stability. The latter is
dependent on the redox potentials of the cofa¢fhf§ reviewed in [11] and [12]).

In recent work we have used EPR to study the effetmrmate binding on PSII [13].
We have found that the most marked effect of foenagupeared to be onsR, exchange [13].
In the present work, TL is used to characterizertaeire of formate inhibition and its effect

on charge recombination.
3. Material and methods
3.1 Culture conditions and PSII preparation
The growth conditions and the PSII preparation (Wa&}¥ exactly as described in [13],

the PSIlI was stored in the storage buffer (40 mMSVH 6.5, 15 mM Cagl 15 mM MgCh},
10 % glycerol and 1 M betaine).
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3.2 Thermoluminescence experiments

Thermoluminescence measurements were performed adiab-built apparatus [14].
PSII samples of concentration 10 pg Chl/ml werst fitark-adapted at room temperature for
20 min. Samples were illuminated using a saturatkegon flash lamp (PerkinElmer
Optoelectronics) at 5°C. The samples were thenefrao -10°C within 5 s and after an
additional 5 s at -10°C; samples were heated anhatant rate (0.33°C/s). Given the relatively
long lifetime of the $and 3 states at room temperature [15], these statebeaonsidered

to be stable prior to the start of the measurementsample heating.

4. Results

Figure 1 shows the effect of formate on the TLrafieseries of flashes given at 5°C.
The TL was measured after 1, 2, 3, 4 or 20 flasheontrol (Fig. 1A) and formate-treated
PSII (Fig. 1B).

The peaks observed in the control sample werealiytudentical to those reported
earlier in this preparation [16-17]. The small peak the first flash represents,"~
recombination [10] which is centered at 57°C irs tfpecies [16-17]. The second flash gives a
more prominent peak, centered at 50°C assigned@g Secombination. The R peak
was at a lower temperature than th©g peak and showed a more intense signal as expected
[10, 18]. The % and 4" flashes gave markedly smaller peaks due to therityajof the
centers being in thep&nd S states which do not give rise to recombinationih@scence
[10]. After 4 flashes a $£5:Qa" recombination peak was observed as a shoulde6°&. 2
These data are consistent with the presence additiamal quinone (@) in most centers [16,
19-20]. After 20 flashes, a peak at 26°C, corredpun to $/S:Qa” recombination
dominated. When DCMU was present a weak peak atéowperature was observed after 1
flash arising from 84" recombination (Fig. 1 A and B).

Formate significantly alters the TL behavior ddsed above (Fig. 1B). After one
flash, the TL peak was seen at the same temperasurethe control (57°C) but with a lower
intensity. The second flash generated a band wigieak at 46°C, 5°C lower than in the
control and its intensity was significantly decredisompared to the control. After th8 8nd
4™ flashes, the peak shifted to lower temperatur8C3and 36°C respectively, and the
intensities of the peaks remained similar to tleansafter 2 flashes. 20 flashes induced a band
at 29°C. The relatively intense luminescence ontlirel and fourth flash seem to indicate
that the $and S states are not being formed with high yield: there is a large miss factor

after two flashes. With increasing flash numbeg thermoluminescence peak continues to
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shift to lower temperature. However, even afterfla@hes the peak had not shifted to the
position of $,3Q," recombination. Cooling under illumination was reqdito obtain a TL
band at the #S:Qa” recombination temperature (Fig. 2). The peak fr@Qa”
recombination was generated after 1 flash when DONdd present and was at the same
temperature (23°C) as the PSII without formate.

The intensity of the TL in the formate-treated PiSImuch weaker on the first few
flashes but becomes almost comparable to the daites 20 flashes. This may be due in part
to formate destabilizing TyrD[21]. TyrD will diminish TL on the first flash batise of
electron donation to ;Sand will also cause a,&; mixing because reduced TyrD is not
present in all centers. Similar experiments weneedon long dark-adapted samples (Fig.1 C
and D). The results were similar with the main eliéinces attributable to significantly less
Qs and a greater fraction of reduced Tysf2sent after long dark incubations (Fig.1 C and
D).

5. Discussion

Effects of formate on thermoluminescence have dyrdseen reported [22-23]. The
more relevant study [22] used plant thylakoids aesleral different bicarbonate depletion
procedures. This work did describe thermoluminesegreak amplitudes as a function of a
flash number. However, the position of theQg and 3Qg~ peaks in the bicarbonate
depleted thylakoids were both at slightly highemperature than in the control. This is
different from the present study. However, the ppaitions shown in [22] the earlier work
were only those for thylakoids that had undergohe mildest depletion procedure, a
procedure which was clearly incomplete in termselgictron transfer inhibition. With the
more severe bicarbonate depletion treatment, wisicamore comparable to the conditions
used here, although the peak positions were nowrshthe flash series showed weak
luminescence with only a small flash dependencé. [Rath of these effects are similar to
those described here. To resolve the discrepaaci@do have access to a system with a full
plastoquinone pool, it may be worthwhile revisititigermoluminescence studies of formate-
treated/bicarbonate depleted thylakoids.

The thermoluminescence study reported here shoatdhb effect of formate is quite
marked. The overall level of luminescence is smallethe first two flashes but comparable
to untreated samples after several flashes. TQg tate is almost unaffected in terms of its

stability, consistent with the notion that the Qo Qs electron transfer step is not greatly
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affected by formate [3-4]. The second flash resuta marked change in the TL peak, an
increase in its size and a down shift in its positiThe position of the TL peak on the second
flash in formate-treated material was at a lowengerature than the control. The marked
change on the second flash indicates a relativigly uantum yield event. A firm assignment
of the charges pair(s) involved is not possiblehwiite present data however the peak on the
second flash probably arises mainly from a modifigQs"~ state in those centers that were in
the SQg” state prior to illumination [10]. For this to ocdine @H, formed on the first flash
must have exchanged beforgQd®™ formed on the second flash had time to recombiihés
seems feasible given the long incubation duringcthese of the TL measurement.

On subsequent flashes the TL peaks shifted to gfigdower temperature without the
usual diminution of luminescence associated wittmétdion of $ and 3. This indicates a
marked formate-induced decrease in the quantund gielthe third and subsequent flashes
and the gradual accumulation of an increasinglyalte charge pair or pairs. Given the EPR
results discussed above and the current literatioese formate induced effect may arise from
S,/S; (but mainly §) recombination with @H,, (QsH™, Qs*") which might be shifted to
lower temperatures compared #0g".

The absence of obvious@~ recombination on the third flash appears to caintta
the EPR result (Fig. 2 in Sedoud et al, [13]), whitearly shows " trapped in the presence
of a double reduced form of gQin a significant fraction of centers. However tB®R
experiment was measured after being frozen in aopedely 1 second after the flash series.
Under these conditions,Q may be trapped in the presenggHQ if as suggested in [13], the
QsH2 exchanges with the pool quinone on the severagkctime scale at room temperature.
In contrast, TL experiment requires slow warminghef sample which would allow even the
slow forward electron transfer to occur during teeirse of the measurement.

The main difficulty with the TL data is to undenstathe gradual shift to low
temperatures with increasing flashes. The slow ractation of less and less stable TL
recombination seems to indicate a low quantum \eeleht. This could be due to the gradual,
formate-impeded filling of the PQ pool. Given thhis pool appears to consist of a single
guinone [16], we might have expected this to ocaprdly. Certainly in the control (untreated
sample in the absence of formate), "Q@ecombination does become evident in the TL in
samples given three or more flashes.

If the signal seen on flash 2 does represe@t’S then this indicates that a reasonable
degree of @H, exchange can occur in these samples. What thdd beuhe explanation for

the low quantum yield when 2 electrons are on #do®idary quinones? Consideration of the
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kinetics of electron transfer in the formate-trelasgstem provides an explanation for the TL
phenomena. Based on the EPR study, we suggesteioysly [13] that the @ oxidation
rate in the presence ofzg; in formate-treated PSIl was slower in the isold®&l from the
thermophile than was measured earlier for thylakaifiplants (100-200ms). This could put
the rate in the seconds time-scale. If so, thidcceeriously affect multiple flash experiments
in which the flash spacing is the usual one peorsg&cThis would probably be more marked
at 5°C, the flash temperature in the TL experim&his would result in the drastic drop in
guantum yield after formation of theaQreQ@H, state. In this case the gradual creeping of the
TL peak to lower temperatures would represent tte of @H, exchange with (and
subsequent reduction of) the plastoquinone podh{gicase @), a process that must be slow
compared to the flash rate.

Another option to explain the low quantum yieldtasinvoke an electron donor side
inhibition. In this regard, however we know fronetkarlier EPR experiments [13] that S
formation is not greatly affected by formate. Wevdnalso seen formation of theg EPR
signal on the second flash [24-25] in formate &#daPSIl (not shown). Significantly, once
formed there is little variation in intensity ofetly state on subsequent flashes. This would fit
with the slow @QH, exchange compared to the flash rate as descrhimdeahowever it could
in principle be explained if formate blocked thet& S transition. There is no report of this
kind of inhibition in the literature and the abseraf formate effects on the Mn EPR signals
also argues against an electron donor side inbibiti

It has been reported in plant PSII that the yidldhe S split EPR signal, which is
thought to arise from a radical (probably Tyidteracting magnetically with the M@a
cluster), was unaffected by the addition of forn{@&. This is consistent with our results. In
contrast, from @electrode data Stemler and Lavergne [27] concludatdformate treatment
resulted in formation of &at the expense of;Sa result that is clearly at odds with the present
data. As these measurements were performed inistdted from higher plants, we cannot
rule out this interpretation since species differeicould be responsible for this difference.
However we suggest that there may be alternatiygarations for their results, the most
obvious being the formate-induced destabilizatibthe TyrD radical [28]. Given the present
state of knowledge we do not favor donor-side iitlnib at the level of the water oxidizing
complex. The acceptor side mechanism seems suifi@esxplain the effects seen.

Overall the data indicate that formate does noattyrenodify electron transfer from
Qa"to @ or Qu" to @". We know from the literature that the kineticsliswed by a factor
of 5 and 10 respectively. Given that the uninhibigectron transfer rate gtaround 400 and
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800 ps) [29] is much faster than the decay £~ (t12= 1 s), then this slowing of the rate
has little effect on the yield of the final chargeparated state. In contrast, on tffeflash
electron transfer is more drastically affected)i)” begins to get trapped under the conditions
of the EPR experiment; ii) the advance of the chaagcumulation states of the water
oxidizing complex (S states) becomes less efficiggbbably because of the;R, exchange
being slow compared to the flash spacing); iigombination luminescence may occur from
recombination of ®with QgH (or a less protonated form) which correspondsrieva state is
detected by EPR [13]. The observation that the reffiect of formate on electron transfer
occurs on the third turnover, fits with earlier ebstions in the literature using fluorescence
and absorption measurements [2, 5]. However theecuwork indicates that the block occurs
with reduced quinone in thes@ite rather than with an empty site.
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Figure 1:

Control: short dark adaptation Formate: short dark adaptation Control: long dark adaptation Formate: long dark adaptation
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Figure 1. Thermoluminescence measured after 1, 2,a8d 20 flashes in short-dark adapted
PSII, 30 min in dark at room temperature (A andaByl long-dark incubated PSII for 12h in
dark at room temperature (C and D) in the cont&il PA and C) and formate-treated PSII (B
and D). Samples were previously dark-adapted athrwmmperature for 30 min before being
loaded into the cuvette, cooled to 5 °C and thiemihated with the designated number of
flashes. Samples containing DCMU and given 1 flaghalso shown. The temperatures of the

main peaks in the control are shown in the panels.
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Figure 2:

— PSiI control
—— Formate-treated PSII
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Figure 2: Freezing non-treated PSII (control, bJaakd formate-treated PSII (red) under
illumination. Same experimental conditions as descrin Fig. 1 were used expect that the

sample was cooling under red-light illuminationib#t0°C.
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ABSTRACT

The quinone-iron complex of the electron accepide of the water-oxidizing enzyme,
photosystem Il, was studied by EPRTimer mosynechococcus elongatus. New features at g~2
belonging to the EPR signal of the semiquinone #amthe primary and secondary quinone,
i.e. Q"F¢" and Q" Fé& respectively, are reported. In the earlier literatthese signals were
missed because they were obscured by the EPR sigsislg from the stable tyrosyl radical,
TyrD". When the TyrDsignal was removed, either by chemical reductiobyothe use of a
mutant lacking TyrD, the new signal dominated thecsrum. For @ Fe?*, the signal was
formed by illumination at 77 K or by sodium dithitereduction in the dark. ForgQFe?* the
signal showed the characteristic period-of-two at#ons in its intensity when generated by a
series of laser flashes. The new features showegateon characteristics comparable to the
well-known features of the semiquinone-iron compkxand showed a temperature
dependence consistent with an assignment to théiétdvedge of the ground state doublet of
the spin system. Spectral simulations are congisteh this assignment and with the current
model of the spin system. The signal is also preise®s Fe* in plant photosystem Il but in

plants the signal is much less evident in th&Rg#* state.
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1. INTRODUCTION

The electron acceptor complex of Photosystem 3lIjHs made up of two quinones,
Qa and @, situated symmetrically on either side of a nom&eerrous ion located at the
level of the membrane-water interface of this mgit membrane-protein complex.a @&
tightly bound and acts as a one-electron carridnjenQs undergoes two sequential one-
electron reduction stepsg@ weakly bound in its quinone and quinol form bghtly bound
in its one-electron reduced semiquinone form (wee in [1]). The non-heme iron is
coordinated by four histidines and a bidentate @aylic acid ligand [1-3]. In the homologous
purple bacterial reaction center this ligand idwagnate of the M subunit [4] while in PSII it
is a bicarbonate or carbonate ion [4-7].

The proton-coupled electron transfer reactions i@ associated with quinone
reduction through the quinone-iron complex havenbstudied in great detail in purple
bacterial reaction centers [8-9]. In PSIl howevbese reactions remain relatively less well
known [1]. While many of the basic features of perpacterial reaction center are present in
the quinone-iron complex of PSII, it seems likeatt the different regulatory requirements
specific to PSII have led to a range of structanadl functional features that are not shared
with its purple bacterial cousin.

EPR spectroscopy can contribute to understandiagstructure and function of the
quinone-iron complex in PSII. As in the purple lea@l reaction center [10], the semiquinone
forms of both Q and @ can interact magnetically with the high spin feisdron (Fé*, S=2)
producing similar but not identical EPR signalsjL,In native PSII these signals are slightly
shifted (g~1.9 instead of g~1.8) and had much weiakensities [11-12]. In recent theoretical
studies, this difference was attributed to the @aybc acid ligand being carbonate rather than
bicarbonate [7]. When (bi)carbonate was replacedfdsgnate, which unlike bicarbonate
cannot undergo a second deprotonation, the EPRalsigseen became almost
indistinguishable from those naturally present umgbe bacterial reaction centers [13]. Given
the great enhancement of the intensity of thesedte-modified signals, formate is often
added to PSIl in order to visualize the,"®€** signals (e.g. [14-15]). Recently we
demonstrated that an equivalent formate-modifigiFR&" signal can be formed [16]. This
spectroscopic trick is useful but neverthelessefiresents a system that is inhibited and
structurally modified by the non-native ligand.

In recent work from our laboratory we noted a neRR feature that seemed to be
associated with the £ state [16-17]. A similar state is also presenQii F&**. Here we

report a study aimed at identifying this featurevridentified in the complete semiquinones-
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iron signals. This new g~2 EPR feature is also fbimthe Q" Fé&** signal of PSll-enriched

membranes from plant.

2. MATERIALS AND METHODS

2.1 Culture conditions and PSII preparation The photosystem Il studied in this article was
isolated from 3 different strains dhermosynechococcus elongatus and from spinach. The
threeT. elongatus strains, all His-tagged on the CP43 subunit of R@fe as follows: 1) WT,

in which psbA; was dominantly expressed when grown under norimadiiions [18-19]. 2)
A3, a strain of cells in which thasbA; andpsbA; genes were deleted so that opfpA; was
expressed [20], 3) D2-Y160F cells, in which theogme residue known as Tyrosine D [21]
was mutated to phenylalanine in the WT strain [l core complexes were prepared as
described in [5] using a protocol based on [23hveibme modifications as described in [16].
The oxygen evolution activity of the PSII core cdexes isolated from the WT, A3 and D2-
Y160F strains were previously reported [20, 22-&3mples were stored in liquid nitrogen in
the storage buffer (40 mM MES pH 6.5, 15 mM MgQl5 mM CaC{, 1 M betaine, 10 %
glycerol).

PSll-enriched membranes were isolated from manketsh as described in [24] with
the following modification, bicarbonate was addedadinal concentration of 1 mM to the
thylakoids resuspension buffer, the solubilisatiorifer and the storage buffer (25 mM MES
pH6.5, 10 mM NacCl, 1 mM bicarbonate, 0.3 M sacchayoThe oxygen evolution was ~600
pumol O-mg*-chl-h'. This isolation procedure was aimed at maintair@agas functional as
possible using milder detergent treatment [24hanpgresence of bicarbonate [25].

The presence of ©was verified by using thermoluminescence, a sinftgsh
produced the typical g~ recombination band, and only a very smaQ§& band was
present, indicating functional gJdn the vast majority of centers [26]. Thermolunsoence
was measured as described earlier [27].

2.2 Chemical reduction treatments Chemical reduction of PSIl with ascorbate was
performed as follows: for both. elongatus and PSll-enriched membranes from plant sodium
ascorbate from a 300 mM stock solution in storagiéeb was added to 120 pL of PSIl (~ 1
mg Chl/ml) in the EPR tube in darkness to give ralficoncentration of 10 mM. Thé.

elongatus sample was then incubated in darkness for 30 mimo@n temperature prior to
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freezing and the PSll-enriched membranes sample imasated for 60 min at room
temperature.

Dithionite reduction ofT. elongatus PSIl was performed at room temperature in
darkness by addition of sodium dithionite to thengke in the EPR tube to give a final
concentration of 2 mM using a 30 mM sodium dithierstock solution made up in degassed
storage buffer, the reduced sample was immedi&tetgn at 200 K in solid C&ethanol bath
prior to EPR measurements[28].

To eliminate EPR signals around the g~2 regiomfemy free MA" ions, EDTA (final
concentration 5 mM) was added to EPR samples usttsi work, except for the experiments

shown in figure 2 and 3.

2.3 EPR measurementsEPR spectra were recorded using a Bruker Elexsg@s>Xsband
spectrometer equipped with standard ER 4102 resomaid Oxford Instruments ESR 900
cryostat. Instrument settings were: microwave feggpy 9.4 GHz, modulation frequency 100
kHz. All other settings were as indicated in thgufe legends. 120 ul aliquots of PSII cores
(~ 1 mg Chl/ml) in the same buffer used for storagee loaded into 4 mm outer diameter
guartz EPR tubes. The samples were manipulated dindegreen light and then incubated in
complete darkness for 12 hours. For plant PSII, 1Péliquots of PSll-enriched membranes
(~ 3 mg Chl/ml) in the same buffer used for storagee loaded into 4 mm outer diameter
guartz EPR tubes. The samples were manipulated dindegreen light and then incubated in
complete darkness for 2 hours. The EPR samples frngen in a solid C&@ethanol bath at
200 K. Samples were degassed by pumpind (&) at 200 K and then filled with helium
gas. EPR tubes were then transferred to liquicdgén prior to the EPR measurements being
made. Samples were handled in darkness.

The saturation curves were measured at 4 K dftetubes were degassed at 200 K in
a solid CQ/ethanol bath. The fit used for the saturation earto estimate the; was as
follows: Sl=a*P"2/ (1+P/R,»)"2 Where Sl represents the signal intensity, a trealization
factor, P the microwave power,£the half saturating microwave power and b is the
inhomogeneity factor.

The quantification of the contaminating radicalnsity was estimated by measuring
the area of the double integral of the contamimgatadical and comparing it with that of the
total TyrD signal. The total TyrDwas generated by illuminating the PSII sample anro
temperature with room light for 1 min, then incubgtfor 20 seconds in the dark before

freezing.
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2.4 lllumination conditions. Flashes were performed using a frequency-doubledYNds

laser (Spectra Physics, 7 ns fwhm, 550 mJ, 532 atmpom temperature. After saturating
flash(es), samples were rapidly frozer2(%) in a solid C@ethanol bath at 200 K followed
by storage in liquid nitrogen. Low-temperature hgtht illumination was performed in an
unsilvered dewar containing liquid nitrogen (77 Klumination at 77 K was performed for
30 min in order to reduce QF€** and oxidize Cyt &sto near completion as verified by EPR.
Continuous illumination was performed by using @0 8V halogen lamp. The light was

filtered through 3 cm of water, calflex IR heatdils and a long-band pass filter (RG-670 nm).

3. RESULTS

3.1. 77 K illumination. Figure la shows a 77 K ligiminus-dark difference spectrum from
T. elongatus (WT) PSII. Prior to freezing, the sample was daréuibated for 12 h. This
incubation allowed the oxidation ofglF€* and the reduction of TyrDin a significant
fraction of centers [16, 29]. Sodium ascorbater(i) was added 30 minutes before the end
of the dark incubation to reduce Cytband residual TyrD lllumination at 77 K is expected
to result in the oxidation Cytsky and the reduction of £J30]. The near complete reduction
of Cyt bssg by sodium ascorbate prior to illumination miningzée appearance of chlorophyll
and pB-carotene radical cation signals [31-33]. The Tyl@es not undergo oxidation at this
temperature at this pH [34]. Nevertheless, undesdtconditions a signal is generated at g~2
(Fig 1a). This signal is accompanied by the welhwn broad signals attributable to the Q
Fe* spin system [7, 11, 29, 35]. The signal at g~hds a conventional first derivative
Gaussian signal typical of an organic free rad{gadets in figure 1, panel A), rather it is a
positive spike with a peak maximum at g~2.0057 mess at 4 mW, (see section 3.7 and

discussion for the measurements of the g-values).

3.2 Q" to Qg electron transfer. Electron transfer betweenaQand @ is blocked at low
temperature ([36] and see [29] for a detailed study. elongatus). When a PSIlI sample,
illuminated at 77 K, is thawed at room temperattweyard electron transfer occurs [26] and
this is optimized when the Cytdg is the electron donor, i.e. when the Cytols fully
reduced by ascorbate prior to illumination (se€] [@8d [16]). Fig. 1b shows the spectrum
from the 77 K illuminated sample when thawed armibated in the dark for 10 minutes. In
this case, an intense g~2 feature was still prededeed, the new signal was even more

clearly spike-like and this small change in shape loe explained by the decay of the small
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underlying chlorophylf3-carotene radical generated at 77 K when the samatewarmed
(see [29]). In the thawed sample the peak posdiaihe new signal was somewhat different,
with a peak at g~2.0048 (inset b in Fig. 1, panels@e also below and Fig. 4 for power
dependence of the peak position). The thawing piareealso produced changes in the broad
signals that are ascribed to the replacement gfFE" with Qs F&**, namely slight
differences in signals around g~1.9 and g~ 1.7a(dat shown in detail here but see [29] and
[16]).

3.3 The biradical-iron complex (Q"Fe**Qg"). When the sample containings@e** was
re-illuminated at 77 K, the QJF€'Qg™ state was formed giving the characteristic sigatal
g~1.66 [29, 37]. The g~2 spike significantly desehunder these conditions. A small radical
signal was also formed in about 13 % of the cenfg+2.0036), mainly attributable to the
chlorophyll radical cation formed in the small fiiao of centers in which Cytsk was

oxidized prior to the illumination.

3.4 Plant PSII. Panel B of Fig. 1 shows similar experiments to ¢hivspanel A except that
the biological material was PSll-enriched membranes spinach. The plant PSll-enriched
membranes were dark-adapted at room temperatut2 lioand then ascorbate was added to
reduce the Cyt 439 and TyrD. This PSII preparation was based on a protocoledirat
maintaining @ integrity (see materials and methods) and ondtreéthis is that there was
some contamination by PSI. lllumination at 77 Ksheasulted in formation of; Fa/Fg in
the PSI centers and this charge pair is unstal26@iK [38]. The Cyt ko ox Qa " F€* charge
pair in PSIl is known to be stable at 200 K. Indidraof the sample at 200 K for 30 minutes
allowed the signals from PSI to diminish almost ptetely before the difference spectrum
was taken (Fig. 1d). The lightinus-dark spectrum should then correspond to thé sate in
the presence of oxidized Cytsh The spectrum obtained in Fig.1d has the typicabd
features of the F&* state but it shows only a small spike feature &2.gGiven the
difficulties with contributions of other radical tbe spectra before and after illumination, the
exact spectrum in this region still remains unsitreeems clear however that a strong spike
signal from Q" Fé&*, like that seen iff. elongatus under these conditions, is not present.

Fig. 1le shows the thawednus-dark difference spectrum from plant PSll-enriched
membranes, corresponding tg ®€e”*. Clearly a g~2 “spike” signal is present similarthat
seen inT. elongatus with a g-value of g~2.0050 measured at 4mW fopéak position (see

inset e in Fig. 1, panel B). Theg@¢&* spike shows a small contamination from a Tyr D
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radical signal. Figure 1f shows that re-illuminatiof this sample produced the, @ Qs"
state showing a signal at g~1.62. This g-valua iagreement with the reported value for this
state in plant PSII [25]. The formation of thisrsad) confirms that @ F&** was present in this
sample prior to the illumination at 77 K. In thiase, the spectrum in Fig. 1f is contaminated
with the Pgo 'Fa™/Fg™ charge pair. When a 200 K incubation was donéltavahis charge
pair to recombine, the amplitude of the g~1.62 aligriso decreased to some extent. This
likely represents ChIQA™ recombination occurring in the presence of Qand/or some
forward electron transfer occurring fromy'Qto Q" occurring during the 200 K incubation

treatment [29].

3.5 Effect of dithionite. The addition of sodium dithionite in the dark igpegted to result in
the formation of the ¢ state in all the centers. Figure 2 shows thatusoddithionite
generates the new signal along with the well-knd@wiFe?* signals at around g~1.9 and
g~1.73. This is strong support for its assignmenQR". The spectrum in Figure 2, (solid
line) is not a reducediinus-oxidized difference spectrum. This is because 1&f ldark
adaption still left TyrDin a significant fraction of centers prior to dithite addition (Fig. 2
dotted line). Most of the remaining radical wasmatiated by addition of dithionite as
expected. The inset showed the g-value of the spéseg~2.0036 at 4 mW.

The dithionite-induced §'Fe** signal shown in Figure 2 demonstrates that theQy~1
feature, which is usually reported in samples damg TyrD' and chlorophyll and/of-
carotene cation radicals, is clipped at lower figydthe radical (see e.g. [29]). In the absence

of the radical the peak of this feature appeags-at94 at 5K.

3.6 Effect of a flash seriesTo test if the g~2 signal arises from thg"©¢** state, we looked
for the mechanistic behavior typical of this comgon the flash-number dependent, period-
of-two variation of its intensity [39-40]. For thexperiment the Tyrosine D-less mutanflof
elongatus [22] was used so that the new signal would noswamped by the TyrDradical
EPR signal. Fig. 3, panel A shows the result of ftash series given at room temperature
using a sample incubated 12 h in darkness to mmeinthe @ population prior to
illumination. The period of two variations in anmtplile is evident; with bigger signals on
flashes 1 and 3 (Fig. 3, panel B and C). The pattewever was damped with only a small
change occurring between the flashes 3 and 4.i$he be expected in the isolated enzyme
with no exogenous electron acceptor added. Theahatthe changes occur on the third and 4
flashes is in line with our earlier observationttiize isolated enzyme carries an addition
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functional quinone [29]. The data of figure 3 catusé strong evidence that the new signal at

g~2 arises from gJ.

3.7 D1 variants (PsbAl and PsbA3)lt is known that inT. elongatus there are three copies
of the gene coding for the core reaction centeusiitbl (PsbA, PsbA and PsbA) [41]. In
the growth conditions used here oplpA; is expressed [18, 42]. There are the 21 amino acid
differences between PshAand PsbA; these confer small changes in the redox potentifl
some cofactors [18, 43-44]. In Fig. 4, panel A,ag&ed the question whether these structural
changes are manifest as differences seen in the omnplete semiquinone-iron spectra
reported here. Both JF€* and @"Fe** have the same basic features; g~2, g~1.9, g~1.7. We
note that Q"F€** has a very small feature at g~1.8 and this mayugetd the loss of the
native exchangeable carboxylate ligand, which heenlsuggested to be carbonate [7], in a
small fraction of centers. The spectra in figurehéw no significant difference between WT
and A3 mutant in terms of theirQFé** and @ F&** EPR spectra including the new signals.
The peak position in the g~2 region of ®e** and Q" "F&* are 2.0030 and 2.0040,
respectively (Fig. 4, panel B). These values weeasured at higher microwave power (160
mW), in this case the contaminating radical wasirsé¢d and the semiquinone-iron spike

dominates the spectrum.

3.8 Microwave power and temperature dependencerigure 5a shows the saturation curves
of the new g~2 signals attributed to,"®e’* and Q" Fe**. These are compared to the
saturation behavior of the g~1.9 feature frogi ¥, the g~1.66 signal from QFe**Qg”
and as a control the g~4.3 signal generally atiietbio a rhombic ferric iron contaminant
commonly seen in biological systems. The intersitiethe signals were normalized at non-
saturating powers. The new g~2 signals had relaxatharacteristics similar to each other
and their saturation curves fell between the otast relaxing species (the signals at g ~1.66
and at g~1.9) from the semiquinone-iron complex. &lthe signals associated with the
semiquinone-iron complex saturated at much highmveps than the g~4.3 rhombic iron
signal. The fast relaxation properties of the new2 gignals are consistent with their
attribution to the @ Fe?* andQg"F¢e* states.

Figure 4B shows the lineshape of the g~2 spikefgrent microwave powers. At low
powers the spectrum of the g~2 spike is contamihat¢h underlying organic free radical
signals. This radical component only has a smatitrdaution at the higher powers. The

presence of the radical even in a small amounteoters seems to be responsible for the
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apparent g-shift of the semiquinone-iron spike aighVe note that the larger the radical
contamination, the larger the apparent g-shift. sy the value measured at the highest
powers, where the radical contributes very litbethe spectrum, does not vary and thus is
considered to be the best estimate of the trudupevé is also of note that the precise position
of the new peak at g~2 seemed to be sensitive in e sample. All the data presented here
were with samples that were degassed at 200 Kntove Q [28].

Fig. 5B shows the temperature dependence of thesigral arising from g Fée”.

The g~2 signal shows ground state behavior (seeekiesection for more details).

3.9 Simulations of the spectraSpectral simulations of the g~1.9 semiquinone-isa@nal
were performed using the Spin Hamiltonian formaligmearlier work it has been shown that
this approach is valid for all semiquinone ironnsity in the current literature [7, 10]. A basis
set that describes the non-heme iron (S = 2) senugae (Q, S = %) spin manifold can be
built from the product of the eigenstates of the imteracting spins. These are expressed in

terms of four quantum numbers,
‘SFe mFe SQ > ’

where $¢ is the total spin of the ground state iron mauif(® = 2), m. is the iron magnetic
sublevel (m=-S,-S+1, ...... , S —1, S) ardsSthe total spin semiquinone (S = %2) angl m
is the semiquinone sublevel ¢+ -%2 , % ). Thus 10 basis vectors are requirespan the
spin manifold.

The Spin Hamiltonian appropriate for tha ®e’* system includes zero field (D, E),

Zeeman @re, go ) and anisotropic exchang#):(
H =D[(SBey — Y3Sre(Sre +1) + (E/D)(Sfey ~Sfey)] + AH Bre Sre

+9QfH [5 - SgellBg (1)

Subsequent calculations assume the zero-field, Zeeran and exchange tensors to
be co-linear and gto be scalar as in [10] and [7]. Estimates fortlé Spin Hamiltonian
parameters (D, Ere, go andJ) have been made for the g~1.9 semiquinone iramakidp~10
cm® (15 K% and E/D~0.25. The interaction between the quirame the iron was axial and
of the order of ~0.5 cth

The g~1.9 semiquinone iron signal can be undersésothe intersection of two EPR

signals that arise from the two lowest Kramer'shdets of the quinone-iron spin manifold

(for full discussion see [7]). The ground Kramedt@ublet gives a broad EPR spectrum that is
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seen above g~2. The first excited state Kramerigold instead appears below g~2 and has
approximately a similar width in magnetic field spaA simple description of the system can
be made where the two components (ground statd*iercited state) of the EPR signal are

described in terms of two effective spin ¥z speiesl, 2 ) of large g-anisotropy.

j{;:ﬁH[geﬁ,i[Sl 2)

Analytical expressions for the effective g posifoitks, x, Gerr,y, Getr,z) Of the ground
state and *t excited state species in terms of the real Spimilianian parameters (D, Bre,
0o andJ) to 39 order are given in [10]. Of the three effectiveajues, g,y IS unique and
explains the characteristic lineshape of all semmwje-iron signals. It is the only g-value that
has a large *1order correction, such thatug, decreases for the ground statgx(g~1) and
increases for the first excited statex(g~3-4). This has the effect of spreading the signal
across a very large magnetic field range (600 @) explains why semiquinone-iron signals
only give ‘weak’ EPR signals. The approximate gositof the g, ground and % excited
state turning points scales with both thecdmponent of the exchange coupling tensor and
zero-field splitting parameters of the®FeThis is in contrast to the other two effective g-
values g x, Geir.z. The £ order corrections to these turning points are kaval as such that
they are both approximately 2.0. The dependencge9% G . on the Spin Hamiltonian
parameters (D, Bjre, 9o andJ) are as a consequence, far more complicated.

Figure 6 shows spectral simulations of the g~1tBigeinone—iron signal based on the
Spin Hamiltonian formalism described above. In Eig. 5B simulation of the temperature
dependence of the g ~ 2 spike is shown. As stdiedea the temperature dependence of the
g~2 spike is consistent with it arising from thewnd state of the semiquinone-iron spin
manifold; its intensity increases as the tempeeati@creases. In a previous publication [7] we
made an estimate of the fine structure paramefetsed=é" ion, which defines the zero-field
splitting of the quinone-iron complex and thus tbmperature dependence of its EPR signal.
These values were estimated to be D = 15 E/D = 0.25. A fitting of the temperature
dependence of the g~2 spike yields similar resOits: 16.6 K*, E/D = 0.25. The component
of the ground state of the PSII semiquinone-irgmai that coincides with the g~2 region is
the g« - G, - defines the low field edge of the ground state sinalild, when viewed instead
as the 1 derivative of the EPR absorption profile, appearaapositive spike, as seen
experimentally. Thus these new results would védidae model of the PSIl semiquinone-

iron signal as published earlier [7].
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The exact position of the ground state gis sensitive to the changes in the exchange
coupling tensod. It noted that only small changes of thecdmponent (0.1-0.2 K of the
exchange coupling tensor is sufficient to shift position of the g~2 spike over the range of
values seen for QFe* andQg " F€&* signals (2.0028-2.0040). This is not the caself@and
J.. The position of g ; is insensitive to small changes in Similarly, while § does alter the
position of g¢ , these changes also lead to modifications of thercturning points: the
ground state &,x (g~1.7) and excited state turning points«{@Qem,» g9~1.9) etc, the
characteristic EPR signals observed for the semanng-iron complex. It is thus likely that
the small difference seen between the g ~ 2 spikéhke Q" Fe&*" andQg "Fe’* signals most
probably reflects small changes ¢f gossibly the rotation of the exchange tensoheJ/J,
plane relative to the fine structure tensor of fle&’. Small tensor rotations of this magnitude
were inferred for the set of g~1.8 semiquinone s@nals that are seen in plants and purple
bacteria [7]. It is noted that small differencesviEen the Q Fe&’* and Qg Fe** g~2 spike
signals must be related to the exchange tensop@ssed to the fine structure tensor/g tensor
of the Fé*. The F&" is the same for both complexes.

One final observation is that the EPR linewidth apaeter used for the EPR
simulations (Figure 6 bottom panel C) must be highlisotropic to reproduce a ‘sharpxg
spike at g~2 and relatively broad turning pointgat.9, g~1.7 etc. It is interesting to note
that the apparent EPR linewidth along the threacgal axes x, y and z would appear to
correlate with the magnitude of the exchange cogpdiong the three principal directions; the
coupling is small along z as is the linewidth wiaeréhe coupling is large along x and y as is
the linewidth.

4. Discussion:

In this work, we have identified complete EPR slgadsing from the magnetic
interaction of the semiquinone with the non-hemghhspin (F&', S=2) ferrous iron on the
electron acceptor side of PSII. Both @€ andQg "Fe&* EPR signals include a sharp feature
centred at g~2 with slightly differing g-values.éTlines of evidence for the assignment of the
signals are as follows. (i) The new feature assediavith Q“Fe* is generated by
illumination at 77 K and by reduction with sodiunithibnite in darkness, i.e. standard
conditions for the formation of 3. (ii) The new signal associated withy @€’ is formed a)
upon thawing a sample containings@e&* and b) upon flash illumination at room

temperature, it being bigger on the first and tHiedhes. These conditions correspond to
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those in which @ Fe** is formed. (iii) The new features have relaxatwoperties similar to
those of the other signals arising from the semioje-iron complex.

In two recent papers from our lab we made obsamatithat also support the
assignment of the g~2 signal ta'QF€". We noted that the g~2 feature was present when
Qs Fe&* was generated by a chemical reduction (DAD/ascejbtite g~2 feature disappeared
when the sample was illuminated at 77 K upon foiomaof the Q "Fe&'Qg" state [16]. In
addition the spike signal was found to be presergtbiout 50 % of centers after 1 h of dark
adaptation in the Tyr D-less mutant Dfelongatus and disappeared concomitantly with the
g~1.94 when an artificial electron acceptor wasedddThis behavior agrees with that
expected of @ Fe& [17].

The new features observed here are relativelyomaand thus relatively intense and
yet they have escaped detection until now. Thizesause the EPR signal from TyiB still
considerably larger than the new signals and itates this region of the spectrum. In this
work we were able to circumvent these problemshieyuse of reducing agents or the TyrD-
less mutant to eliminate contributions of TytD the spectra. In addition, until relatively
recently most of the work on the acceptor side $ii Ras done on PSll-enriched membranes
from plants, and here we observed thaf " has no (or a significantly smaller) g~2
feature. In addition, the light-induced generatidrthe Q"F€&* signal at low temperature is
usually accompanied by the formation of variableoams of chlorophyll ang-carotene
radical cation signals [31-33, 45] and these alsscore the new photogenerated B’
feature at g~2. Here we used sodium ascorbatediaceeany oxidized Cytsly prior to
illumination in order to minimize the formation thfese side-path radicals.

We found that a very small fraction of a free caflisignal was still present even when
efforts had been made to avoid contaminating rélidéhis was particularly evident in the
relaxation studies (Fig 4, panel B). Depending lo@ ¢onditions, the identity of the small
radical signal can be suggested. In the dithiaeiticed Q Fe?* spectrum a radical with a g-
value of g=2.0044 is present and given the lowlleveesolved hyperfine (not shown), we
suggest that this could reflect a small fractioncehters in which the semiquinone is
uncoupled from the non-heme iron plus a small coirtation from unreduced TyrDThe
total number of centers contributing to the radis@nal was approximately 4%. Without
dithionite, the contaminating radical signal in fhieotogenerated QF¢e** is expected to be
due to the side-path radicals formed in the redidenaters in which Cytdag is oxidized prior
to illumination. However, the g-values for the sawas g= 2.0040, too high for the side path

radicals [31][33] and we attribute this to a midwf side-path radicals plus a small fraction
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of uncoupled Q. The number of centers showing a radical is eséthas approximately
10%. When @ F€* is formed, the radical contamination with a g-ealaf 2.0044 is
attributed to a small fraction of Tyilus a fraction of uncoupledgQ The quantitation of
the radical indicates approximately 5% of centefstat the radical signal.

The g-value of the new signal fromy\@e** is g~ 2.0030 while that of )Fe?* is g~
2.0040. These values were obtained at 160 mW warlonicrowave power the apparent g-
values shifted to higher values. This shift appeaee be due to contributions from the
underlying free radicals and was more marked wherunderlying radical was larger. Th
elongatus the new signal appeared to be slightly stronge@giFe’ compared to @ Fe*. In
plant PSII, while the signal is clearly presentie Q" Fé&* state, it is very weak or absent in
Qa"F€*. The significance of this observation has yet ¢ounderstood. We were unable to
detect differences in the cw-EPR signals fropi " and Q@ Fe** when comparing PSI
from the WT (Psb Al) and A3 (Psb A3) strains, alifio we noted that g~2 signal arising
from Qu."F€* and Q" F€ in A3 saturates at slightly lower power levelsrilihe WT (data
not shown).

The temperature dependence of the new g~2 siguatates that it arises from a
ground state. Within the context of the current eldd, 10] and given the “spike” —type
feature in the first derivative spectrum, thesenalg would appear to be directly attributable
to the low-field edge of the ground state doublEhis is confirmed by the spectral
simulations. The new feature provides additionalrietions to the simulation parameters.
But, it also shows that the model used and theegab@btained in Cox et al, were valid [7].
The decrease in the signal when thé E¥*Qg" state is formed is a predictable feature in our
on-going attempts to simulate the EPR spectrum ttosstate (Cox et al in preparation).

The signals from & Fe* and @ F€&* in PSII reported here add to the spectroscopic
probes with which we can study this enzyme. Thenstrintensity of the new signals should
allow studies to be undertaken that were not preshofeasible. Studies of this kind are

underway in our laboratories.
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Figure 1
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Figure 1: EPR signals attributed ta ®e*" and Q" F€* in PSII. Panel A shows spectra (a-c)
from isolatedT. elongatus WT PSII, while panel B is from PSll-enriched memuies from
spinach. PSII from WTT. elongatus was dark-incubated for 12 h, and then treated with
ascorbate. The PSll-enriched membranes from spimate incubated for 2 h at room
temperature then treated with ascorbate, See ralaterd methods for ascorbate treatment.
Spectrum a: a 77 K-illuminatiominus-dark spectrum fronT. elongatus WT PSII attributed

to Qu"F€**, the inset a shows the resolution of the g~2 regto4mW. Spectrum b: a thawed-
minus-dark spectrum obtained when the sample that hed itleminated at 77 K was thawed
at room temperature. This is attributed tg B, the inset b shows the resolution of the g~2
region at 4mW. Spectrum c is obtained when the ¢oasample containing £JFe*" was

reilluminated at 77 K. This generates thg Be**Qg" state, which gives rise to the signal at
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g~ 1.66. Spectrum e showed the (200 K-incubategkaaiter the 77 K illuminationjainus-
dark, this is attributed to theaQFe’* state. The plant PSIl sample was incubated 30anin
200 K after the 77 illumination (spectrum d), téoal the decay of P700and R/Fg” from
contaminating PSI. Spectrum e shows the thamieuis-dark sample, representing @€,
The inset e shows the g~2 region of thé & signal recorded with a microwave of 4 and
160 mW and an expanded magnetic field scale. Upintizer 77 K illumination, the typical
g~1.62 signal attributed toQF€*'Qs" state was induced (spectrum f). The arrows shew th
g~2 new feature. Instrument settings: microwave ggo\80 mW, modulation amplitude: 25
gauss, temperature: 4 K. For the insets: microwpower: as indicated in the figure,

modulation amplitude: 10G, temperature: 4K.
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Figure 3
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Figure 3: Flash number dependence of the inten$itlie g~2 signal attributed togFe** in

the Tyr D-less mutant PSII from elongatus. Samples were dark-adapted for ~12 h and then
submitted to 0, 1, 2, 3 and 4 flashes at room teatpee and frozen. The resulting spectra are
shown in panel A. Panel B shows the g~2 region withease field resolution. Panel C shows
a plot of the variation in intensity of the signalth flash number. Instrument settings:
microwave power: 20 mW, modulation amplitude: 2%igg| temperature: 4 K. In panel B:

microwave power: 4 mW, modulation amplitude: 10sgau
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Figure 2
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Figure 2: The effect of the addition of sodium ghthite to PSII isolated fronT. elongatus
(WT). The dotted line shows PSII with no additiottss sample was dark-adapted for 12 h
prior to dithionite reduction. The solid line shotte PSIl at room temperature reduced by
dithionite (2 mM) and rapidly frozen after the aiwh of dithionite. The inset shows the
resolved g~2 region. The main g-values are showrthe figure. Instrument settings:
microwave power: 20 mW, modulation amplitude: 2b5gm@ temperature: 4 K. For the inset,

microwave power: 160 mW, modulation amplitude: 20gps and the temperature was 4K.

81/168. 19



Figure 4:
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Figure 4: Comparison of theaQFe* and @ Fe** EPR signals in PSII isolated from the WT
and A3 strains of. elongatus. Left panel, spectrum a and ¢ show thé " in the WT and

A3 respectively, spectra b and d show E¥* in WT and A3 respectively. OF¢" EPR
signals were generated by a subtraction of the 7lfukiinated spectrunminus-dark. Q™
Fe* EPR signals were thawednus-dark spectra in which the 77 K illuminated samptes
thawed to allow electron transfer from'Qto Qs. Instrument settings: microwave power: 20
mW, modulation amplitude: 25 gauss, temperatur€: Zhe right panel show the resolution
of the g~2 region and its amplitude versus the oweave power. Spectra e and g showed the
Qa"F€* in the WT and A3 respectively, spectra f and hwsdtb @ "Fe* in WT and A3
respectively. The main g-values are shown in tigerré are those measured at 160 mwW

microwave power. Instrument settings: modulatiorptode: 10 gauss, temperature: 4 K.
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Figure 5:
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Figure 5: Microwave power saturation (panel A) éemhperature dependence (panel B) of the
g~2 from Q"Fe'in the WT T. eongatus PSII. In panel A, g~2 signals fromAgre’
(triangles) and @ Fe* (diamonds), the g~1.9 signals arising froms B¥** (crosses), the
g~1.66 signal arising from QF&" Qg™ (squares) and g~4.3 (plus signs) are shown for
comparison as controls. The lines were for the The fits were done according to the
equation described in material and methods. F&" and Q"F&* EPR signals were
generated as in figure 1. Amplitudes of the sigmedse normalized in the low microwave
power region. The f and the inhomogeneity factors found were: 180 r\&7 for g~2 Q”
Fe?*. 160 mW and 1.74 for g~2gFe?*. The g~1.9 @ F€** does not reach saturation. 36.68
mW, 1.28 for g~1.66 & FeQs". 3.78 mW and 1.50 for the rhombic iron signal a¢.§.
Instrument settings: for all signals the tempematdr K and the modulation amplitude: 25
gauss. Except for the g~2 signals were the moduamplitude was 10 gauss.

In panel B, the g~2 was measured at 4 mW, the matidal amplitude was 10 gauss,
temperature 4K. The underlying radical was sub&dctines showed the simulation of the
temperature dependence of the g ~ 2 signal bas#teaspin Hamiltonian formalism (see eq.
2). The red solid line through the data represtmstemperature dependence of the ground
state of the semiquinone-iron manifold; higher egtatire shown with red dashed lines. Fit
parameters: D = 16. 6 K(11.5 cn1), E/D = 0.25.
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Figure 6
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Figure 6: EPR simulation. (A) a simulation of theK5absorption lineshape of the g ~ 1.9
semiquinone-iron signal using the Spin Hamiltorpamameters reported in Cox et al [7]. (B)
The T' derivative lineshape of the ground state compooétihe g ~ 1.9 semiquinone-iron
signal as in (A). C): the®1derivative lineshape of the ground state compooéttie g ~ 1.9
semiquinone-iron signal as presented in (B) whikbwe for anisotropic line-broadening.

The simulations shown in red and blue demonstia¢ the exact position of theqg is

dependent on the magnitude of the component aéxbkange coupling tensor along y)(J
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1. Abstract

EPR is used here to study the oxidation of non-hearein Photosystem Il from the
cyanobacteriunThermosynechoccus elongatus. The iron, which is located between the two
guinone acceptors, LQand @ becomes slowly oxidized in the dark when the semine
from of @ is present. This reaction is slow, occurring ie thinutes time scale, occurs only
in a fraction (less than 20 %) of centers and acausamples from which Qvas removed. It
is suggested that the non-heme iron is oxidizedth®yy @ forming H,. This has
repercussion on the current assumptions concethangedox potentials of theg@QgH, and

Qs/Qg couples.

2. Introduction

A non-heme F& ion is located between the two quinoneg,a@d @, of the electron
acceptor complex of the Photosystem Il (PSII) jis iron has ligands from four histidines
from the protein and a bidentate ligand from arhe@xgeable bicarbonate [1]. The role of this
ion in the electron transfer fromaQo s is not yet established, despite being presentiin a
type 1l reaction centers [1]. There are severdediinces in the properties of the iron in the
bacterial system compared to that of PSII. In thetdrial system, the carboxylic acid ligand
is from a glutamate 232 of the M subunit and isstimot exchangeable. The Fe region is
capped by a globular H subunit which insulates &nga from the agueous phase and controls
proton access through channels [2]. In PSII by remhtno such protein has yet been found
and the Fe appears to relatively exposed to theeamu medium. The exchangeable
bicarbonate ligand to the iron, represents a saamt difference between PSII and the purple
bacterial reaction center and it is probably respaa for allowing the iron to undergo
oxidation in PSIlI [1]. The F&/Fe** couple in PSIl has an Em of 400 mV and it is thus
oxidizable by ferricyanide [3].

It has also been shown that the semiquinone fornsashe artificial quinones,
commonly used as electron acceptors in vitro, ble @ oxidize the iron leading to a typical
"photoreductant-induced oxidation" of the iron upmid numbered flashes, with reduction of
the iron occurring on the subsequent (even numbiasties) [4]. Reports have also been
made small amounts of oxidized iron present in @al&pted samples even in the absence of
the artificial quinones or exogenous oxidant pre§e], perhaps reflecting oxidation by, O
or peroxide which are both known to be formed lakoids. Nugent reported Feoxidation

during dark adaptation of pre-illuminated in pl&®Il samples in the presence of @ was
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suggested that the Favas oxidized “either by oxygen species or semiquéiripwhere the
semiquinone was gwhen Q and present at he same time asfQrmed by dark adaptation
after a period of continuous illumination. Recenilyhas been shown that the addition of
inhibitors (DCMU) induced oxidation of the non-hermen when Q" is present prior the
DCMU addition [7]. The displacement of the;l@ from its site by the DCMU shifting the
following equilibrium to the right:

F€'Qs + DCMU = FE'QgH,+ DCMU = FE'DCMU + QsH,

This indicates that the redox potential of /QgH. couple is not too far away from the
potential of F&/Fe** couple at least in some centers. Thug, @ay be capable of Fe
oxidation under some physiologically relevant ctiods. Here we report non-heme iron

oxidation by @’ in intact untreated PSIl monitored by EPR.

3. Materials and methods

PSII preparations were made from 43Helongatus strain, the procedure was exactly the
same as described earlier in Sedoud et al [8].

Chemical reduction of PSII with ascorbate was perta as follows: sodium ascorbate from
a 300 mM stock solution in storage buffer was adedi20 pL of PSIl (~ 1 mg Chl/ml) in
the EPR tube in darkness to give a final conceantraif 10 mM. The PSII samples were then

incubated in darkness for 30 min at room tempeegpuior to freezing.

4. Results

Fig. 1 shows the non-heme iron oxidation in thekday Qs". In this experiment, PSIl was
first dark incubated for 12 hours, and reduced bgoebate for 30 min. This treatment
diminishes the amount ofgQpresent in the dark to a level5% and reduces the cytochrome
bsse[6, 8]. The characteristic EPR signals of Feom the non-heme iron were absent in these
conditions. Illlumination at 77 K led to the redwuctiof Qy with the formation of @ and the
oxidation of cytochromedssg, Which isthe terminal electron donor in the majority of the
centers [9]. At this low temperature, the electh@nsfer from @Q to Qs is blocked [6, 10].
Fig. 1 shows that no change occurred in the norehieom EPR region after the first 77 K
illumination: since no F& was present in the dark, then obviously it was exqiected to

undergo reduction upon illumination. Thawing ofstlsample in darkness allows transfer of
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the electron from @ to Qs to occur [8]. Incubation of the sample at room penature for 10
min led to the appearance of oxidized non-heme ingnich is clearly observable at g~6. The
illumination of this thawed sample at 77 K resuits the disappearance of the signal,
indicating a reduction of the oxidized non-hemaifby Q") [1]. Cycles of photoreduction at
77 K of the F&", and its oxidation in the dark were performed, rémults is shown in Figure
1B.

Figure 2 shows the time course of the oxidatiothefnon-heme iron, in different conditions:
(i) panel A shows the results obtained in untre@®8¢ submitted to 1 single saturating flash,
(i) panel B and C showed results obtained in sasplith and without ascorbate respectively
when submitted to 77 K illumination. The intenstaf the g~6 and g~4.3 EPR signedssus
time are plotted in upper and lower panels in Fag8r respectively. It is shown that the
appearance of g~6 EPR signal has approximatelgdhee time dependence in all samples;
the kinetic constant for this component is ~0.2-m&™. Surprisingly, we found that in
addition to the expected g~6 that characterize nibve-heme iron, a signal at g~4.3 also
increases during incubation in the dark after Huenination have been achieved. It is known
that g~4.3 signal arises from rhombic*Fehat is generally attributed to a possible
contamination during the biochemical preparationthis work however, we show that this
signal clearly increased when pre-illuminated-ASlincubated in the dark. The time course
of the g~4.3 is similar that of the g~6 signal. Weed that when ascorbate is absent, the g ~
4.3 is more intense, and the g ~ 6 is smaller,evivhen ascorbate is present, the g ~ 6 is
more easily detectable and more intense. It isthalgo that ascorbate narrows the g~6 signal.
In panel C in Fig. 3, it is shown that when the sh@me iron oxidation and thes®e** EPR
signal are monitored, the estimate of the disagpear of @ may correspond to the amount
of the non-heme iron oxidation, in this case 20 #4Qg was decreased, and this may

correspond then to the oxidation of the non-heme. ir

5. Discussion

In this work, we show the direct evidence thatribae-heme iron undergoes oxidation in dark
when @’ is formed in a non-treated PSII. This oxidatioslmwv (minutes order) compared to
the well-known non-heme iron oxidation induced BB®) (seconds).

The illumination at 77 K of a sample containinglbtite g~6 and g~4.3 showed that only the
signal at g~6 disappeared, the g~4.3 is thus itsen$o illumination. A similar observation
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has already been reported in the literature [5lyas concluded that the g~4.3 may come
from the oxidized non-heme iron in a fraction oftegs that were denatured due to the strong
illumination used during the experiments. In oup&xment, we this explanation does not
hold, because we could induce the g~4.3 signal aften1 flash.

The formation of two types of EPR signals arisingni the oxidized non-heme iron forms,
the g~6 signal, which is sensitive to light, andd@; which is insensitive to light, may
indicate that there is two populations of the nemk iron, one which is photoreducible (the
g~6) and one which is not photoreducible (the g)-4t3vas already noted that narrowness of
the g~4.3 may mean that it arises in a very smadition of centers [5]. It is also possible that
the g~4.3 iron does not correspond to the non hEeéut is rather a contaminant in the

medium that happens to be oxidizable ky i@ a small fraction of centers.

Previously, a slow formation of the oxidized non¥eeiron signal during storage in the dark
was reported [7]. This was attributed to the oxatatof FE€* by semiquinone [7, 11] or
oxygen [11]. Nugent has shown that the removal>gfgen inhibited oxidation of the iron
[11]. In the results shown here, oxygen was remdxedegassing at 200 K, but the thawing

procedure was done just by incubating the samplesoan temperature in sealed tubes.

McEvoy and Brudvig have recently published a wdrattwas interpreted as indicating non-
heme iron oxidation after a charge recombinatiofween F&" and Chi/Car or TyrD' in a
fraction of centers [12]. In the present work, ttem-heme iron oxidation due to such charge
recombination is ruled out, and this is becausehe experiment showed in Figure 1 for
instance, the final electron donor is not the sidéhways CHVCar™ or TyrD', but it is the
cytochromepssg. Also, the experiment showed in Figure 2, panelwhere PSIlI was
illuminated with 1 flash at room temperature clgatgued against a charge recombination
between the CHICar and TyrD and the F&. In the same work, McEvoy and Brudvig
proposed the existence of two types of non-henre one population that can undergo photo-
reduction at helium cryogenic temperature, and F@ropopulation of iron that can only
undergo photo-reduction above 75 K [12]. In thesprd work, we found that there are two
types of EPR signals, g~6 and g~4.3 originatingnfrine oxidized non-heme iron formed
after the incubation in the dark of an illuminaté8Il. The g~6 EPR signal can be photo-
reduced, while the g~4.3 population is not phothiogble at 77K. The two populations of the
non-heme iron described here are different fromtéi@ populations proposed by McEvoy

and Brudvig, in that the g~4.3 population is nobfaneducible even at room temperature. In
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addition the biological material used is differekigEvoy and Brudvig used the PSllI-enriched
memranes isolated from the plant, while the mdtersed here is PSIl core preparations
isolated fromT. elongatus.

The observation of the slow non-heme iron oxidabgr(}™ in the dark may indicate that the
redox potential of the £YQgH> couple is close by or higher than that the nondeon. The
redox potential of the non-heme iron is ~400 m\pldt7 [3] in plants, clearly much higher
than would be expected for the (@gH, couple. However, Ishikita and Knapp [13] estimated
by theoretical calculations that the?#6€’* potential to be ~300 mV at pH 6.5 wheg @&
present. This implies that the redox potential gf@QsH-is close to 300 mV.

The redox potential of Qs was measured to be -80 mV in intact PSIl at pH[64 and
recently Shibamoto et al, [15] has measured -14Q th¥ redox potential difference maybe
due to the use of mediators, this will be discussksg@where. The redox potential of the
plastoquinone/plastoquinol pool was estimated tcatmind 130 mV at pH 6.5 [16]. The
driving force of the Q to Qs is estimated to be about 70-83 mV [17-19].

Taking these observations together, two optionsbeaproposed for the potentials 0f/Qg’
and @Q/QgH.. The first option is based on the work presente land the indications of Fe
oxidation by QB- in the literature (Boussac and hef), the redox potential of thesWsH>

is thus suggested to be more oxidizing than therpial of @/Qg". The value of 300 mV as a
redox potential of Fé/Fe** in the presence ofgQ[13] places thus the potential fogWgH-

to be close to 300 mV (the quantification of theoammt of oxidized iron is estimated to be 20
%, see panel C in Fig. 3). By hypothesizing theeptal of 300 mV for @/QgH,, the
potential of @/Qg" has to be ~ -40 mV, similar value was deduced lupa8noto et al, who
have found -60 mV as a potential ofs/Qg” [15]. In this case, the properties of the
semiquinone are closer to those predicted for B@e with a less marked stabilization of the
semiquinone.

The second option is that the potential gf@" is more oxidizing than the potential o Q
/QgH2. This option is comparable to the potentials fodod Qs/Qs” and Q/QgH> in the
purple bacterial reaction centers, which were 180and 95 mV for Q/Qg” and @/QgH->,
respectively [20]. This model also fits with thleservation that reduction of PSII with DAD
and ascorbate results in formation of " in a large fraction of centers. In this option the
Qs is greatly stabilized compared to free" PThis model also fits with the observation that
under some conditions thea®e'Qg” state can be stabily formed in the dark. This woul

only occur when the QQa" couple overlapped with theg@gH, couple. This occurs when
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the high potential form of Q is present (in apo-PSll) at high pH (Rutherford\WA.

unpublished), and transiently when treated witbrggrreductants (not shown).

The two different conditions are very different froeach other but should be easily
distinguishable by performing redox titrations. Taet that evidence seems to exist for both
situations could indicate the existence of bothdaoons under given circumstances. Whether
these circumstances represent physiological retesamditions of simply damaged centers

cannot yet be assessed.

In any case, we describe here the iron oxidatiopystate in a fraction of centers. In fact,
the possibility of getting rid of g by its reduction by the iron may stabilizes thdl RES, or

S; states, which might benefit for water oxidatiord gghotoprotection (decrease in charge
recombination and thus decrease in formation obrophyll triplet states that can interact
with oxygen to form singlet oxygen, harmful for pgms). The titration of the £lseems now
to be our first priority.

In the present work, we have data for the time sewaf the non-heme iron oxidation in the S
(samples that were illuminated at 77 K, at thisgerature no Mn oxidation can occur) and S
(sample submitted to 1 flash), in both cases, ithe tourse oxidation of the non-heme iron
seemed to be similar. It will be interesting tottéss in other S states to see if the S states

modulate the potential of the iron and Q
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Figure 1
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Figure 1: Non-home iron oxidation/reduction ostidla pattern.

PSIl was dark-incubated for 12h; then ascorbate adaled and incubated for 30 min in the
dark, the corresponding spectrum recorded is shamehlabeled as dark. A series of 77 K
illumination (spectra in red) followed by thawingdaincubation in the dark for 10 minutes
(spectrum in black) was done. During the illumiaatat 77 K, the non-heme iron if present in
its oxidized form is reduced (red spectra). Dutimg thawing at room temperature for 10 min,
the non-heme iron is reoxidized (black spectrursjtlrment settings: microwave frequency:

9.41 GHz, microwave power: 20 mW, modulation anuplé: 25 gauss, temperature: 4.5 K.
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Figure 2:

Panel 1 Panel 2 Panel 3
a a
a WWWWWWMMWWW
[ Ry ,“;;“5;&“'%
b

0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
Magnetic Field (gauss) Magnetic Field (gauss) Magnetic Field (gauss)

Figure 2: Non-heme iron oxidation time course. Tépmectra shown are thavwminus

illuminated difference spectra; the thawing was elam the dark at room temperature by
incubation of the illuminated sample for 2, 5, 1@da20 min shown in a, b, ¢ and d
respectively. The same concentration of PSIl wasl ys1 mg Chl / ml), samples were dark
incubated for 12 hours, then reduced for 30 mitsgcorbate when mentioned. In panel 1,
the sample was illuminated by 1 flash at room tenampee. Panel 2 and 3, samples were
illuminated 30 min at 77 K. Ascorbate was addedhe experiment showed in panel 3.

Instrument settings as in figure 1.
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Figure 3:

A Non-heme iron oxidation time course measured at g~6
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Figure 3: Non-heme iron oxidation kinetic plotsnBbA showed the non-heme iron oxidation
measured at g~6. Panel 2 showed the time courde aficrease in the g~4.3 signal. In panel
1 and 2, the non-heme iron oxidation induced biaghfis shown in black, the blue and red
traces show the non-heme iron oxidation induceer & K illumination in non-treated and

ascorbate-treated PSII respectively. The continumes are the fit obtained using the
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following equation: y=a[l-exp(-k*t)], where a is amormalization factor, k is the kinetic
constant and t is the time in min, see table Ipdnel 3, the red line showed the non-heme
iron oxidation time course (the same as the reglilinpanel A) and in black is shown thg Q

EPR signal disappearance quantified by measurmg#2 and g~1.9 signals, (see article 3 in
this thesis).
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Table 1:

1F 77K 77 K + asc
g~6 k (min®) 0.2 0.2 0.3

1/k (min) 5 5 3.3
g~4.3 k (mirt) 0.16 0.14 0.25

1/k (min) 6.2 7.1 4

Table 1: Calculation of the kinetic parameterstha non-heme iron oxidation.
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1. Abstract

Here we have studied the effect of sodium dithenin Photosystem Il from
Thermosynechococcus elongatus using EPR at cryogenic temperature to monitor the
effects. Immediately after addition of dithioniteetstable Sstate of the MyCa cluster is
reduced to form the (Sstate, which is formed in a large fraction of tbenters.
Reoxidation of this sample and illumination at rodemperature, followed by dark
adaptation led to a state in which therultiline signal could be seen in most centers.
The enzyme activity was not greatly affected irs ttample. Upon further incubation the
S EPR signal disappeared presumably because itwief reduced. Reoxidation of the
sample incubated for 10 minutes at room temperatareithionite, followed by
illumination, resulted in the recovery of oxygenokrion activity (50 %) and the,S
multiline EPR signal (30 %) indicating that in tlraction of centers at least, the Mia
cluster had not disassembled at this time. In addthe Q“Fe** EPR signal underwent a
marked modification when the dithionite-PSII wasuhated more than 10 min in dark at
room temperature. Possible origins of this chamgealscussed.
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2. Introduction:

The first quinone electron acceptor,@f PSII exhibits two different redox potentials
depending on the intactness of the Jda cluster that is located on the other side of the
membrane. A change in the redox potential fromnr80 (active form) to +65 mV (inactive
form) was determined [1-3], and recently Shibametoal, have reported more negative
potentials values, -140 and 20 mV for active arattive PSII, respectively [3]. This effect
was correlated to the presence of thé"@m [4], however since the Ca site is providedhmsy
Mn cluster [5-7], the presence of the Mn clusteelit correlates with redox potential change
in Qa [1-2]. This is physiologically relevant since tipeocess of assembling the Mia
cluster into the photochemical reaction of PSllolves the shift of the redox potential of Q
and the consequent changes in forward and backstaction transfer properties (reviewed in
[8]).

The Mn,Ca complex even in its most stable redox stat@éenfinction enzyme cycle,
S, consists of Mn ions that have a valence of llINdr{most researchers consider t8 be
Mn",Mn",) reviewed in [9]. If so, then this cluster has ergbne 6 oxidations, each one
expected to occur with potentials around 1 eV, mfiie starting 4 Mfi ions. While these
oxidations are at least partially compensated lpratenations etc, the cluster is nevertheless
highly oxidizing and out of equilibrium. In the fatmonal enzyme, the cluster is protected
from reductive attack by several extrinsic protethat exclude most soluble reductants.
Channels through these and parts of the intringowisits allow the substrate water to enter
the active site [10-11].

In redox titrations mediators are generally use@dtablish equilibrium between the
cofactors, the medium and the electrodes. With,R&dlox titrations are problematic because
equilibration between the medium and the highlyd@ing MnyCa cluster will inevitably lead
to the reduction and of the cluster and its likeligintegration. Loss of the cluster is
accompanied by the reversal of the conformatiomgéa that occur during cluster assembly
([12] for recent review) and the shift in the pdiahof Qa to its high potential form [1-2]. In
the present manuscript, two aspects of the recuefifect of dithionite were studied. First, the
effect of dithionite on the My€a cluster (see also [13] where some of the rebale been
published). Second, the effect of dithionite on éectron-acceptor side was also examined

and an unexpected effect was seen.

3. Material and methods:
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3.1 Culture conditions and PSII preparation

The growth conditions and the PSII preparation (W&} exactly as described in [14],
the PSIlI was stored in the storage buffer (40 mMSVH 6.5, 15 mM Cagl 15 mM MgC},
10 % glycerol and 1 M betaine).

3.2 Chemical reduction treatments

Chemical reduction was done on 120 pL aliquotsSi P~ 3 mg Chl/ml). Dithionite
reduction was performed by addition of sodium ditiie to the sample in the EPR tube to
give a final concentration of 2 mM using a 30 mMdcét solution made up in degassed storage
buffer (the preparation of dithionite in either 56@M MES pH6.5 or the storage buffer
showed exactly the same result). Ferricyanide dxidawas added to give a final
concentration of 5 mM using a 25 mM stock solutidii.additions were done in anaerobic

conditions.

3.3 EPR measurements

EPR spectra were recorded using a Bruker Elexsys<siBand spectrometer equipped
with standard ER 4102 resonator and Oxford Instnimd&SR 900 cryostat. Instrument
settings were: microwave frequency 9.4 GHz, modutafrequency 100 kHz. All other
settings were as indicated in the figure legen@8. il aliquots of PSII cores (~ 1 mg Chl/ml)
in the same buffer used for storage were loaded4nihm outer diameter quartz EPR tubes.
The samples were manipulated under dim-green lggid then incubated in complete
darkness. The EPR samples were frozen in a drgtiwaiol bath at 200 K. Samples were
degassed by pumping at 200 K and then filled wigium gas. EPR tubes were then
transferred to liquid nitrogen prior to the EPR sw@aments being made. Samples were

handled in darkness.

3.4 Protein gel analysis

PSIlI dithionite-reduction was followed by SDS-PAGH 12 % acrylamide gel in non-
reductive conditions as described in [15]. PSII g were denaturated in 2% SDS (m/v), 10
% glycerol (m/v), 50 mM pH6.8 Tris-HCI and 0.1 %/¢Mbromophenol blue, for 30 min at
37°C. 3 ug Chi/ml of PSII were loaded into the gel.

4. Results:
4.1 S state induced by dithionite reduction:
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Figure 1 shows the EPR spectrum of PSIl frozen fleas one minute after the addition of
sodium dithionite. A broad signal with many hypesfilines is present. This is very similar to
the S multiline in the literature formed by illuminatiomith three flashes or by reduction with
NH,OH [16-17]. At the same time the intense g~2 sigitaibuted to the semiquinone-iron
signal is observed (Sedoud et al, submitted). Tdie panel of Fig. 1 showed the decay ef S
The half-time of $ generated by the dithionite reduction is estimatetie around 3 min at
room temperature. M, which is already present in a very small fractadrcenters in this
preparation, increased slightly after 30 min indidraat room temperature. It seems likely
that the § decay represents the further reduction of thetetusn principle, the states could
represent redox states that correspond.{doSSs, where S represents the fully reduced 4
Mn*? form.

The small MA" signal did not diminish when sample was illuminkégdter re-oxidation with
potassium ferricyanide. However ferricyanide is \knoto precipitate Mfi’ ions preventing
them from undergoing oxidation by PSIl [18]. The amMn®* signal thus presumably
represents a small fraction of centers where tlustet is destroyed by the dithionite
treatment. The Mii signal was larger in the presence of a mediataiigbdisulfonate, = -
125 mV), this indicates that the addition of thedm&r reduced the Ma cluster further
than did the dithionite alone (i.e.nSns). Further treatment with a strong white light
illumination at room temperature for 12 min, inddan intense Mif EPR signal. The light-
induced increase could represent direct damageedfttyCa cluster by light [19] or a further
perturbation of the site induced by the double ctida of the Q" to QaHz,which is know to
occur under these conditions [20]. It is not clidmat this represents the visualization of all the
Mn?* ions. Acidification of the sample would be reqdiia order to determine this.

4.2 Oxidation of the dithionite-reduced PSII:

PSIl was reduced with dithionite and incubatedIfonin or 10 min and then re-oxidized with
potassium ferricyanide (30 min at room temperatute)mination of such samples at 200 K
did not result in formation of the,Snultiline signal (Fig. 2A,b and 2B,b) indicatinbatt
dithionite eliminated the ;Sstate as expected from the experiment shown in Eig
lllumination of the samples at room temperaturenvdtflashes followed by 1 hour of dark
adaptation, generated a state that gave rise tarauliline signal upon illumination at 200 K
(Fig. 2A,c and 2B,c). This indicates that the rextlistate formed by dithionite reduction can
be reoxidized by light to form the usual Sate (or $and 3 states, which decay back to form
S).
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In principle, centers in.Swould advance to;Swith 3 flashes, centers in;Sand $ would
advance to Sand $ with 3 flashes, respectively. The, &nd 3 states are known to
recombine or to be reduced by TyrD to form[&1]. Any centers in $ (and below) would
generate &(and lower) with 3 flashes and a 200 K illuminatiwould give no $multiline
signal. Thus any centre inz&nd below would not be detectable in our expertaleegime.
To obtain a complete picture experiments usingedift illumination regimes (3 flashes, dark

adapt, plus 1 flash etc) are required.

Shorter incubation times (1 min) with dithionitesal showed no Sformation upon re-
oxidation with potassium ferricyanide. However mga&80 % of S formation upon 200 K
illumination was seen after 3 flashes and 1 h @a&ptation (Fig. 2B,c). This indicates that
the majority of centers were in the,5; or S, state after the dithionite treatment, O

evolution in such sample was around 70 %.

In the sample incubated with dithionite for 10 niesi(Fig.2A,c), the extent of the multiline
seen was around 30 % of that seen in the unrediaredbl sample (Fig. 2A,a). The 3 flashes
illumination means that thepSS; and S, states sum up to around 30 % of centers. Other
experiments directly monitoringy$Fig. 1) indicate that Smakes only a small contribution at
this incubation time, i.e. the 30 % giving riseth® $ signal arise from $and S (or its
formal equivalent $ TyrD). The other centers are presumably in modeiced forms of the
cluster. Measurements of,@volution showed that in this sample the €rolution activity
was 50 % of that in untreated samples. The diffezdpetween the activity and the centers
giving rise to the gsignal presumably reflects centers that were éurtbduced than.S(or
SiTyrD) but remained rapidly oxidizable and functibondhe remaining centers are
presumably either irreversibly damaged or reqiieelow quantum yield assembly processes
characteristic of photoactivation.

These experiments show that treatment with ditieorgsults in over-reduction of the MGa

cluster and that this can be photo-oxidised agdienamthe ambient potential is returned to a
potential range that allows reaction centre phataubtry to occur. Future experiments of this
kind should allow us to define which states aremnied at given times of incubation, so that
new redox states formally corresponding to interiaited found in the photoactivation process

can be studied spectroscopically.
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4.3 Quinone reduction:

Figure 3 shows PSII reduced by dithionite and geeted semiquinone-iron signal is formed.
The typical semiquinone EPR signal was generattst af reduction with dithionite for a
short time incubation (less than 1 min) (Fig. 3@ith g-values of g~2, g~1.94 and g~1.73 as
described in [14, 22] and (Sedoud et al, submitt€dis EPR signal is similar to that found in
non-treated PSIl when QF€* is generated by light at 77 K (Fig. 3B). This sibris
attributed to Q"Fe?* rather than @ Fe**, which is expected to be doubly reduced (tHg)

by dithionite. Fig. 3D showed the same sample a@@rmin incubation in dark at room
temperature. The regular semiquinone EPR signakisho Fig. 3B is converted to a much
broader and more intense signal with g-values ©4,11.83, 1.73 and 1.64 (see stars in left
panel of Fig.3). The new broad signal was virtualbsent when the sample was re-oxidized
with ferricyanide (Fig. 3E). The small residualrsady might be from a fraction of centers that
had not equilibrated with ferricyanide. Illuminati@t 200 K is expected to formaQre®”.
Under these conditions we observed that the filegti®on donor was the cytochromesdin

the majority of centers, while in small fractiona#nters TyrD and Chkadicals were formed
(not shown). No Smultiline EPR signal was formed, indicating unsigipgly that S state
was absent, probably reflecting an over-reductama possibly the loss, of the WBa cluster

in some centers (see above). The photoindugé®€ EPR signal formed in the dithionite-
treated PSIl (Fig. 3E) resembles the signal foundlithionite-reduced PSII after 30 min
incubation (Fig. 3D) and is different from the pbioduced Q F€* in the control without
dithionite (Fig. 3B). This result is a further angent in favor of the assigning the new broad
semiquinone EPR signal tonFe.

The right panel of Fig. 3 showed the power sataratiurve of the modified form of QFe**
measured at g~1.94 feature present in 30 min inedbdithionite-reduced PSII. This signal
has fast relaxation behavior, which is typical bé tother semiquinone-iron signals (the
signals at g ~1.66, g~1.9 and g~2) (Sedoud etibingted). The fast relaxation properties of
the new broad g~1.94 signal is consistent witiatitsbution to the @ Fe&** state.

4.4 Dithionite reduction seen by protein gel:
Fig. 4 shows the effect of dithionite reduction B8l protein subunits. A band in the high
molecular mass range (~90 kDa) disappears wheni®&tuced by dithionite, while bands

appeared at the mass range of ~45 kDa. This irdi¢hat the dithionite treatment affects the
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PSII structure, perhaps the splitting of a 90 kDerodimer” into its constituents (see

discussion).

4.5 An iron-sulfur cluster-type signal generated bydithionite:

Fig. 5 shows another signal induced upon dithioreuction (Fig. 5B), detected at 15 K.
This signal has the following g-values: 2.04, 1.@ith the latter feature showing a shoulder
at a slightly lower g-value. This signal is remagsat of an iron-sulfur cluster. Re-oxidation of
the sample with ferricyanide resulted in the losshes signal (Fig. 5C). The illumination of
this reoxidised sample at 200 K did not resultamfation of this signal (Fig. 5D) and the
signal was never observed as a light induced spéatiether studies done of PSII. The double
reduction of Q to QaH; in a sample (i.e. reduction with dithionite anldinhinated strongly
for 12 min) [20] did not affect this signal. Thigysal is detected and unmodified in formate-
treated PSII when reduced by dithionite (data hots1). The double reduction ofaQr the
presence of formate as a ligand of the non-hemredrd not affect the presence of the iron-
sulfur-like EPR signal. Thus this signal is notatel to the semiquinone-iron complex of PSII
(data not shown). This signal is also present endithionite-reduced Mn-depleted PSII (data
not shown) and it was not formed by addition ofisodascorbate, alone or in the presence of
DAD.

5. Discussion:

We have found that at short times after dithioaitielition to PSII dithionite theeSnultiline
EPR signal. Until now, the Snultiline was formed either photochemically or By{,0OH
reduction [16-17, 23]. The dithionite method reprdgs a new method for generating the S
state with high yields and in highly concentrateimples. This should allow improved
spectroscopic studies of this state.

We have found that after re-oxidation of the dithie-reduced PSII by ferricyanide, the
semiquinone state was lost due to its oxidationleathe Mn,Ca cluster remained in an over-
reduced state. This is not surprising since chdmoxidation of S-states is expected to require
higher potentials than those obtainable with fgaigde. The over-reduced state could
however be efficiently re-oxidized by flashes illuation. Future experiments are needed to
characterize the reduced PSIlI states present. 8xgériments should help us clarify the
nature of the over-reduced states, their valenderaactivity but also could help understand

aspects of the photoassembly process, photoactivati
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The marked change in thea@emiquinone EPR signal after incubation in dititmman be
rationalized as reduction-induced structural chamgeé®SIl. The reasons for this are as
follows. 1) The modified form of the Q)F€** signal was generated by illumination when the
dithionite treated sample was re-oxidized by fgamide. Thus the dithionite-reduction effect
is irreversible, at least in our experimental ctiods. 2) We know from previous work that
the Mn,Ca cluster when reduced by dithionite can undergthange that sensed by the
electron-acceptor side [8]. The assembly of the@ancluster is associated with conformation
changes [12] and this influences the environmer®©o{2]. The reversal of this process by
chemical reduction is expected then to influene @. 3) The dithionite reduction caused
the disappearance of a 90 kDa protein band andasgpee of bands around 45 kDa in the
SDS PAGE shown in Fig. 5. This could reflect theéuation of a disulfide bride in PSII.

One candidate is the disulfide bridge present m BsbO subunit [24]. The reduction or
mutation of this bridge has been shown to induanghks in the polypeptide structure, and
mutation of the cysteins involved in this bridgsuk in a change of the apparent weight by
~10 kDa (reviewed in [25] and [24]) on SDS PAGEsgelThe result shown in Fig. 4 is

unlikely to be due to a change in the state ofbieO bridge.

The 90 kDa protein band may correspond to the obieSll constituted of D1-D2 with or
without Cyt b559. If so then this might be due teeduction of a disulfide bridge was present
between D1 and D2 (D1-C211 and D2-C212), its redndiy dithionite could account for the
effect that we report here. The current crystalcttire does not show such a bridge, however
the two cysteines D1-C211 and D2-C212 are closetheg (5.6 A) just beneath the non-heme
iron (9-10 A from the iron and histidines ligand$he distance between those cysteines and
the quinones is about 8 A (see Fig. 6). At the entrresolution it may be possible that a
disulfide bridge exists under some conditions. Wtenapted to reproduce the effect of
dithionite using reagents specific for disulfideidge reduction such as dithiothreitol or
TCEP, but they had no similar effect (not shownhisThowever is inconclusive as the
putative bridge is hidden in the hydrophobic pdrttee membrane. The higher resolution
crystal structure should answer this question, elsas identification by mass spectroscopy of
the 90 kDa band.
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The effect of dithionite reduction on the electamteptor side has been studied for decades.
Dithionite reduces @ and hence the fluorescence level increases. Tikes gise to the
change that is most commonly used to monitor thierm@l of Q. Some low potential
phenomena have remained unexplained. Many resear@ee [1, 26-27]) have reported high
redox potential at ~ -275 mV for @A™ couple in a redox titration measured by either EPR
or fluorescence. It seems possible that thesetsffeay correspond to a reduction-induced
structural change giving rise to a higher fluoreseelevel from Q™ (e.g. [27]), or a increased
trapped Phspilt signal [26]. We note that -275 mV value measd is almost exactly the
expected value for a cysteine bridge. A redoxttdaraof the new effect reported here should
determine if this signal correlates to the clasas mV redox transition.

We note that this -275 mV transition is distincbrfr the slow and relatively irreversible
second reduction step forming.&, when PSII is reduced by dithionite and mediator at

potentials lower than -400mV or by dithionite amabsg illumination, e.g. [28].

The origin of the iron-sulfur like signal is diffilt to explain. It seems to be specifically
generated by dithionite and not by light. Althougé consider it unlikely that the preparation
is contaminated by iron-sulfur proteins this hadéothe first explanation. A redox titration
may help define what this species could be. A \spgculative hypothesis is that the iron-
sulfur signal may arise from the artefactual fonoraf an iron-sulfur cluster in PSII formed
by cysteines (perhaps the putative bridging cys®in sulfur from the dithionite and
contaminating iron. A single pair of cyteines id safficient to complete the coordination of
a 2Fe2S centre. It is possible that the centreaserike a Rieske centre with 2 imidazoles
completing the coordination e.g [29]. It would Imeresting to see if two of the His residues
that coordinate the iron in PSII could also cooatinone half of a Rieske like centre in PSII.
Should this occur, it is probably in a small fraatiof damaged centers.

This is all very speculative but it may be of welece to the evolution of reaction
centers. It is generally agreed that a transitiocuoed between type | (FeS containing) and
type 2 (non-heme iron containing) reaction cent€éhere have been no clues as to how this
might have occurred. Here this gross speculatiorprissented simply because of the
possibility that it provides the first potentiauel for understanding this evolutionary of this
transition. More experiments are needed to resthiigequestion and several others raised in
this manuscript. The coming high resolution crystalicture will also have a bearing on these

guestions.
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Figure 1: g state induced by dithionite reduction. PSII wadueed by dithionite and frozen
right after the dithionite reduction (less than ihynRight panel shows the decay oef(Black)
and Mrf* formation (red). The red square shows the*Mavel after addition of a redox
mediator (indigodisulfonate,F= -125 mV). The red cross shows the maximum lef/&in**

that was obtained after 12 min illumination withosig white light at room temperature.
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Figure 2: Effect of sodium dithionite on the formoatof S multiline EPR signal.

PSIl complexes were incubated 10 min (panel A) orid (panel B) in the absence (a) and in
the presence of 2 mM of sodium dithionite (b,c). gdectra were difference spectra after 200
K illumination (light-minus-dark). (a) Untreated PSII; (b) PSIl complexes wealiby sodium
dithionite and reoxidized by potassium ferricyani{l® sample b was thawed and then was
dark adapted at room temperature for 30 min, ilhated by a series of 3 flashes and finally
dark adapted for 30 min. Instrument settings: nuieee power, 20 mW; modulation

amplitude, 25 gauss; temperature, 8.5 K.
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Figure 3: Quinone dithionite-reduction. In left pgnA) Spectrum of long-dark incubated
PSIl (12h). B) 77 K Lighminus-dark representing the photoinduced B¢* state for
comparison. C) Dithionite reduction after 1 min. D) same sample after 30 min. E)
Ferricyanide oxidation (30 min). F) lllumination dfe sample presented in (E) at 200 K.
Right panel shows the microwave power saturatiothefg~1.94 found ' Fe’* state in the
dithionite-reduced PSII that was incubated 30 nilre stars in the left panel labeled the main
g-values measured in thex@€* state in the dithionite-reduced PSII that was lratad 30
min, the g-values were: 1.94, 1.83, 1.73 and 1.64.
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Figure 5: dithionite reduction induces a sulfumir&PR type signal. A) PSII long-dark
adapted (12h) at room temperature. B) Dithionitduotion for less than 1 min. C)

Ferricyanide oxidation. D) lllumination at 200K. &jtra recorded at 15K.
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(bi)carbonate

D2-C212 "~ D1-C211

Figure 6: Electron acceptor side structure of RBDB:3BZ1) [30]. Q, Qs, non-heme iron
and its hisitidines and (bi)carbonate ligands, 2I-C and D2-C212 are shown. Figure
generated by Pymol.
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Cytochrome ¢, (cyt ¢550) is a component of photosystem II
(PSII) from cyanobacteria, red algae, and some other eukary-
otic algae. Its physiological role remains unclear. In the pres-
ent work, measurements of the midpoint redox potential (E,,)
were performed using intact PSII core complexes preparations
from a histidine-tagged PSII mutant strain of the thermophilic
cyanobacterium Thermosynechococcus (T.) elongatus. When
redox titrations were done in the absence of redox mediators,
an E,, value of +200 mV was obtained for cyt c55,. This value is
~300 mV more positive than that previously measured in the
presence of mediators (E,, = —80 mV). The shift from the high
potential form (E,, = +200 mV) to the low potential form
(E,, = —80 mV) of cyt c55, is attributed to conformational
changes, triggered by the reduction of a component of PSII
that is sequestered and out of equilibrium with the medium,
most likely the Mn,Ca cluster. This reduction can occur when
reduced low potential redox mediators are present or under
highly reducing conditions even in the absence of mediators.
Based on these observations, it is suggested that the E,, of
+200 mV obtained without mediators could be the physiologi-
cal redox potential of the cyt ¢, in PSIL. This value opens the
possibility of a redox function for cyt c55, in PSII.

In all photosynthetic oxygen-evolving organisms, the pri-
mary steps of light conversion take place in a large pigment-
protein complex named PSII,> which drives light-induced
electron transfer from water to plastoquinone with the con-
comitant production of molecular oxygen (for review, see Ref.
1). The reaction center of PSII is made up of two membrane-
spanning polypeptides, D1 and D2, which bind four chloro-
phylls, two pheophytins, two quinones, Q, and Qg (the pri-
mary and secondary quinone acceptors of the reaction centre
of PSII), a non-heme iron atom, and a cluster made up of four

* This work was supported by grants from the Ministry of Education and
Culture of Spain (BFU2007-68107-C02-01/BMC, cofinanced by FEDER),
and Andalusia Government (PAI CVI-261) and the EU/Energy Network
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(51 The on-line version of this article (available at http://www.jbc.org) con-
tains supplemental Fig. S1.
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manganese ions and one calcium ion. In green algae and
higher plants, three extrinsic proteins are associated to reac-
tion center in water-splitting active PSII complexes: 2324,
16-18, and 33 kDa proteins, whereas in cyanobacteria, red
algae and some other eukaryotic algae, cyt c55,, 12 kDa and 33
kDa proteins are found. The three-dimensional structure of
PSII confirmed that cyt c55, binds on the lumenal membrane
surface in the vicinity of the D1 and CP43 (2-6).

Cyt c550, encoded by the psbV gene, is a monoheme protein
with a molecular mass of =~ 15 kDa and an isoelectric point
between 3.8 and 5.0 (7, 8). The recent resolution of the three-
dimensional structure of the soluble form of cyt c55, from
three cyanobacteria, Synechocystis sp. PCC 6803 (9), Arthro-
spira maxima (10), and Thermosynechococcus elongatus (11)
has confirmed a previously proposed bis-histidine coordi-
nated heme that is very unusual for monoheme c-type cyto-
chromes (8, 11, 12). Crystal structures of both isolated and
PSII-bound forms of cyt ¢, show that the protein presents a
hydrophobic inner core typical of monoheme cytochromes c,
with three helices forming a nest for the prosthetic group and
a fourth helical segment in the N-terminal domain protecting
the heme from solvent, indicating that the heme structure is
not very different from most c-type cytochromes (13).

The exact physiological role of cyt ¢4, is unclear. Extensive
research has established that it does not participate in the
main photosynthetic reactions despite its close proximity (22
A) to the water oxidation complex. Cyt c.., is thus suggested
to play the same role as the other (albeit cofactor-less) extrin-
sic proteins. By stabilizing the neighboring proteins and pro-
tecting the manganese cluster from external reductants, it
stabilizes the oxygen-evolving complex (14, 15). Studies of
phenotype of the cyt c..,-less mutant (APsbV) of Synechocys-
tis sp. PCC 6803 have shown that both the cyt c55, and the
12-kDa protein stabilize the binding of the Ca®?* and Cl~ ions,
which are essential for the oxygen-evolving activity of PSII, in
a manner analogous to the extrinsic 17 and 24 kDa polypep-
tides of higher plants (14, 16, 17). The fact that cyt .., can be
isolated as a soluble protein (7, 8, 18 —20) suggests that other
functions not directly related to PSII are possible for this pro-
tein. Several nonphotosynthetic roles have been suggested for
cyt ¢550- In fact, a function related to anaerobic disposal of
electrons from carbohydrates reserves or fermentation to sus-
tain an organism during prolonged dark and anaerobic condi-
tions have been proposed (19, 21, 22). According to Shen and
Inoue (23), cyt c55, can accept electron from ferredoxin II in
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the presence of sodium dithionite and is proposed to remove
excess electrons in anaerobically grown cells.

The E,, of cyt c55, is one of the key parameters for elucidat-
ing the biological role of this cytochrome. An E,, value at pH
7.0 (E,,,) of =260 mV was the first to be reported for purified
Cyt ¢550 from Anacystis nidulans (20). Cyt c5s, from Microcys-
tis aeruginosa and Aphanizomenon flos-aquae were found to
be reducible by sodium dithionite (E,,, = —420 mV), but not
by sodium ascorbate (E,,, = +58 mV) (7). Later, E,, values
from —280 to —314 mV were obtained for purified cyt ¢4,
from the same species (12) and an E_, of =250 mV from Syn-
echocystis sp. PCC 6803 (8). In previous work, we determined
an E_, value of —240 mV for the soluble form of cyt c5, from
the thermophilic cyanobacterium 7. elongatus after its extrac-
tion from PSII (24). Such low redox potentials are well below
the range normally expected for a mono-heme c-type cyto-
chrome and seem incompatible with a redox function in PSII
electron transfer. Using an electrochemical technique, a value
150 mV more positive (E_, =~ —100 mV) was measured for
E,, of cyt c55, from Synechocystis sp. PCC 6803 adsorbed to an
electrode surface (13). This higher value was attributed to the
exclusion of water from the site due to the protein binding to
the electrode (13). The E,,, for cyt ¢, associated with PSII
was not established until our group was able to measure it
using intact PSII core complexes preparations from T. elonga-
tus. Using potentiometric redox titrations, a significantly
higher E,, value was obtained for cyt c,,, when bound to PSII
(Erne = —80 mV) compared with its soluble form after its ex-
traction from PSII (E_ o = —240 mV) (24). Moreover, al-
though the E,, of the bound form is pH-independent, the E,,
of the soluble form varies from —50 mV at pH 4.5 to —350
mV at pH 9-10 (24). The difference of E,, between the iso-
lated and the PSII-bound forms of cyt ¢, has been con-
firmed by theoretical calculations based on crystal structures
of the isolated and PSII-bound forms (25). Some authors (13,
24, 26) have proposed that in conditions more native than
isolated PSII core complexes, it is possible that the E,, of cyt
Cs50 May be even higher than —80 mV, and thus a redox func-
tion in the water oxidation complex could be conceivable.
Therefore, the precise determination of the redox potential of
this protein is of fundamental importance to the understand-
ing its function.

One of the most standard techniques for determining redox
potentials of proteins is the redox potentiometry. It involves
measuring the ambient redox potential (E,) while simulta-
neously determining the concentration of the oxidized and
reduced forms of the protein using a spectroscopic technique.
Meaningful results will be obtained only if chemical equilib-
rium is achieved between the various species in solution and
electrochemical equilibrium is established at the electrode
solution interface (27, 28). Unlike many small inorganic and
organic redox couples, most redox proteins do not establish
stable potentials because the heterogeneous charge-transfer
(electrochemical) rates are low. A predominant reason for this
is that the redox center is often shielded by protein and so
does not gain proper contact with the electrode surface. Re-
dox mediators are required to act as go-betweens between the
measuring electrode and the biological redox couple and tlj\_lés

5986 JOURNAL OF BIOLOGICAL CHEMISTRY

to get rates of the electron transfer between electrode, media-
tor and biological component rapid enough to achieve a true
equilibrium (i.e. one where all redox complexes in the biologi-
cal electron transfer system are at the same E,) (29). There-
fore, in most redox titrations of proteins, equilibrium is en-
sured by the addition of a mixture of redox mediators that
establishes rapid (heterogeneous) electro-chemical equilib-
rium with the electrode and rapid (homogeneous) electron
transfer with the protein without chemically modifying it in
any way.

It has been reported that the E,, of Q, in PSII-enriched
membranes was affected by the presence of redox mediators
at low ambient potentials. As consequence of this, a change in
the redox potential from —80 mV (active form) to +65 mV
(inactive form) has been determined in the potentiometric
titrations performed on PSII membranes. This effect was at-
tributed to the loss of the very high potential Mn,Ca cluster
due to reductive attack by the mediators and the sodium di-
thionite itself under some conditions (30). This was con-
firmed by the observation that the low potential, active form
of the Q,/Q,~ couple could be regenerated when the manga-
nese cluster was reconstituted (31). The binding and debind-
ing of the Mn,Ca cluster and even of the Ca*>" ion is consid-
ered to be associated with conformational changes that are
manifest far from the binding site itself (30, 31).

Based on these observations and taking account that in most
of redox titrations of cyt c.., bound to PSII, equilibration was
ensured by the addition of a mixture of redox mediators (24,
26), it seemed possible that E,,, of cyt ¢55, when bound to PSII
could suffer from this unexpected technical difficulty. The pres-
ence of these mediators could have led to the reduction of the
manganese cluster, the consequent loss of the Ca>" and Mn**
ions and associated conformation changes in the protein. The E,,
value obtained for cyt ¢, may not reflect the fully intact form of
the PSII-bound cytochrome.

The main objective of this work has been to re-evaluate the
redox potential of cyt ¢, associated with PSII considering
the effect of redox mediators. To check for the latter possibil-
ity, redox titration experiments were performed using highly
active and intact core complexes preparations of PSII from
T. elongatus testing the presence and absence of redox media-
tors and different redox mediators.

EXPERIMENTAL PROCEDURES

Strain and Standard Culture Conditions—W'T and His-tag
CP43 mutant T. elongatus cells were grown in a DTN medium
(32). Cultures were carried out in 3-liter flasks in a rotary
shaker (120 rpm) at 45 °C under continuous illumination
from fluorescent white lamps (100 microeinsteins m ™~ %s™ ')
and CO,-enriched atmosphere. For maintenance, the His-
tag CP43 mutant cells were grown in the presence of chlor-
amphenicol (Cm) (5 ug ml~ ') at 45 °C under continuous
illumination from fluorescent white lamps (40 microein-
steins m~ 2 s 1),

Construction of Plasmid for His-Tag CP43 T. elongatus
Mutant—For constructing a plasmid for expression of His-
tagged psbC in T. elongatus, the genome region containing the
psbD1, psbC and tlr1632 genes was amplified by PCR.
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Genomic DNA of T. elongatus as template and the primers
CP43a (5'-ATGACGATCGCGATTGGACGA-3') and CP43b
(5'-GCAATCCAATGATGGACTTAG-3’) were used. The
amplified region was digested by Kpnl and BamHI, and it was
cloned in a pBluescript KS+ plasmid also previously digested
by the same restriction enzymes. Then, by site-directed
mutagenesis, the bases coding for six histidines were added

in the 3’ terminal of the psbC gene using the synthetic
oligonucleotides CP43 His-tag a (5'-CCTCTCGATGCCCA-
GCCTTGATCACCATCACCATCACCATTAGGGTTACT-
GAGTCAACTTAA-3') and CP43 His-tag b (5'-TTAAGTT-
GACTCAGTAACCCTAATGGTGATGGTGATGGTGATC-
AAGGCTGGGCATCGAGAGG-3'). An Smal site was
created between the psbC and tlr1632 genes using the oligo-
nucleotides CP43Smala (5'-ACCATTAGGGTTCCCGGGT-
CAACTTAACTC-3') and CP43Smalb (5'-GAGTTAAGTT-
GACCCGGGAACCCTAATGGT-3’). Finally, a
Cm-resistance cassette was introduced in the Smal site. The
Cm resistance cassette was obtained by amplification by PCR
of a 1.1-kb fragment of the plasmid pBC SK+ Cm® using the
synthetic oligonucleotides Cam1.1a (5'-GCTGTGACGGAA-
GATCACTTCGC-3') and Caml.1b (5'-GCTCCACGGGGA-
GAGCCTGAGCA-3’). The construction obtained, pCH-Cm,
was a plasmid of 7 kb. To increase the chances for 7. elonga-
tus transformation, this plasmid was digested by the restric-
tion enzyme EcoRI deleting the psbD gene and the beginning
of the psbC gene. The 5-kb plasmid obtained, named pCH-
5.1, was used to transform WT T. elongatus cells.

Transformation of T. elongatus Cells and Genetic Analysis
of Mutants—The pCH-5.1 plasmid containing the His-tagged
psbC gene and the Cm-resistance cassette was introduced
into WT T. elongatus cells by electroporation according to
(32) with slight modifications as described in Ref. 26, creating
the His-tag CP43 strain (WT"). After electroporation, cells
were rapidly transferred to 2 ml of DTN medium and incu-
bated for 48 h in a rotary shaker at 45 °C under low light con-
ditions. Then, the cells in 0.1-0.2-ml aliquots were spread on
agar plates containing Cm (2 ug ml™') and incubated at 45 °C
under dim light and humidified atmosphere. After 2—3 weeks,
transformants emerged as green colonies; then, these colonies
were spread at least twice on agar plates containing 5 ug ml™*
Cm. Genomic DNA was isolated from T. elongatus cells es-
sentially as described by Cai and Wolk (33). Total segregation
of the mutation was checked by PCR amplification of the ge-
nome region containing the psbC gene and the gene for Cm
resistance. The PCR gave a fragment of 3.6 kb containing the
psbC and the Cm resistance gene, instead of a fragment of 2.5
kb observed in the WT therefore demonstrating the complete
segregation of the mutant. Confirmation of the presence of
the His-tag was done by sequencing of the amplified DNA
fragment.

PSII Core Complex Preparation—PSII core complexes were
prepared from cells of T. elongatus as described by Kirilovsky
et al. (26). The PSII core complexes preparations were resus-
pended in 40 mm MES, pH 6.5, 15 mm CaCl,, 15 mm MgCl,,
10% glycerol, and 1 m glycinebetaine at ~2—3 mg of Chl ml ™!
and stored in liquid N,. The preparations used in this work

High Potential Cytochrome css,

had an oxygen evolution activity of 2700 -3200 pmol O, mg
ChlI™'h™".

Redox Potential Measurements—Potentiometric redox ti-
trations were carried out basically as described in Roncel et al.
(24). For titrations, samples contained PSII core complexes
(30-50 g Chl ml ') were suspended in 2.5-ml buffer con-
taining 40 mMm MES, pH 6.5. When indicated, a set of the
following eight redox mediators was added: 10 um p-benzo-
quinone (E,,, = +280 mV), 20 um 2,3,5,6-tetramethyl-p-phe-
nylendiamine (also called diaminodurol) (£, = +220 mV),
10 uMm 2,5-dimethyl-p-benzoquinone (E,, = +180 mV),

20 uM o-naphthoquinone (E,, = +145 mV), 2.5 um N-meth-
ylphenazonium methosulfate (£, , = +80 mV), 10 um N-
methylphenazonium ethosulfate (E_,, = +55 mV), 20 um
duroquinone (E,, = +10 mV) and 30 uMm 2-methyl-p-naph-
thoquinone (E,,, = 0 mV). Some redox titrations were carried
out in the absence of these redox mediators or in the presence
of diaminodurol only. Experiments were done at 20 °C under
argon atmosphere and continuous stirring.

Reductive titrations were performed by first oxidizing the
samples to E,, =~ +450 mV with potassium ferricyanide and
then reducing it stepwise with sodium dithionite. For oxida-
tive titrations, the samples were first reduced to E;, = —350
mV with sodium dithionite and then oxidized it stepwise with
potassium ferricyanide. In both cases, after the additions of
potassium ferricyanide or sodium dithionite, the absorption
spectrum between 500 and 600 nm and the redox potential of
the solution were simultaneously recorded by using, respec-
tively, an Aminco DW2000 UV-vis spectrophotometer and a
Metrohm Herisau potentiometer provided with a combined
Pt-Ag/AgCl microelectrode (Crison Instruments, Spain). Dif-
ferential spectra of cyt b5, and cyt c45, in PSII core com-
plexes were obtained by subtracting the absolute spectra re-
corded at each E,, during titrations from the spectra of the
fully oxidized state of each cytochrome (reductive titrations)
or from the spectra of the fully reduced state of each cyto-
chrome (oxidative titrations). The absorbance differences at
559-570 nm for cyt by, and 549 —538 nm for cyt c55, Ob-
tained from these spectra were normally converted into per-
centages of reduced cytochrome and plotted versus solution
redox potentials. The E,, values were then determined by fit-
ting the plots to the Nernst equation for one-electron carrier
(n = 1) with 1 or 2 components as needed and using a nonlin-
ear curve-fitting program (Origin version 6.0, Microcal
Software).

EPR Measurements—EPR spectra were recorded using a
Bruker Elexsys 500 X-band spectrometer equipped with a
standard ER 4102 resonator and an Oxford Instruments ESR
900 cryostat. Instrument settings were as follows: microwave
frequency, 9.4 GHz; modulation frequency, 100 kHz. All other
settings were as indicated in the legend of Fig. 6. 120-pul ali-
quots of PSII cores (~ 1 mg Chl ml ') in the same buffer used
for storage were loaded into 4-mm outer diameter quartz EPR
tubes. The EPR samples were frozen in a dry ice/ethanol bath
at 200 K. Samples were degassed by pumping at 200 K and
then filled with helium gas. EPR tubes were then transferred
to liquid nitrogen prior to the EPR measurements being
made. Samples were handled in darkness. Reduction was per-
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FIGURE 1. Reductive potentiometric titrations of cyt bss, and ¢, in PSII core complexes in the presence of a mixture of eight redox mediators cov-
ering the potential range between +430 and 0 mV. A and B, difference absorption spectra in the a-band region of cyt bsso and cyt cs5,. The spectra were
obtained by subtracting absolute spectra recorded during the course of the redox titration between +455 and —80 mV minus the spectrum recorded at
+455 mV (A) and the spectra recorded between +210 mV and —300 mV minus the absolute spectrum recorded at +210 mV (B). For simplification, only a
set of selected spectra are included in A and B. C and D, plot of the percentages of reduced cyt by, and reduced cyt css, obtained from the absorbance dif-
ferences at 559-570 nm and 549-538 nm versus ambient redox potentials, respectively. The solid curves represent the best fit of the experimental data to
the Nernst equation in accordance with one-electron processes (n = 1) for two components (C) with an E,,, of +246 mV (20%) and +389 mV (80%) and for

one component (D) with an E,,, of =20 mV.

formed by addition of sodium dithionite to the sample in the
EPR tube to give a final concentration of 2 mm using a 30 mm
stock solution made up in degassed storage buffer. Oxidation
was done by addition of potassium ferricyanide to give a final
concentration of 5 mm using a 25 mum stock solution. All addi-
tions were done in anaerobic conditions.

Spectroscopic Measurements of Cyt css, Binding—To deter-
mine the degree of association of cyt c55, with PSII after treat-
ment with sodium dithionite, PSII core complexes prepara-
tions at a concentration of 25 ug Chl ml~" were incubated in
40 mm MES (pH 6.5) for 30 min in the presence (E,, =~ —400
mV) and absence (E,, =~ +295 mV) of sodium dithionite (2
mM). The solutions were kept anaerobic in the dark at 20 °C.
Samples were then centrifuged in the presence of PEG 8000.
Difference spectra of the resuspended precipitate and the su-
pernatant were taken.

RESULTS

Effect of Redox Mediators—Initially potentiometric redox
titrations of the isolated PSII core complexes preparations in
the presence of a mixture of eight redox mediators (see “Ex-
perimental Procedures”), covering the potential range be-
tween +430 and 0 mV, were performed. This mixture ex-
cluded five mediators with negative redox potential
(anthraquinone-2-sulfonate, anthraquinone-2,6-disulfonate,
anthraquinone-1,5-disulfonate, 2-hydroxy-p-naphthoqui-
none, and anthraquinone), which were used in our previous
work (24). Fig. 1 shows a representative potentiometric titra-
tion of PSII core complexes from T. elongatus at pH 6.5 under

these conditions. Differential absorption spectra in the
a-band region of the cytochromes were obtained by subtract-
ing the absolute spectrum recorded at +455 mV from those
recorded during the course of the redox titration (Fig. 14).
This figure clearly shows that PSII core complexes contain
two different components with absorption maxima in the
a-band at 559 and 549 nm, which are progressively reduced
during the course of titration. The component with an ab-
sorption maximum in the a-band at 559 nm that appeared
between +455 mV and +210 mV can be assigned to cyt b,
whereas the component appearing between +210 mV and
—295 mV can be assigned to cyt ¢4, as has been already de-
scribed (24). Differential spectra in Fig. 1A reveals that both
cytochromes can be sequentially titrated observing the change
of the a-band of both cyt b, and cyt c55,. Consequently, it
was first possible to determine the redox potential of cyt b,
by measuring the relative content of cyt b, from the absor-
bance difference between 559 and 570 nm (Fig. 1A4). A plot of
the percentages of reduced cyt b, obtained from these dif-
ference spectra, versus E, could be fitted to a Nernst equation
for two n = 1 components (Fig. 1C). It clearly indicated the
existence of two different cyt b, components with E,, values
of +389 mV (accounting for ~85% of the total amount of
protein) corresponding to the high potential form and +246
mV (~15% of the total amount of protein) corresponding to
the intermediated potential form. These values are similar to
those obtained in measurements on PSII core complexes of
T. elongatus where reductive titrations were carried out in the
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FIGURE 2. Reductive potentiometric titrations of cyt by, and css, in PSII core complexes without redox mediators in the presence of 25 um potas-
sium ferricyanide. A and B, difference absorption spectra in the a-band region of cyt b.s, and cyt ¢ss,. The spectra were obtained by subtracting absolute
spectra recorded during the course of the redox titration between +430 and —80 mV minus the spectrum recorded at +430 mV (A) and the spectra re-
corded between +220 mV and —80 mV minus the absolute spectrum recorded at +230 mV (B). For simplification, only a set of selected spectra are in-
cluded in A and B. C and D, plot of the percentages of reduced cyt bss, and reduced cyt cs5, obtained from the absorbance differences at 559-570 nm and
549-538 nm versus ambient redox potentials, respectively. The solid curves represent the best fit of the experimental data to the Nernst equation in accor-
dance with one-electron processes (n = 1) for two components (C) with E,,, of +222 mV (20%) and +392 mV (80%) and for one component (D) with E,,

of +200 mV.

presence of low potential mediators (24). When most cyt b,
was reduced at E,, of +210 mV, changes in the a-band of cyt
Cs50 could be cleanly observed and consequently its E,, deter-
mined without any interference from cyt b.,. Differential
spectra of cyt 55, (Fig. 1B) were obtained by subtracting the
spectrum recorded at +210 mV (cyt c55, almost fully oxidized
and cyt by, fully reduced) from each spectrum performed at
different ambient redox potential (between +210 and —295
mV). The relative content of cyt ¢, was calculated from the
absorbance difference between 549 and 538 nm. Then, the
percentages of reduced cyt ¢, versus E, were plotted and an
E,, value of —20 mV was calculated by fitting the experimen-
tal points to the Nernst equation for one » = 1 component
(Fig. 1D). This E,, value was significantly higher than those
described to date for cyt ¢4, associated with PSII (24, 26).
The E,, of the cyt b, and cyt c55, was measured in the
absence of redox mediators other than sodium dithionite and
potassium ferricyanide. Complete reductive potentiometric
titration at pH 6.5 of cyt b, and cyt ¢, in the PSII core
complex was performed with the sample previously oxidized
with potassium ferricyanide to an initial redox potential of
approximately +450 mV (Fig. 2). Difference absorption spec-
tra in the a-band region of cytochromes obtained during the
course of the redox titration between +450 mV and —45 mV
are shown in Fig. 2A. Fig. 2C shows a plot of the percentages
of reduced cyt b, versus ambient redox potential indicating
the presence of two different forms of cyt b, with E,, values
of +392 mV (high potential form) and +222 mV (intermedi-
ated potential form), each representing ~85 and 15% of the

total amount of protein, respectively. This result was similar
to those found in the titrations carried out both in the ab-
sence (see Fig. 1C) and presence of low potential redox medi-
ators (24). However, the plot of percentages of reduced cyt
Cs50 Obtained from the difference absorption spectra of the cyt
Cs50 during the course of the redox titration (Fig. 2B) versus
ambient redox potential clearly showed that cyt ¢, had a
significant higher E,, value (+200 mV) (Fig. 2D) than that
obtained in the presence of low potential redox mediators
(—80 mV) (24) and in the presence of other somewhat higher
potential redox mediators (—20 mV) (see Fig. 1D). A similar
E,, value for cyt c55, was obtained if the reductive potentio-
metric titration of PSII core complex was started from ambi-
ent redox potential of the reaction mixture without previous
addition of potassium ferricyanide (data not shown).

It has been observed that to get a well defined E, ,, most
proteins need the presence of mediators with redox potentials
within £30-60 mV of the redox center E,, value and that for
a single redox center, one mediator is ordinarily sufficient (27,
28). To verify the new value of E,, obtained for cyt ¢, in the
absence of mediators (Fig. 2D), reductive potentiometric titra-
tions were also performed in the presence of a single redox
mediator (Fig. 3). We selected the mediator diaminodurol (see
“Experimental Procedures”) with an E, - of +220 mV, which
is very close to the new value obtained for cyt c.., bound to
PSII (Fig. 2). In these conditions, a value of E,, = +215 mV
for cyt c55, was measured very similar to that obtained in the
absence of redox mediators (Fig. 2D). Thus, these results
show that cyt ¢, in the absence of redox mediators (other
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FIGURE 3. Reductive potentiometric titration of cyt ¢, in PSIl core complexes with 20 um diaminodurol and 25 um of potassium ferricyanide.

A, difference absorption spectra in the a-band region of cyt cs5,. The spectra were obtained by subtracting absolute spectra recorded during the course of
titration minus the absolute spectrum recorded at +240 mV. For simplification, only a set of selected spectra are included. B, plots of the percentages of
reduced cyt cs5, Obtained from the absorbance differences at 549-538 nm versus ambient redox potentials. The solid curve represents the best fits of the
experimental data to the Nernst equation in accordance with one-electron processes (n = 1) for one component with E,,, of +215 mV.

than potassium ferricyanide and sodium dithionite) or with
only diaminodurol has an E,, value of ~200 mV higher than
that obtained with the mixture of the eight mediators (see
“Experimental Procedures”) (Fig. 1D). These results are con-
sistent with those obtained in redox titrations of Q, in spin-
ach PSII membranes where it was observed that the addition
of redox mediators at low ambient potentials led to a shift of
the E,, for Q, from —80 mV to +65 mV (30).

Hysteresis—To increase confidence that titrations have
been successfully performed at equilibrium, it is a common
practice to perform redox titrations in both oxidative and re-
ductive sequences, and identical results should be obtained.
Oxidative potentiometric titrations were carried out in the
same conditions as Figs. 1 and 2. Fig. 44 shows the result of
an oxidative potentiometric titration of cyt ¢, in PSII core
complexes preparations in the absence of redox mediators. In
this case, cyt c55, was previously reduced by adding excess
sodium dithionite, and once it reached an E,, near —370 mV,
the oxidative titration was performed by adding small
amounts of potassium ferricyanide. Difference absorption
spectra in the a-band region of cyt ¢, recorded during oxi-
dative titrations in these conditions are shown (Fig. 44, inset).
From plots of percentage of reduced cyt c55, versus ambient
redox potential obtained from these spectra, it was possible to
adjust the oxidative titration curve with a Nernst equation
with n = 1 (Fig. 44). Fig. 44 shows the presence of one com-
ponent with E,, value of —220 mV, a value very similar to that
described for the soluble form of cyt ¢, (8, 12, 20, 24, 26).
One striking feature of this result is that the oxidative titra-
tion curve showed considerable differences from those per-
formed in the reductive direction (see Fig. 2D). The E,, deter-
mined by a reductive or oxidative potentiometric titration is
usually identical in most of the biological and non-biological
systems. However, cyt c5., bound to PSII exhibited anoma-
lous redox chemistry, i.e. hysteresis was observed in the re-
ductive and oxidative redox titrations in which an E,,, of +200
mV and —220 mV were obtained, respectively.

To test whether the absence of redox mediators was re-
sponsible for the differences between reductive and oxidative
titrations, an oxidative titration in the presence of eight redox
mediators spanning the range between 0 to +300 mV (see

5990 JOURNAL OF BIOLOGICAL CHEMISTRY

“Experimental Procedures”) was done. Fig. 4B shows differ-
ence spectra obtained during the course of this titration (in-
set) and a plot of percentage of reduced cyt ¢, versus ambi-
ent redox potential obtained from these spectra. A very
similar low redox potential (E,, = —215 mV) for cyt ¢4,
could be calculated.

The above results suggest the possible existence of at least
two states (A and B) corresponding to cyt ¢, with substan-
tially different E,,,. An E,, of +200 mV can be determined by
reductive titrations in PSII preparations after oxidation with
potassium ferricyanide (state A). But after adding sodium di-
thionite, the E,, obtained by oxidative titration is —220 mV
and correspond to state B. The experiments described below
attempt to determine whether these two states could be inter-
convertible. Fig. 5 shows a cycle of two reductive and one oxi-
dative potentiometric titrations performed on the same sam-
ple of PSII core complexes in the absence of redox mediators.
The preparation was initially oxidized with potassium ferri-
cyanide to E,, = +450 mV and a reductive titration was per-
formed, obtaining a value of E,, =~ +200 mV for cyt ¢, (Fig.
5, curve 1). After reducing completely the sample and reach-
ing to an E,, ~ —400 mV, oxidative titration was performed
by reoxidation of the sample with potassium ferricyanide (Fig.
5, curve 2) and a value of E,, ~ —300 mV was obtained. After
complete reoxidation of the sample (E,, ~ +410 mV), a sec-
ond reductive titration was held showing a similar reductive
titration curve to the first one and a slightly lower value of
E,~ +100 mV (Fig. 5, curve 3). It seems therefore that exist
two extremes states for cyt ¢, in PSII core complexes prepa-
rations that could be interconvertible.

Effect of Incubation with Sodium Dithionite—The experi-
ments described above have shown that after addition of ex-
cess sodium dithionite and without mediators, the E,,, ob-
tained in the oxidative titration of cyt ¢, is significantly
more negative than the E,, from the reductive titration. To
clarify the origin of this phenomenon, the effect of incubation
with sodium dithionite on PSII and on the association of cyt
Cs50 to PSII were studied.

PSII complexes were reduced with an excess of sodium di-
thionite (2 mm) and incubated for 10 min or 1 min and then
reoxidized with potassium ferricyanide. Illumination of such
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FIGURE 4. Oxidative potentiometric titrations of cyt ¢, in PSIl core
complexes in the absence and presence of redox mediators. A and B,
plots of the percentages of reduced cyt css, obtained from the absorbance
differences at 549-538 nm versus ambient redox potentials in PSIl core
complexes in the absence and in the presence of the mixture of eight redox
mediators covering the potential range between +430 and 0 mV, respec-
tively (see “Experimental Procedures”). The solid curve represents the best
fits of the experimental data to the Nernst equation in accordance with
one-electron processes (n = 1) for one component with £, of —220 mV and
—215 mV, respectively. Insets, difference absorption spectra in the a-band
region of cyt cs5, obtained by subtracting the absolute spectrum recorded
at —330 mV from those recorded during the course of the redox titration
with potassium ferricyanide in the absence or in the presence of redox me-
diators, respectively. For simplification, only a set of selected spectra are
included.

samples at 200 K did not result in formation of the S, manga-
nese multiline signal (Fig. 6, A, b, and 6, B, b) indicating that
sodium dithionite reduced the manganese cluster. Illumina-
tion of the samples at room temperature followed by dark
adaptation generated a state that gave rise to a S, multiline
signal upon illumination at 200 K (Fig. 6, A, ¢ and 6, B, ¢). This
indicates that the reduced state formed by sodium dithionite
reduction can be reoxidized by light to form the usual S, and
S, states. In the sample incubated with an excess of sodium
dithionite for 10 min (Fig. 6, A, ¢), the extent of the multiline
seen is ~30% of that seen in the unreduced control sample
(Fig. 6, A, a).

The illumination treatment (three flashes) means that the
So» S_; and S_,, states sum up to ~30% of centers. Other ex-
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FIGURE 5. Reversibility of the potentiometric titrations of cyt c55, in PSII
core complexes in the absence of redox mediators. The plot represents
titration curves corresponding to further cycles of reduction and oxidation
(up to three) in the same PSIl core complexes preparations. The percent-
ages of reduced cyt cs5, were plotted versus ambient redox potentials in the
first reductive titration (curve 1), in the first oxidative titration (curve 2) and
in the second reductive titration (curve 3). Each curve was fitted to the
Nernst equation in accordance with one-electron processes (n = 1) for one
component.
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FIGURE 6. Effect of sodium dithionite on the formation of the S, multi-
line EPR signal. PSIl complexes were incubated 10 min (A) or 1 min (B) in
the absence (a) and in the presence of 2 mm of sodium dithionite (b and ¢).
All spectra were difference spectra after 200 K illumination (light minus
dark). a, untreated PSII; b, PSIl complexes reduced by sodium dithionite and
reoxidized by potassium ferricyanide; ¢, sample b was thawed and then was
dark adapted at room temperature for 30 min, illuminated by a series of
three flashes and finally dark adapted for 30 min. Instrument settings were
as follows: microwave power, 20 milliwatt; modulation amplitude, 25 gauss;
temperature, 8.5 K.

2500

periments directly monitoring S, (data not shown) indicate
that S, makes only a small contribution at this incubation
time, i.e. the 30% giving rise to the S, signal arise from S_
and S_, (or its formal equivalent S_; Tyr-D). The other cen-
ters are presumably in more reduced forms of the cluster.
Measurements of O, evolution showed that in this sample,
the O, evolution activity was 50% of that in untreated sam-
ples. The difference between the activity and the centers giv-
ing rise to the S, signal presumably reflects centers that were
further reduced than S_, but remained rapidly oxidizable and
functional. The remaining centers are presumably either irre-
versibly damaged or require the low quantum yield assembly
processes characteristic of photoactivation. We observed that
reduction by dithionite also generates the typical Mn>" sig-
nals in a small fraction of centers (supplemental Fig. S14).
This Mn®" signal does not diminish when sample was illumi-
nated after reoxidation with potassium ferricyanide. Ferricya-
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nide is known to precipitate Mn>* ions preventing them from
undergoing oxidation by the reaction centers (34). The small
Mn?* signal thus presumably represents a small fraction of
centers where the cluster is destroyed by the dithionite treat-
ment. The Mn®" signal was larger in the presence of a media-
tor (indigodisulfonate, E,, = —125 mV) indicating greater
PSII damage (supplemental Fig. S1B).

Shorter incubation times (1 min) with sodium dithionite
also showed no S, formation upon reoxidation with potas-
sium ferricyanide. However nearly 80% of S, formation was
seen after three flashes and dark adaptation (Fig. 6, B, ¢). This
indicates that all the centers were in the Sy, S_; or S_, state
after the dithionite treatment. O, evolution in such a sample
was ~70%.

The EPR experiments show that treatment with excess so-
dium dithionite results in over-reduction of the manganese
cluster and that this can be photo-oxidized again when the
ambient potential is returned to a range that allows reaction
center photochemistry to occur. Future experiments of this
kind should allow us to define which states are formed at
given times of incubation and to correlate this more precisely
with the binding and redox state of cyt ¢,

To test for the release of cyt ¢, by sodium dithionite treat-
ment, reduced samples were precipitated by PEG, and differ-
ence spectra were taken of the supernatant and the pellet (Fig.
7). These were compared with supernatants and pellet from
unreduced samples. In the unreduced samples, cyt ¢, was
entirely associated with the PSII (the pellet) (Fig. 7A, spectrum
1), with no cyt c;, present in the supernatant (Fig. 74, spec-
trum 2). However, in the sample incubated with sodium di-
thionite, the appearance of a typical spectrum cyt ¢, in the
supernatant (Fig. 7B, spectrum 2) and the corresponding de-
crease of this cytochrome in the spectrum of the precipitate
(Fig. 7B, spectrum 1), showed that incubation with sodium
dithionite had caused the dissociation of a significant fraction
of the cyt c55, from PSIL

DISCUSSION

Redox titrations of cyt ¢, performed on PSII core com-
plexes from T. elongatus in the absence of low potential redox
mediators showed an E,, value for this heme protein that is
higher than was obtained previously. This E,, value of +200
mV is ~300 mV more positive than the previously deter-
mined when mediators were present (E,, = —80 mV) (24). A
similar value was obtained in titrations carried out with dia-
minodurol as a mediator, the potential of which (E,, = +220
mV) is quite similar to that determined for cyt c.,. The redox
potential of the sample during the titration was shown to be
reliable under these conditions as demonstrated by (i) the
similar E,, values obtained for the cyt b, in the presence or
absence of mediators and (ii) the correspondence of the E,,
values for cyt b, with those reported in the literature. The
good fits of the data sets to one-electron Nernst curves and
the large number of measurements allow further confidence
in the E,, value obtained for cyt ¢,

When titrations were begun at low potentials the values for
the E,, were shifted to low potentials, typical of the cyt c55,
free in solution (26). This effect was specific to the cyt ¢4,
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FIGURE 7. Effect of sodium dithionite on the association of cyt c55, to
PSIL. Difference absorption spectra of cyt bss, and cyt 55, were recorded
from the pellet (spectrum 1) and the supernatant (spectrum 2) obtained by
precipitation of PSIl core complex preparations. The spectra were obtained
by subtracting the absolute spectrum at —430 mV (the spectrum of re-
duced cyt bsso and cyt ¢550) minus at +430 mV (the spectrum of oxidized
cyt bsse and cyt ¢s50) in PSII core complex preparation untreated (A) and
treated (B) with 2 mm of sodium dithionite during 30 min.

and did not affect the cyt b5, in the same sample (data not
shown). Thus, there was no technical problem in terms of
establishing and measuring correct potentials.

The redox potential shift induced by low potentials is remi-
niscent of earlier reports on the redox potential of Q, that
were reported by Krieger et al. (30) and Johnson et al. (31).
The Mn,Ca cluster has a very high potential even in the most
reduced form of the enzyme cycle. It is protected from reduc-
tive attack from the medium by being buried inside a large
protein complex with access channels for substrate and prod-
ucts. However, reductants have access to the cluster when
highly reducing conditions are used, when mediators are used
or when extrinsic polypetides are removed. The reduction of
the cluster leads to the weaker binding of the metal ions of the
cluster to the site and eventually to their release (35, 36). Re-
duction of the cluster reverses the assembly process known as
photoactivation, which is considered to involve protein con-
formational changes (37—40). We suggest that these confor-
mational changes are responsible for the increased solvent
access and weaker binding of the cyt ¢, in the presence of
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mediators giving E,, values of —80 or —20 mV. Under very
reducing conditions, the cyt ¢, even completely detaches
from the PSII (Fig. 7).

Intriguingly when an over-reduced PSII preparation is al-
lowed to become slowly oxidized during the course of a redox
titration and then the reductive titration is repeated, the high
potential E,, value is recovered. In the context of the explana-
tion given above for the low potential shift, this indicates that
the cyt ¢55, rebinds tightly, the protein must have returned to
its original conformation and hence the Mn,Ca cluster also
must have returned to its functional state. Reassembly of the
Mn,Ca cluster by binding of free Mn>" ions into the manga-
nese-less PSII, photoactivation (37—40), is a complex process
by which Mn®" ions are bound and oxidized one at time by
successive turnovers of reaction center photochemistry. A
Ca®* ion is also incorporated into the cluster and conforma-
tion changes in the protein seem to occur. This process takes
place with a relatively low quantum yield. When this is done
in vitro, high concentrations of Mn>" ions, very high concen-
trations of Ca>* ions, and the presence of an artificial electron
acceptor are required for photoactivation to occur efficiently.
Under the conditions of the titrations used here, the medium
conditions are clearly not appropriate for this type of photo-
activation to occur. Nevertheless, it is still possible to enter-
tain the idea that the cluster “debinds and rebinds” if we pro-
pose that the reduced Mn,Ca cluster is not released from the
site upon reduction. The manganese would have to be re-
duced to a level where the natural geometry of the functional
site is lost, and hence the changes in the protein would take
place, but the Mn>* and Ca®>" ions would not be released into
the medium. This is similar to the situation encountered by
Mei and Yocum (41) in which reductants were allowed access
to the manganese by removal of the 23-kDa polypeptide.
Some Mn>* was seen by EPR but was not available to chela-
tors, and the enzyme was rapidly activated by illumination. In
the present work, the weak measuring beam used for mea-
suring the spectra during the course of the titration could
have been sufficient to reoxidize the manganese and reimpose
the protein conformation required to induce the high poten-
tial form of the cyt c55.

To test the feasibility of this idea, we did an EPR study that
showed (a) the Mn,Ca cluster was indeed reduced by sodium
dithionite and upon reoxidation of the electron acceptors in
the dark the Mn,Ca remained in an over-reduced state and
(D) the over-reduced state could be efficiently reoxidized by
flash illumination. The reoxidized PSII showed water oxida-
tion activity in a large proportion of centers. With longer
times of incubation in sodium dithionite, the proportion of
centers that could be reactivated by illumination diminished.
Whether this effect is due to loss of manganese or to the re-
quirement for low quantum yield photoactivation will be the
subject of future work. Nevertheless, the EPR experiments are
consistent with the proposition that the cyt c;5, environment
reflects conformational changes that are controlled by the
redox state of the Mn,Ca cluster. Further experimentation
should allow this to be tested more directly.

The change in the PSII structure associated with the reduc-

High Potential Cytochrome css,

of the heme to the aqueous medium and consequently to a
total or partial release of cyt ¢, from PSIL It seems likely
that the increase in solvation energy that occurs when moving
the heme out of the low dielectric of the protein environment
into the high dielectric of water stabilizes the oxidized state
more than the reduced state making the midpoint potential
more negative (42—44).

These results lead us to suggest that the E,, of cyt c55, in
PSII “in vivo” may be +200 mV, at least under certain condi-
tions. This opens the possibility of a redox function for this
protein in electron transfer in PSIL. The nearest redox cofac-
tor is the Mn,Ca cluster (22 A) (6). This long distance means
that electron transfer would be slow (ms-s time scale) relative
to the charge separation events in the reaction center. How-
ever, this rate remains potentially significant relative to the
lifetime of the reversible charge accumulation states in the
enzyme (tens of seconds to minutes) (45). Some kind of pro-
tective cycle involving a soluble redox component in the lu-
men may be envisioned. Before we enter into speculation, an
experimental verification that cyt ¢, does indeed donate
electrons to the S, and or S, states is required.

CONCLUSIONS

We conclude that earlier redox titrations of cyt 55, in PSII
probably reflected the situation in which the Mn,Ca cluster is
chemically reduced. Conformational changes associated with
this resulted in the downshift of the E,, due to solvent access
to the heme. Thus, the E,,, of +200-215 mV obtained for cyt
Cs50 Without mediators and with only diaminodurol as a medi-
ator is probably relevant to the most functional form of the
enzyme. This E,, value of about +200 mV opens the possibil-
ity of a redox function for cyt ¢, in the PSII as an electron
donor to the Mn,Ca cluster perhaps in some sort of protec-
tive cycle. This proposed role has yet to be demonstrated
experimentally.
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Fig S1. Effect of sodium dithionite reduction and mediator addition on Mn release in PSII.

Panel A shows the effect on PSII of sodium dithionite incubation during 10 min. The upper spectrum showed the PSII before
reduction, the lower spectrum showed the reduced PSII. Panel B shows the effect of a mediator (Indigodisulfonate, 20 uM as a
final concentration, incubated for 10 min) on the release of Mn?*.The upper spectrum showed the reduced PSII with sodium
dithionite for 30 min, while the lower spectrum showed the effect of the mediator addition. Instrument settings: microwave
power, 5.6 mW, modulation amplitude, 25 gauss, temperature, 15 K. The signal observed in the presence of mediator is 80% of
total signal (maximum released Mn) and in the absence isl%gp}ite@%.
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ABSTRACT
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Keywords:
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The redox potential of Q4 in Photosystem II (PSII) from Thermosynechococcus elongatus was titrated mon-
itoring chlorophyll fluorescence. A high potential form (Em = #60 25 mV) was found in the absence of
MnyCa, the active site for water oxidation. The low potential form Q:"m =;60 + 48 mV), which is difficult
to measure in conventional titration experiments, could be “locked in” by cross-linking the active
enzyme. This indicates that the presence of MnyCa is relayed to the quinone site by significant structural
changes in the protein. The presence of high and low potential forms agrees with what has been seen in
plants, algae from our lab and in T. elongatus (Shibamoto et il Biochemistry 48 (2009) 10682-10684). In
the latter work, the potentials of Q4 were shifted to lower potentials compared to other measurements.
The redox potential of Q4 in Mn-depleted PSII from spinach was titrated in the presence of redox medi-
ators and the midpoint potential was shifted by 80 mV towards a more negative value compared to titra-
tions without mediators. The lower values of the midpoint potential of the (Q4/Q,) redox couple in the

literature could be due to a perturbation due to a specific mediator.

© 2011 Published by Elsevier B.V.

1. Introduction

In Photosystem II (PSII), the water oxidising enzyme of plants,
the absorption of light results in a chlorophyll-mediated charge
separation (for a recent review see [1]). The pheophytin anion
formed delivers an electron to a tightly bound quinone co-factor,
Qa, which is H-bonded and shielded from protonation by the pro-
tein. This protein environment imposes one-electron redox func-
tion on the quinone. Q, passes its electron to a second quinone, Qs.

The redox potential of Qa in PSII has been studied for decades
and it has turned out to be an unexpectedly complex story. A sur-
vey of the literature done in 1995 showed more than 35 values for
the Q,/Q, couple and these values varied over a wide range of po-
tential [2]. The reason for this variation was found to be dependent
on the functional (and presumably structural) state of the enzyme.
When the MnyCa complex was intact the potential of Q4 was low
(—-80 mV); without the MnyCa complex the potential was high
165 mV) [3,4]. The same effect was seen when the Ca** was re-
moved (or put back), but leaving the Mny in place [5,6].

* Corresponding author. Fax: +33 1 6908 8717.
E-mail address: anja.krieger-liszkay@cea.fr (A. Krieger-Liszkay).

1011-1344/$ - see front matter © 2011 Published by Elsevier B.V.
doi:10.1016/j.jphotobiol.2011.02.010

The two potential forms of Qa are physiologically relevant be-
cause PSII is synthesised without the MnyCa cluster and it has to
be assembled through a process called photoactivation [7,8].
Mn?* ions are oxidised and assembled into a high valence tetranu-
clear complex in which Ca?* forms an integral part. The higher po-
tential of Qa in the PSII reaction centre prior to assembly of the
MnyCa cluster is expected to have marked effects on electron
transfer both in the forward and backward direction and both
are important in protecting against photodamage before the en-
zyme is fully functional [4,9]. Similarly, alterations of the midpoint
potential of the redox couple Ph/Ph™ leads also to variations in the
charge recombination pathway and thereby in the protection of
PSII against photodamage [10,11]. The redox modulation of the po-
tential of Qa upon photoactivation has been demonstrated in
plants and green algae [4].

Shibamoto and co-workers [12,13] reported midpoint potential
for the redox couple (Q,/Q,) which were —80 mV more negative
(—140 mV for the low potential form and +20 mV for the high po-
tential form) than the values reported by s [2,4,6]. In the present
study we re-measured the midpoint potentials in PSIl-enriched
membrane fragments from spinach and in PSII coré complexes
from Thermosynechococcus elongatus.

136 /168.
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2. Materials and methods
2.1. Biological material

2.1.1. PSII particles from spinach

PSll-enriched membrane fragments [14] were prepared from
market spinach according to [15]. The preparation used in this
work had an oxygen evolution activity of 490-500 pmol O,
mg Chl~! h~!. Where PSII samples were treated to inhibit O, evolu-
tion, this involved incubation for 1 h on ice in the dark, in a buffer
containing 1 mM NH,OH, 300 mM sucrose, 15 mM NaCl and
50 mM MES, pH 6.5.

2.1.2. PSII core complexes from Thermosynechococcus elongatus

Cells of the transformed strain of T. elongatus with a histidine
tag on the CP43 protein of PS II (43-H strain) were grown as previ-
ously described [16]. PSII core complexes were prepared based on
[16] with the modifications described in [17]. The preparations
used in this work had an oxygen evolution activity of 3500-
3800 pmol O, mg Chl~! h~!. Removal of the Mn cluster by TRIS-
washing was performed as described in [18].

2.2. Cross-linking

A buffer of 50 mM PIPES, pH 6.9, 5 mM EDTA, 5 mM MgSO,4 was
adjusted to pH 11 with concentrated KOH and heated to 60 °C.
Then 3% p-formaldehyde powder was added and completely dis-
solved. The buffer was cooled to room temperature and the pH
was brought back to pH 6.5 by the addition of concentrated
H,S0,. PSII particles (1.5 mg Chl ml~!) were incubated for 15 min
at 25 °Cin a ratio of 1:3 in the cross-linking buffer. Then the sam-
ple was centrifuged and resuspended in a buffer containing 0.3 M
sucrose, 10 mM NacCl, 25 mM MES, pH 6.5.

2.3. Measurements of PSII activity

0, evolution was measured at 20°C using a Clark-type oxygen
electrode with saturating white light. O, evolution was measured
using 20 pg Chlml~! in the presence of 0.5 mM 2,6-dichloro-p-
benzoquinone as electron acceptor.

Room temperature chlorophyll fluorescence was measured using
a pulse-amplitude modulation fluorimeter (Dual-PAM, Walz, Effel-
trich) and 20 pug Chl ml~'. The intensity of the measuring light was
sufficiently low (integral intensity about 10~ mol quantam—2s~,
frequency of modulated light: 1.6 kHz) to prevent the induction of
variable fluorescence. Saturating flashes (1 s) were given to measure
the maximum fluorescence. Efficiency of the photochemical elec-
tron transport was assayed by calculating the ratio of variable fluo-
rescence Fv to maximal fluorescence Fm (Fv/Fm).

2.4. Redox titration of chlorophyll fluorescence

The level of variable fluorescence was used as a measurement of
the reduction state of Q; the measurements were performed with-
out redox mediators essentially as described in [3]. Only the weak
measuring light of the PAM fluorimeter was used. Reversible redox
titrations were obtained when the sample is sufficiently diluted
(20 pg Chl ml~1). Reductive titrations were performed by gradual
addition of sodium dithionite (in 0.5 M MES, pH 6.5), oxidative
titrations by the addition of potassium ferricyanide. For one
experiment on NH,OH-treated PSII particles from spinach, the
mediators anthraquinone-2-sulfonate (1LM; E, = —195 mV), 2-hy-
droxy-1,4-naphthoquinone (5 uM; Em=-100mV) and N,N,N',N-
tetramethyl-p-phenylenediamine (10 ;,LIVI; En= +300mV) were
added. s

3. Results

Fig. 1 shows a redox titration of Q4 monitoring the fluorescence
level in Mn-depleted PSII from T. elongatus. The E,;, of 60 £ 25 mV is
close to an earlier value of 84 + 24 mV [19] obtained using a sam-
ple that nominally had a functional Mn4Ca complex. This is about
160 mV more positive than that measured for Q, from spinach
and is similar to the high potential form seen in algal and plant PSII
in the absence of the Ca?* or MnyCa cluster [3-5]. It was suggested
earlier that this unexpectedly high redox potential in the “intact”
enzyme could reflect the loss of the Mn cluster under the condi-
tions of the titration [19]. The current result is also consistent with
that suggestion. Indeed the existence of a lower potential form of
Q4/Q, was evident in redox titrations of intact PSII. Low potential
values were seen upon first reducing Q, while higher potentials
were seen upon the subsequent oxidative and reductive titrations
(data not shown). A reversible titration of active PSII from T. elong-
atus showing a low potential Q4 was done recently by Shibamoto
et al. [12].

Fig. 2 shows redox titrations done on PSII from T. elongatus that
had been cross-linked with p-formaldehyde prior to the redox
titration attempting to “lock-in” the active, low potential confor-
mation. P-formaldehyde is a non-specific, short distance (2 A)
cross-linker which is very reactive towards amino and imino
groups such as the side-chains of lysine and arginine [20]. SDS-
PAGE of the cross-linked PSII shows a loss of a number of protein
bands (Supplementary Fig. 1). The cross-linking itself inactivated
more than 80% of the O, evolution. Parallel to the loss of O, evolv-
ing activity almost no light-induced variable fluorescence could be
measured in the cross-linked PSII. The Fv/Fm value decreased from
0.76 in active PSII core complexes to 0.33 in cross-linked samples.
In the presence of dithionite, the Fm value of the cross-linked con-
trol was almost completely restored (0.73; Table 1). In addition, in
the presence of DCMU, thermoluminescence originating from S,Q
charge recombination was completely lost after the cross-linking
procedure (data not shown).

Redox titrations of cross-linked PSII from T. elongatus gave a
titration curve with a midpoint potential lower than 0 mV
(Fig. 2). The data points are very scattered, most likely caused by
heterogeneity of the centres with most being cross-linked but
some being non-cross-linked. This sample showed still 18% of the
original O, evolution activity. Fitting through the points (oxidative
and reductive titration) of different titration experiments per-

0.8

06

0.2

Fluorescence (a.u.)
o
NN
T

-300 -200 -100 0 100 200 300

Potential (mV)

Fig. 1. Redox titration curves of Q4 in TRIS-washed PSII core complexes from T.
elongatus measured as fluorescence yield. Closed circles, reductive titration; open
circles, oxidative titration. The curve shows a one electron Nernst curve. The

137 /]j@ﬁpint potential of the Nernst curve is 60 £ 25 mV.
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Fig. 2. Redox titration curves of Qa in cross-linked PSII core complexes measured as
fluorescence yield. Closed circles, reductive titration; open circles, oxidative
titration. The midpoint potential is —60 + 48 mV. Points from five independent
titrations are shown. The PSII was active (3500-3800 pumol O, mg Chl~! h™!) before
the cross-linking procedure.

Table 1
Midpoint potentials of Qs obtained from Figs. 1-3 and Fv/Fm values of the
corresponding samples.

Sample En (MV) Fv/Fm
Fm obtained

with NayS,;04

+60 + 25 0.71
—60 +48 0.73
+60 + 30 0.80

TRIS-washed PSII core complexes, T. elongatus
Cross-linked PSII core complexes, T. elongatus
NH,OH-treated PSII particles, spinach,

no mediators
NH,OH-treated PSII particles, spinach,

with mediators

-20+30 0.64

formed on five individual samples resulted in a midpoint potential
-60 + 48 mV (Fig. 2 inset). While the data are rather scattered, they
are similar to those reported for active PSII from plants [3]. The
data, fits and E,, values for the individual experiments are shown
in Supplementary Fig. 2.

The effect of redox mediators on the midpoint potential was
investigated using Mn-depleted PSII particles from spinach. We
chose spinach for this experiment because we have performed
titrations on this material many times [e.g. 2-6]. We have shown
earlier that the presence of redox mediators can destroy the Mn
Cluster of active PSII under reducing conditions during the long
measurements at room temperature, which are required in a clas-
sical titration to allow the sample to equilibrate [2]. Shibamoto and
co-workers [12,13] reported an Em (Q,/Q,) of —140 mV for the
low potential form and of +20 mV for the high ﬁatential form for
PSII from T. elongatus and an Em (Qa/Q,) of;160 mV for the
low potential form for PSII from spinach. They measured their mid-
point potential electrochemically in the presence of high concen-
trations of the redox mediators using anthraquinone-2-sulfonate

&E,11 =—-195 mV), 2-hydroxy-1,4-naphthoquinone é‘Em =—-100 mV)

and N,N,N’,N’—tetramethyl—p—phenylenediamine (Em = +300 mV).
Fig. 3 shows titrations done on PSII particles from spinﬁch which
had been treated with NH,OH to remove the MnyCa cluster.
In the absence of the redox mediators a midpoint potential of
+60 mV was obtained in accordance with earlier measurements
[4]. When the redox mediators anthraquinone-2-sulfonate, 2-hy-
droxy-1,4-naphthoquinone and N,N,N',N'-tetramethyl-p-phenyl-
enediamine, were present, the mfd’po)fnt potential was shifted by
80 mV to a lower value gEm =-20mV).

1 i 1 i 1 i i 1 i 1 i 1
-300  -200 -100 0 100 200 300
Potential (mV)

Fig. 3. Redox titration curves of Qs in NH,OH-treated PSll-enriched membrane
fragments from spinach measured in the presence (squares) and absence of the
redox mediators (circles). As redox mediators anthraquinone-2-sulfonate (5 uM), 2-
hydroxy-1,4-naphthoquinone (5 pM) and N,N,N',N'-tetramethyl-p-phenylenedi-
amine (10 uM) were added. Closed symbols, reductive titration; open symbols,
oxidative titration. The curves show one electron Nernst curve. The midpoint
potential of the Nernst curve is 60+30mV in the absence of mediators and
—20+ 30 mV in the presence of mediators. Points from three independent titrations
are shown.

4. Discussion

Here we show that, as we have suggested [19] and as subse-
quently demonstrated by Shibamoto and co-workers [12], the
two redox potential forms of the Q4 which have been demon-
strated in plants and green alga [2,4], exist in cyanobacteria too.
The two values &760 mV, and +60 mV in cyanobacteria Vs.
—80 mV and +65 mV in plants and algae) and hence the redox dif-
ference is approximately the same. Thus the importance of switch-
ing between the two redox forms in order to protect against
photodamage as described earlier [4] (see also the introduction)
applies to cyanobacterial PSII. The low potential form of Q4 was
only obtained after cross-linking the sample. The observation
made here that multiple cross-linking of the intact enzyme seems
to lock it in the active, low potential conformation implies that the
structural change is more than a microscopic environmental
change such as may be induced by electrostatic effects. The Mn
cluster in the non-cross-linked PSII core preparation appears to
be more sensitive to reductive release compared to that in thylak-
oids and PSII-enriched membrane fragments from algae and plants
used in our previous experiments [3,4]. Shibamoto and co-workers
[12] obtained the low potential form in active PSII core complexes
from T. elongatus when titrations were performed electrochemi-
cally in a thin cell. During the electrochemical titration, no dithio-
nite has to be added so reductive overshoots were eliminated. Also
no stirring is required it is possible that the lack of mechanical per-
turbations may be responsible for the stability difference. In addi-
tion, in this thin cell a very high protein concentration is used and
this will add to an increased stability of the sample. Whatever the
reason for the better stability of the Mn complex, the result of the
elelctrochemical titrations was impressive in terms of reversibility
and the lack of scatter in the points. However, the values for the
midpoint potential of the low and high potential forms of Q4 ob-
tained by Shibamoto and co-workers [12,13] are approximately
80 mV more negative than those reported here and earlier by us
[2,4]. As shown in Fig. 3, this effect might be caused by the pres-
ence of the redox mediators used by Shibamoto and co-workers.
Two of the redox mediators are quinones which are may influence
the titration in some way. The variable fluorescence is quenched by
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phenylenediamine by 9% while it is not affected by 2-hydroxy-1,4-
naphthoquinone [21]. It seems unlikely however that such fluores-
cence changes, which are presumably due to direct quenching
from PSII chlorophylls, could conspire to shift the measured poten-
tial. A more likely explanation is that the mediators bind to the Qg-
binding site and modify thereby the midpoint potential of Q4. We
have shown previously that the herbicide DCMU shifts the mid-
point potential of Q4 to a more positive value while the herbicide
bromoxynil shifts it to a lower potential [22]. Most likely the dis-
crepancy between the midpoint potentials obtained by Shibamto
et al. [12,13] compared to titrations in the absence of mediators
shown here and in our previous publications can be explained by
specific effects of the redox mediators in their titrations. This prob-
lem could be resolved by testing a range of redox mediator
mixtures.
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Photoassembly of the MpCa cluster in Photosystem Il from

Thermosynechococcus elongatus.

During the course of thiswork | have taken an interest in the light driven assembly of
the Mn,Ca. | have made several observations that are of interest but remain in a somewhat
preliminary phase. In this chapter | present three aspects of this work that seems worthy of

being followed up.

1. An Introduction to Photoactivation

Photosystem 1l (PSIl) is synthesized without the ;& cluster. The cluster is
subsequently assembled via a light-driven procafiecc photoactivation (see [1] for recent
review). During the photoactivation, light excitati of the chlorophylls in PSII results in the
oxidation of the TyrZ. TyrZcan then oxidize 4 Mi ions up to higher valence states. These
high valence Mn ions are bridged by oxo groups.a’@n is incorporated into the MBa
cluster. The protein probably undergoes a confdonal change during this process. The

molecular basis of this process remains to be ddtied.

The current mechanistic model describing photoattm was first proposed by
Cheniae and his co-workers. In this model two hdépendent reactions, separated by a dark
rate limiting step, are required to produce a ss@ble intermediate. This intermediate
undergoes further light-driven Mn oxidation stepsfdoe the final functional enzyme is
generated. The experiments done that led to thixclgsion were the studies of the
photoactivation yield as a function of light intégsand flash interval [2-4]. By varying the
time spacing between the flashes, it was found dhabptimal spacing was required for the
highest yield of photoactivation yield, with lowgrelds when the flashes were too close
together and too far a part. This was interpregethdicating the presence of a limiting step
presumably a protein conformational change occgriindark (t,= 125 ms) [5], which was
required before the second photoreaction could pékee. The two light-dependent reactions
were postulated to involve photooxidation of Mby the apo-PSlI, with the M produced
on the first light-dependent reaction being ungabécoming reduced in aroung+t 125 ms.

A second MA' binds either before or after the dark rate-lingjtistep, followed by the
photooxidation of the MHMn?* complex to form an MfiMn®*". Two more MA* ions must

bind and be oxidized up to higher valence statésr&¢he final functional enzyme is formed.
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These steps may include several light and/or deaktion processes, although details of these
reactions are not yet defined mainly because ofaWwequantum yield of the process leading
to scrambling of states.

Support for this basic model of photoactivation hapeared [1, 6-9]. The quantum
yield of photoactivation is low, between 0.01 [d](.10 [10]. The reason for the low quantum
yield and its range are not fully understood. Tleecpntage of centers reactivated is often
low, around 20 % [11] with the highest reportedwation being 66 % [12], these values are

usually made in comparison to controls depletetth@fextrinsic polypeptides.

It is hypothesized that the "dark limiting" steprasponds to a protein rearrangement,
this protein rearrangement is influenced by thesgmee of C& [1, 12]. A deprotonation
event may occur during this step, which may expthi rate limitation. The binding of the
second MA" or the C&" may be the structural change or may trigger it.

C&* ions are strictly required to restore the €olution. It was shown that there is
competition between Gaand Mrf* for the C&" binding site and between €and Mrf* to
the Mrf* binding site(s) [6]. Some data indicate that R@H assemble some (Mrlusters
without recovery of @evolution activity in the absence of €aThese non-functional
clusters can acquire ;@volution activity following dark incubation witBa* [4-5]. These
authors did not show the experimental data for dbiservation but some data supporting this
idea were subsequently published [13]. Howeveugigests that photoactivation can proceed
in two stages: photoassembly of Minto an inactive (Mnycluster and then binding of €a
and the conversion of the inactive cluster to ativacO,-evolving cluster. According to
Tamura and Cheniae [5], one*Gainding site is “created” during the photoassemtfiyhe
(Mn)4-cluster and indeed the subsequent crystal steichowed that the Ca ion forms one
corner of the cubane part of the clusters [14].

Miyao and coworkers optimized the concentratiorctdbride to improve the yield of
photoactivation [15]. There are two @bund in the PSII crystal structure that have #pmec
sites close to the active site [16], however higbencentrations of Clare required to
maintain function when the extrinsic polypeptides anissing [17]. In addition, a specific
function for Cl may exist during photoactivation, stabilizing ttie**in some way. This role
may be performed by the extrinsic proteins in reaptotoactivation [7].

142 /168.



The current model suggests that the firstMatom binds in a high affinity site, and is
photo-oxidized to form the M&a cluster [1]. The D1Aspl170 is thought to conit&to the
high affinity site since Mfi oxidation is strongly affected when D1Asp170 istated [18].

Dismukes and his coworkers, showed that there risqairement for bicarbonate to
observe more efficientin vitro photoactivation [19-20]. Direct EPR and ESSEM
measurements done by the same group showed alpdssérbonate coordination of the first
Mn** intermediate [21-22]. It was suggested that timwating effect of bicarbonate was

related to formation of easily oxidizable, electrogutral Mn—bicarbonate complexes [23-24].

Many aspects of the process of photoactivation mempaorly understood. With the
exception of the work on the first Mhformed then no other intermediates have beenesiudi

Here | present some preliminary studies on diffeeesispects of photoactivation.

2. Material and methods

Photosystem |l preparations. PSIl studied in this article was isolated from
Thermosynechococcus elongatus, that wasHis-tagged on the CP47 subunit as described in
[25].

Manganese-depleted PS1 (apo-PS1) Preparation: 2.5 mg Chl/mL to 3 mg Chl/mL of PSII
are diluted in 40 ml of either TPA buffer (40 mM EBEpH 6.5; 15 mM Cagl 15 mM MgC}

and 0.03 ¥8DM) or TPB buffer (20mM MES pH 6.5, 0.03 ®M) in presence of 10 mM
NH,OH and 0.5 mM EDTA, this preparation is incubated f hour in dark at room
temperature. NbWOH acts as a reductant of M@a cluster hence the cluster is reduced and
released [26] followed by the release of the egicirproteins. The apo-PSll is then washed
five to seven times to completely remove )i and EDTA by a series of concentration
using Amicon Ultra-15 concentrator devices (Millipp with a 100-kDa cutoff. Apo-PSlI

were stored in liquid nitrogen at a concentratibalmut 1 mg Chl/mL in either TPA or TPB.

PSI concentration: The PSII concentration was estimated by measwiiniige absorbance of
the chlorophyll at 665 nm in methanol. 5 pl of 881l samples were mixed with 995 pL of
methanol, the samples were then vortexed for 1 amd,then the absorption was measured at
665 nm. The concentration is then calculated bysiclaming the chlorophyll extinction
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coefficient of 79.95 ml/mgm™. The concentration was measured for each EPR saifiopir

measures were done to generate the error and ¢énagev

Chemical treatments: Mn?* was prepared from Mn&In TPA or TPB buffer at 1 mM. M

was then added to the apo-PSII and incubated 10nrhe dark at room temperature. When
stated, freshly made PPBQ in dimethylsulfoxide veakled to the sample at a final
concentration of 0.50 mM. When mentioned ferricganwas added at a final concentration

of 5mM, the sample was incubated for 30 min indhek at room temperature.

Atomic absorption: The Mn concentrations were measured by atomicrpben (4110ZL
Perkin-Elmer). Two dilutions with a triplicate feach of the sample were done to generate
better accuracy. The standard curve was done watidard Mn in a medium containing the
same concentration of the buffer present in thepsanThe quantification was done for each

EPR samples.

Photoactivation of the apo-PSI: in the presence of 30 pg of apo-PSll, 250 uM MnC0O0
mM CaCl, 1.2 mM bicarbonate, 0.5 mM DCBQ mixed in a fimalume of 1.5 ml of TPA.
The sample was incubated in the Clark-electrodéhéndark at 27°C for 5 min, and then
illuminated with weak red light for 90 sec, theluminated with strong white light and the
oxygen evolution was measured. The oxygen evolutieasured during the photoactivation
was about 15 %. This yield is low, and needs toitémized by varying the conditions (salt

concentration and composition, pH, temperaturéf liggime etc...).

EPR measurements:

Low temperature 9GHz EPR: 150 ul of the samples were loaded into a standaadz
EPR tubes in complete darkness. EPR spectra weoedexl using a Bruker Elexsys 500 X-
band spectrometer equipped with standard ER 41€&hator and Oxford Instruments ESR
900 cryostat. Instrument settings were: microwaeguency 9.4 GHz, modulation frequency
100 kHz. All other settings were as indicated ia figure legends.

Room temperature 9GHz EPR: 200 pl of the samples were loaded into a standard
quartz flat cell in complete darkness. The#toxidation kinetics were measured with Bruker
ESP 300 or 500 spectrometer (Bruker, Germany). 96PR spectra were recorded with 9.7
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GHz microwave frequency, modulation frequency 1612 kother settings were indicated in
the figure legends.

High field high frequency EPR: 100 pl of the samples were loaded into cryogenic
tubes (NALGEN in complete darkness. The high fisfiectrometer has been described in
[27]. High fiel EPR spectra were recorded with Z839z microwave frequency, other settings

were indicated in the figure legends.
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3. Mn?* photo-oxidation and stabilization of the Mr**

» Introduction

The first step of photoactivation should be theieststo study. According to the
literature Mrf* binds to a high affinity site and upon illuminati is oxidised by TyrZ This
state can back react or undergo a change (thestigpk that allows the next photooxidiation
of Mn to take place. This dark step has been estign@ occur in 125 ms [5].

Some measurements have been made of a singfefmed under conditions where
this state corresponds to the first oxidised®M8, 28]. Few kinetic studies have been done
as far as we are aware. Here we show some preliyniiadies of MA* oxidation in the PSII

from T. elongatus after removal of the MyCa cluster.

> Results

In Figure 1A, the kinetic trace in red shows thesffi-induced M oxidation by Mn-
depleted PSII at 20°C. The trace was measureckdtetld position shown by the arrow in the
inset. The flash generates Tysithich rapidly oxidises the Miforming Mr**. Mn®*" is EPR
silent under these conditions. Kreappears with kinetic two phases: a fast phade avtalf
time of ~0.30 s and slow phase with a half tim@-@f s (Figure 1 A and B, red traces). This is
attributed to MA* reduction probably by charge recombination frora teduced quinone
acceptors.

To avoid recombination, an electron acceptor, phé®nzoquinone (PPBQ), was
added. It removes the electron from the acceptie of PSII by re-oxidizing & to Qs. In
addition the semi-reduced form of PPBQ is ableaketan electron from the non-heme iron in
a significant fraction of centres [29]. It was falthat instead of stabilising the Rfnthe
PPBQ had the opposite effect (not shown). The redldorm of PPPQ seems to be able to
donate electrons to the Kfnat a rate that is faster than charge recombinatiithin the
reaction centre.

Figure 1 (lower trace) shows that the additionfesficyanide in addition to PPBQ
results in the stable loss of Kfrupon a flash. Ferricyanide is a stronger oxidautacts as an
electron sink, re-oxidising the reduced form of EP@PBQH). In experiments where both
acceptors were added, Rfrwas stable, with a halftime of hours (Figure 1Adi trace, and

see Figure 2).
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Figure 1B, shows the effect of continuous illumioaton Mrf* oxidation and re-
reduction kinetics in a sample without an exogeralastron acceptor. The upper trace is the
same trace as in Figure 1A as a control. The Iamee shows that the illumination of PSII in
the presence of M# with continuous light leads to more Kfrundergoing oxidation and a
marked stabilisation of M the state. This is also the case when closelyespfiashes are

used (not shown).

ﬂ 1Flash ﬁ 1Flash
T ‘ ‘ ‘ ‘ ‘ ——

Light ON

“Field, 6

Light OFF

|

0 10 20 30 40 50 60 0 10 20 40 50 60

Time, s Time, s

Figure 1: Mi" oxidation at room temperature induced by illumioatof Mn depleted PSII in the

presence exogenous Knt equivalents of M were present per PSIl. Upper (red) trace induged b
one saturating flash. Lower (black) trace, sameeugpace but in the presence of the electron
acceptors electron acceptors: Phgmydenzoquinone (PPBQ) and ferricyanide. The insewshthe

typical room temperature Mn EPR signal, the bold arrow shows the positionhef tield where
kinetic traces are measured. Panel B) Red trace geme as in A), in black the sample was
continuously illuminated for approximately 1 secor®ktting conditions: Microwave frequency:
9.41GHz, Microwave power: 63 mW, modulation ampléu10 gauss, static field: 3239 gauss

Figure 2 shows an experiment were 4°Mwere fully photo-oxidised in the presence of
PPBQ and ferricyanide resulting a state that islsttor more than 12 hours. When’Cwas
added to the sample, the MEPR signal re-appeared and the intensity was ttogee Mrf*
signal intensity before the photo-oxidation. Th ifitensity of the MA* signal is not entirely

recovered upon addition of Egblack).
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Figure 2: Effect of C4 on the stable Mii intermediate. Black trace is 4 Mn/Mn-depleted FSII
TPB buffer, with PPBQ/FeCy in the dark. Red, themsasample after continuous illumination, this
state was stable for overnight. Red trace is jiiet addition of CaGl Setting conditions: Microwave
frequency: 9.41GHz, Microwave power: 63 mW, modolaamplitude: 10 gauss.

» Discussion

It is shown that the stability of the first Mhintermediate in photoassembly of the
Mn,Ca cluster can be controlled by adjusting differexiperimental parameters. The
instability of the MA* appears to arise from internal charge recombinaitioPSII. Future
experiments to monitor theQfluorescence with DCMU are planned attemptingdoalate
the Q" decay with MA* formation.

Scavenging of the electron from the acceptor sslieguPPBQ and ferricyanide results
in a state that is stable for many hours. Thislstatate should be the subject of spectroscopic
and biochemical studies to determine its chemiealine. The fact that it is destabilized by
C&" is reminiscent of observations in the literatirewhich Mrf* can be oxidized in the
absence of G4 but subsequent €aaddition activates a small fraction of correctiygembled
clusters and displaces non specifically bound®Mh2] and [13]. This could mean that the
small fraction of MA* that did not reappear in the spectrum upofi @ddition represents the
formation of the active cluster in a small fractmircenters. This should be easily testable.

In the stabilised system it is clear that ferrodgtaris unable to donate to ¥fn This
could indicate that the MiYMn®" is at a lower potential than the ferri/ferro cydmicouple,
this however seems unlikely based on what is ergeftom Mrf* chemistry. Alternatively,
the (FE'CNg)* ion may be excluded from the Nfnhenvironment perhaps because of it
negative charge. A third alternative is that the’Mis EPR silent rather than oxidised to
Mn**. This seems unlikely but it can be ruled out binddigh field EPR experiments.

148 /168.



The light induced stabilization of the oxidized fmay reflect the rate-limiting dark
step of Cheniae [5]. The kinetics of Mhformation after a flash may reflect the back rieact
occurring at the same time as the dark step. Tdutdaexplain the biphasicity of the kinetics.
By maintaining the Mfi in an oxidized form using a brief period of comtius light or a
number closely spaced flashes (not shown), theligeb state can be accumulated in all the
centers. Figure 1 shows this effect in a sampléawoing 4 Mn per centre but similar effects
are seen when only 1 Mhnper centre is present. This argues for the effectirring when a
single Mrt* is formed, rather than the formation of Mn dimer,trimer. The most likely
explanation for this stabilization event is thaisita slow deprotonation triggered by #1n

formation in a site close to TyrZ. It should be gibe to test this idea in future research.

149 /168.



4. Mn*" intermediate trapped by illumination at -20°C

» Introduction

In the literature, the most detailed studies of first intermediate in photoactivation
(namely the MA" ion) were done by generating this state at -20%hgi continuous
illumination at low temperature (-20°C) using pl&8lI [28]. Parallel mode EPR was used to
study this state under various conditions includingange of pH, the presence of’Cand
bicarbonate ions. Furthermore by difference spsctipy the spectrum of the Kfnwhich
was expected to be in the high affinity site, waslied upon formation of the Mh state.
ESEEM spectroscopy was used to study the environafehe Mrf* ion and the influence of
various ions [21].

We wanted to apply the same methodology to studyséime species in PSII from
elongatus which is a much better spectroscopic material @whth benefits from having a

resolved crystal structure.

> Results

We began our experiments by monitoring ®oxidation upon illumination at -20°C
using X-band (9GHz) EPR simply to verify the photdedation of Mrf* in our biological
material . elongatus) at this temperature. Figure 3 (black line) shales typical six lines
Mn?* signal, in a sample containing the Mn-depletedl R8t 4 equivalent of M. The
illumination at -20°C of this sample almost abodidithe six lines signal, indicating that the
Mn?* was photo-oxidized (Figure 3, red line).

In this experiment, the majority of the KInEPR signal disappeared after the -20°C
illumination. When PPBQ was added as an electraemor similar results were obtained
(not shown). When the number of ®Mnions per centre was increased, in the presence of
PPBQ, these too could be photoxoxidised by illurtiimaat -20°C. Indeed, more than 8 fn
could be oxidized per centre. This implies that sdvi’” ions at least were free to diffuse to
some extent at -20°C and that in the absence ekagenous electron acceptor the number of
Mn?* oxidized is determined by the capacity of the getmus electron acceptors.

It is generally considered however that ¥IfEPR when measured at 9GHz is not
always a reliable and quantitative probe. We attethpo confirm our findings using high
field 295 GHz EPR, a method that is more reliabledietecting MA".
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Figure 3: MA* photo-oxidation at -20°C by
Mn-depleted PSII. The Mn-depleted PSII was
incubated for 10 min at room temperature with
4 Mr** equivalent / Mn-depleted PSIl. The
black spectrum showed the sample in the dark
\ prior to illumination. The sample was then
illuminated for 5 min at -20°C with red light.
N Instrument setting: Microwave frequency:
‘J 9.41GHz, Microwave power: 20 mW,
modulation amplitude: 25 gauss, temperature:
15K.

‘ [ ‘
2500 3000 3500 4000
Magnetic Field (gauss)

Figure 4a shows a 285 GHz EPR experiment wherengleacontaining 5.39 M per centre
in the presence of an electron acceptor was illatath at -20°C. Clearly all the Ninwere oxidized.
In this figure the full oxidation of Mii by the Mn-depleted PSII after the illumination-&0°C is
shown in both 1.27 MiVMn-depleted PSII (fig 2, b) in absence of electmrceptor and 5.39
Mn*/Mn-depleted PSII (fig 2, a) in presence of eleatewceptor PPBQ. We clearly show that the
illumination at —20°C of the Mn-depleted PSII cafidize more than one Mhper Mn-depleted PSII
centre. In fact, Mn-depleted PSII can photo-oxidizere than 8 equivalents Kfnper Mn-depleted
PSII centre (not shown), the limitation is the &les acceptors, this is clear from the experiment i

Fig. 2a, where almost 5.39 Kfrwere photo-oxidized in presence of electron acrept

Figure 4: High field EPR spectroscopy of
Mn?* photooxidation at low temperature.

a In black is the spectrum taken before
illumination, in red after illumination at —
20°C for the indicated time in the text
bellow. The Mn-depleted PSII was mixed

with Mn?* and TPA (40 mM MES pH 6.5,
15 mM CaC}, 15 mM MgC}, 0.03% B-
DM) in presence or absence of the electron
acceptor PPBQ in the dark at room
temperature. (a) The ratio of Kfh Mn-

b depleted PSIl was 5.39. The illumination
A j\\r I Y ) time was 15 minutes. (b) The ratio of
, , v r v , Mn?/ Mn-depleted PSIl was 1.27. The
10.18 10.20 10.22 illumination time was 3 minutes. Setting
Magnetic Field (T) conditions: Microwave frequency: 285

GHz, modulation amplitude: 2 gauss,
temperature: 23 K.
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Figure 5 shows the photooxidized Mrfter illumination at —20°C, showing thus a
full oxidation of Mrf* to Mn®** by the Mn-depleted PSII, as shown in Figure 3 4ndfter
thawing at room temperature of the sample for 1@ubeis, the original spectrum was
obtained (Figure 5, blue spectrum). The re-illurtiora of this sample showed the full re-
photooxidation of the M, showing the reversibility of M photooxidation (data not
shown). This shows that, first as expected, the’"Mntermediate generated is unstable.
Second, MA" is reduced to Mfi that has exactly the same absorption spectrunh \&as
before illumination, thus, Mii returns to the same environment and symmetry affer

minutes in the dark.

|- —

10.17 10.20 10.23
Magnetic Field (T)

Figure 5: High field EPR spectroscopy showing réidncof the oxidized Mn (reappearance of ¥n
uponthawing the sample in darkness. The Mn-depleted W& mixed with MA" and TPA in dark
at room temperature. The ration of #MnVin-depleted PSIl was 1.27. In black is the speutbefore
illumination, in red is the spectrum after illumtizan for 3 minutes at —20°C and in blue is the si@mp
after 10 minutes of thawing at room temperaturgéhe dark. Arrows show the special signature
feature of TyrD signal. Setting conditions as in figure 4.

» Discussion
In our conditions it seems clear that continuoudsmilnation at -20°C results in
multiple oxidations of MA" by PSII if they are present. This will result innsixture of
sites/states, which will complicate the spectrogcsfudies. To study the specific Mrstate
(or by difference the Ml undergoing oxidation), it will be necessary to kowith
substoichiometric quantities of Mhor to find different conditions. In order to saite the
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site, a superstoichiometric number ¥rcan be used provided a single saturating flash is
used. To allow the MH state to be trapped, the PPBQ plus ferricyanideeftor system
should be appropriate.

In earlier studies, the method used to trap the¢ K" was by using illuminating at -
20°C samples containing 6 Knequivalents for one Mn-depleted PSiII, in thoseditions,
Tyryshkin et al, claimed that only one Kiris oxidized at the high affinity site [28]. This
in clear disagreement with the present work. Ipassible that species difference could be
responsible for this discrepancy. This should t&atde using plant PSII membranes under

our experimental conditions.

5. The Mn** environments with PSII studied by high-field EPR

» Introduction
High field EPR is very good at detecting Miions. The greatly enhanced resolution can also
provide unique insight on the environment of theéah®n. Here we looked at the high field
EPR spectra of M ions that are photoxodisable by the manganesetepPSII under a

range of conditions.

> Results

Figure 6 shows the Mt high field EPR signal in the presence and absentiee Mn-
depleted PSII . The EPR signal of Mrin the TPA buffer (40 mM MES, pH 6.5; 15 mM
CaCb; 15 mM MgC} and 0.03 %8DM) shows broader and more complex six line spettru
corresponding to the M interacting with the Clanion [30] (see article 9 in the annexes of
this thesis). In contrast, in presence of Mn-deld®Sll, only six sharp lines are seen. Also,
the shape of the M EPR signal in presence of the Mn-depleted PSibtsas regular as it is
in the TPA buffer alone. Hence, the fiin the presence of Mn-depleted PSI! is in a differ
environment and symmetry than the one found inff#Aa buffer alone. This indicates that the
Mn?* molecules do not interact with the chloride iongtie buffer but interact with the Mn-
depleted PSII protein instead. The illumination21°C of the Mn-depleted PSII added to the
Mn?* in TPA buffer shows complete oxidation of Mr(Fig 4a). Thus the Ml ions were
either bound close enough to TyrZ to be photo-aablie, or they diffused during the
illumination process that generates TyrZ

Ccd&* and Md* are competitors of Mii in its binding site [6]. In figure 6, the typical
Mn?*-CI" broad signal described by [30] is not detectablenthe Mn-depleted PSIl was
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present. Thus even in the presence of 15 m# &ad 15 mM of M§" none of the 4 Mfi per
PSII were interacting with Clons. This may indicate that the 4 frare bound to the Mn-
depleted PSII in a special environment (cavity,ncieh or close to a surface) that prevents
binding of the Clions.

1018 1020  10.22
Magnetic Field (T)

Figure 6: High-field high-frequency EPR spectratd¥in** with Mn-depleted PSII in TPA buffer (in
red) compared to the free Kfin TPA buffer (in black). Measuring conditions wergin figure 4.

Figure 7 shows the high field EPR signal of ¥im absence and presence of the Mn-
depleted PSII in TPB buffer, which lacks MgC&* and Clions (20 mM MES pH 6.5,
0.03%p-DM). The high field EPR signal of M#iin the TPB buffer shows a regular six lines
shape, while the EPR signal of the #in the presence of Mn-depleted PSII has a differen
shape where the six lines are not equal. The hiyeevilue for the Mfi' control in the TPB
buffer is 0.965 T, while it decreases in the preseaf Mn-depleted PSII to 0.943 T. The
hyperfine is smaller in the presence of Mn-deple®SiI, indicating that the M ions

interact to a greater extent with Mn-depleted R®8H less free to interact with the buffer.
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10.18 1020  10.22
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Figure 7: High-field high-frequency EPR spectraoné equivalent Mii in Mn-depleted PSII in TPB
buffer (in red) compared to Mhin the TPB buffer control (in black). Black bratke the hyperfine
value 0.965 T of the M EPR signal in TPB buffer, and the red bracket s tiyperfine value
0.943T of Mr" in Mn-depleted PSII. Setting conditions as in figa.

Figure 8 shows that Gaand Md" can change the high-field EPR signal arising from
the Mrf* interacting with the Mn-depleted PSII. The chamgesists of a distortion of the
shape of the six lines and an increase in the fipeespliting when C& and Md" are
present. The hyperfine value is slightly biggetha presence of €aor M¢?* showing that a
population of MA" is in a different environment. The KRCI signal is still undetectable in
figure 8. This might be explained by the fact ttr& Mrf* is in an environment where ‘G$
unable to bind. The M might be in a negatively charged cavity or surfacevhich Cl ions
are excluded. The fact that even, in the presefi€@s® and Md", the Mrf* can be photo-
oxidized (figure 3, 4 and 5) may indicate that #gnmyvironment is near the TyrZ.
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Figure 8: Effect of divalent cations on Rrhigh-field high frequency EPR signal in present&lo-
depleted PSII. In green, no adds. Black, 15 mM MgRkd, 15 mM CaGl Blue, 60 mM NaCl. 1
equivalent MA" per Mn-depleted PSIl was added to all samples, hiliiéer was TPB. Setting
conditions as in figure 4.

» Conclusions:

In the present work, we cannot distinguish unambigly whether the M ions are
bound to the protein or free in the buffer. Givee titerature we expect to have a specific
high affinity site, however the high field EPR doest distinguish this site from those
occupied by other oxidizable Nhions. It is possible that several Mrbind to the Mn-
depleted PSII in similar environments and all imxamity to the TyrZ. Given the large
vacant ligands that hold together the &a cluster, this is not too difficult to accept.idt
possible that the M ions are relatively loosely bound in a channetawity close to the
binding site. We suppose that the ¥ maybe bound to the Mn-depleted PSII in a special
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environment, it can be a cavity mainly made by caylic acids negatively charged, channel
or close to the protein surface, this may explhaalack of Clion binding and the inability
of ferrocyanide to donate to Mh

6. General Conclusion

These short unfinished studies on aspects of pbtation represent only a small part of
the data | obtained working on this complicatedjsttb Several observations are intriguing
and provide some directions that future research fimléow. Photoactivation remains one of
the areas of PSII research that has still to gjvétsisecrets of how the water is oxidized. |
imagine that resolving the photoassembling proedfishelp the scientists working in the
artificial photosynthesis. | hope that this smatintibution will be useful for future
researchers who take up the challenge.
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1. Spécificité du coté accepteur du PSIl compazélai des centres réactionnels bactériens :

Malgré les similitudes structurales du coté atmapd'électrons entre le PSIl et le
centre réactionnel des bactéries pourpres (voiodnoiction), des différences existent. Ces
différences peuvent refléter la fonctionnalité &IIP

(1) Le fer non-hémique peut étre oxydé ou rédurtsdeertain cas. La réduction du
Fe*" en Fé' peut se faire aprés une réduction par, € peut étre aussi réalisée chimiquement
avec des réducteurs tels que le dithionite. L'otipdade ce fer peut se faire par ajout
d'oxydants tel que le ferricyanure [1], ou encase gertaines semiquinones telles que PPBQ
[2]. D'autres observations sont décrits dans téréture ; Nugent a montré 'oxydation du fer
non-hémique dans le noir aprés un éclairement diui [BE; La présence d'une quantité
résiduelle de fer oxydé dans le noir [4] ; Bousskal [5], ont montré I'oxydation du fer dans
le noir lors de I'ajout de DCMU dans les centreanayQ présent a l'obscurité [5]. Cette
derniere observation a été expliquées par un déplact de I'équilibre de la réaction ci-
dessous vers la droite par le DCMU, mais peut imgliqqu'une oxydation du fer non-hémique
par " présente de maniéere naturelle peut étre possible.

F&'Qs + DCMU = Fe*QgHp + DCMU = FE*DCMU + QsHs

Dans l'article 4, j'ai montré |'oxydation du fermbémique en présence de @ans le PSII
non-traité dans 20 % des centres approximativenh@ntapacité de £ a oxyder le fer non-
hémique nous permet de proposer un potentiel rpdox le couple @/QgH2 qui doit étre
assez proche du potentiel du*#Ee?*, lui méme calculé par Ishikita et Knapp & ~300 enV
pH 6,5 en présence desQ6]. L'oxydation du fer non-hémique dans une factdes centres
de PSII peut avoir un effet protecteur, en effetfdr pourrait jouer un réle de réducteur de
Qg’, diminuant ainsi les chances d'une recombinaigothdrges entreget les états $S;.

(2) Au niveau du c6té donneur, le cluster de,®&m est absent dans le centre
réactionnel des bactéries pourpres. Or dans le RSitésence ou l'absence du cluster de
Mn,4Ca induit un changement dans le potentiel redozadyple Q/Qa” [7-8].

Cet effet de I'augmentation de potentiel redoxpesbosé avoir un effet protecteur lors
de recombinaisons de charges entsed Rigo en favorisant une recombinaison directe entre
Qa™ et Rgo', évitant ainsi la recombinaison indirecte en paispar la Pheoqui peut produire
I'état triplet®Psgo et 'O, [9-10]. Il est & noter que le cluster de J@a est situé au niveau de la

sous unité D1 et que @t i sont localisées sur les sous unités D2 et D1eotisgement. On
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prédit donc un possible changement de potentielxel@ @ lorsque le cluster de M@a est
absent, cela n'a jamais été mesuré dans la littérat

(3) La sous-unité H présente au dessus du fer aornigue dans le centre réactionnel
bactérien est absente dans le PSII, ce qui laisseip ainsi une plus grande accessibilite.
Dans le centre réactionnel des bactéries pourpeesous-unité H possede les canaux
nécessaires pour I'acheminement de protons [143,ajae dans le PSII, le c6té accepteur est
exposé a l'extérieur (stroma). L'accessibilité dté accepteur du PSII pourrait donc faciliter
l'acces pour une régulation de type pH, accesd#aaarboxyliques pouvant influencer sur la
vitesse du transfert d'électrons entreed Q.

(4) La présence d'un ligand échangeable (bicarbptiétau fer dans le PSIl pourrait
étre impliqué dans les régulations de transfetectns entre @ et @ ou encore dans le
mécanisme peu connu de la protonation de Jai montré dans cette thése que le formate
peut remplacer le bicarbonate et induire un siRRE Q@ Fe** différent de celui de QFe?* et
plus facilement détectable. Cela facilite la détectle Q' Fe* en RPE. Les sighaux RPE de
QaFe* et Q@ F€* en présence de formate sont similaires aux sigh®k de QFe’* et Q
Fe* trouvés dans les centres réactionnels des bact@oerpres [12]. L'échange du
bicarbonate par le formate provoque un ralentiss¢hens le transfert d'électrons entreed
Qs comme il est décrit dans la littérature [13]. Omuessi montré que le formate pouvait
bloquer I'échange degB, [12-14]. Le ralentissement du transfert d'élecrentre Q et
et le blocage de I'échange dgH} lorsque le formate remplace le bicarbonate indiquee
implication du bicarbonate dans I'efficacité densfert d'électrons et peut étre un réle dans les
mécanismes de protonation dg” €/ou Q2. Il est & rappeler que le G®st l'accepteur final
d'électrons de la chaine de photosynthése, doncégdation du transfert d'électrons entre
Qa et 3 due a la concentration de ¢€@eut étre possible. Petrouleas et al, [15-16] ont
rapporté les effets de ralentissement de transfétectrons entre Qet i lorsque le
bicarbonate est échangé par des acides carboxyliglgoxylate, oxalate, glycolate) et ont
exclu un possible réle de régulation du transfeétedtrons dans le PSIl par les acides
carboxyliques, car pour déplacer le bicarbonattauldra utiliser de fortes concentrations
d'acides carboxyliques (il faut utiliser 30 foiscancentration d'acides carboxyliques pouvant
eéchanger le bicarbonate afin de commencer a vonalemtissement du transfert d'électrons
entre Q et ).

L'accessibilité du fer (due a I'absence de la smite H) et le ligand échangeable dans
le PSII peuvent expliquer pourquoi le fer non-hamigpeut étre une espece redox active en

comparaison avec le fer non-hémique du centreiokene! bactérien.
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2. Sur la voie de la détermination du potentielmede Q:

Le potentiel redox de gest difficile & mesurer et donc trés peu repodasdla
littérature, cela dit des estimations basées surifeétiques de transfert d'électrons entseeQ
Qs et d'expériences de thermoluminescence exidienprenant en compte (1) de la valeur
de -80 mV comme potentiel du couple/Qa [8] (2) une différence de potentiel de 70-83 mV
permettant un transfert d'électrons efficace eQvet Q;[17-20] (3) un potentiel de 130 mV
pour le couple @QgH> [21]. En supposons que la moyenne du potentieDgl®s et Q5
/QgH; est égale au potentiel du PQ/PQH

Plusieurs options peuvent étre envisagées (vechéma 1):

La premiere option : EQs/Qs > EnQs/QsH:2

En considérant le potentiel de -80 mV pour le ceuPh/Qa", on suppose que le
potentiel du couple £)Qg" est ~260 mV et le potentiel dgs@sH, est ~ 0 mV. Si on prend
la valeur de -140 mV comme potentiel du couplé@a’, le potentiel de Qg est ~ 320 mV
et le potentiel de gYQgH2 est ~ -60 mV. Dans cette option, la capacité gee& incapable
d'oxyder le fer non-hémique. Ce cas de figure msilare aux potentiels reportés daBk
viridis; En, Qa/Qa” = -80 mV [22], et le potentiel deglDs” est plus oxydant que le potentiel
de Q/QgH2 (Em Qs/Qs = 160 mV et |k Qg/QgH2 = 95 mV [23]). J'ai montré dans l'article 1
[12] que @ est réduit lorsque le PSII est traité par le DAo@bate. Ce résultat peut étre
expliqué par le fait que le potentiel dg/Qg” est plus oxydant que celui du couplg/QgH>
et donc correspondrai plus cette l'option u@/Qg” > En Qs/QgH2. Cette option justifie

aussi une observation reproductible ou les deurcespQ™ et " sont présent en méme

temps et stable pendant quelques minutes a terapgeanbiante (résultats non montrés ici).

La deuxieme option :zQs/Qs” < EnQs/QsH2

La deuxieme option consiste a satisfaire la difiéeede potentiel de 70-83 mV entre
Qa/Qa” et @/Qg” et donc de proposer un,E)s/Qg” aux environs de 0 mV (en prenant -80
mV pour Q/Qa” [8]), et B, Qs /QgH2 ~260 mV. Cette valeur de ~260 mV pour le coupie Q
/QgH. pourrait expliquer I'observation réalisée au calgsette thése concernant I'oxydation
du fer-non hémique pargQdans une fraction des centres. Dans ce cas, ldec@upQgH; a
un potentiel suffisant pour oxyder le fer non-hémeigPetrouleas et al, [15] ont proposé une

valeur de 310-430 mV pour le couplg @®gH>, ce qui consolide cette option.

163 /168.



QAQn QAQn
-80 = I -80 = I
Qg /QgH, Qp/Qp
0 = 0 =
w w
I I
n n
g g
E 130 = - E 130 = -
£ £
w w
260 = 260 =
Qu/Qg Qg/QgH,
v v

Schéma 1 : Proposition du diagramme énergétiqu@sdé\ gauche, schéma basé sur l'option 1: E
Qe/Qs > E, Qg/QgH.. A droite, le schéma énergétique basé sur I'ofiorg, Qs/Qs < E., Qg
/QgH,. Le potentiel de -80 mV est pris comme référerfje lLa valeur de 130 mV représente le
potentiel redox du pool membranaire de plastoqur®®/PQH [21]. Potentiels proposées a pH 6,5.
Dans ce schéma, on suppose que la moyenne duipbten€y/Qs et @/QgH, est égale au potentiel
du PQ/PQH

bY

Pour répondre clairement & cette question et satéis spéculations parfois
contradictoires, le titrage potentiométrique sempuignordial. La RPE pourrait servir de
technique de premier choix afin d'acquérir cet cfjeLes résultats obtenus au cours de ma
thése concernant les spectres RPE g€& et QF&* complétement résolus (article 3) et
I'évolution du signal de QF€" au cours du temps en présence de dithionite l@rfip
découvert ici (bien que l'origine exacte du changrende signal RPE de,®&** réduit par la
dithionite en fonction du temps est jusqu'a présdscure) seront pris en compte lors de la
réalisation du titrage degQLe titrage de @ par RPE a été tenté par Corrie et al, [24], un
potentiel de 150 mV et 80 ont été trouvé a pH &Grdes couples Qg et Q/QgH>,
respectivement. Ces valeurs sont proches des salewvées dans les centres bactériens et
correspondants a la premiéere option. Sauf que ciesmsravaux [24], la réversibilité du titrage

n'a pas été effectué et le potentiel redox trowou# pes couples £Qg et Q/QgH, coincide
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avec les potentiels redox de deux médiateurs égilisrs du titrage. C'est en partie pourquoi

ces valeurs ne sont pas reprises dans la littératur

3. Photoactivation de I'apo-PSilI:

L'assemblage du cluster de Mda reste jusqu'a présent un mécanisme inconnu.
L'élucidation de ce mécanisme pourra aider a lapréhension de la réaction d'oxydation de
l'eau.

Pendant cette thése, j'ai mis au point un protodelphotoactivation de I'apo-PSlI isolé Te
elongatus un matériel de choix pour la RPE. Le rendemenpluetoactivation reste faible
(~15%) et pourrait étre optimisé. J'ai utilisé caténiel pour explorer la premiere étape de la
photoactivation consistant & photo-oxyder un®Mra premiére étape de photoactivation
consistant en l'oxydation du Kthen Mr* est piégée par I'éclairement & basse température (
20°C). Il a été conclu qu'a cette température seWIr’" est photo-oxydé par I'apo-PSlI [25].
Les auteurs ont interprété la diminution de maitié signal RPE X-band de Mhlorsque
I'échantillon contenant 6 Mh/ apo-PSII est éclairé & -20°C, par la photo-osipdad'un seul
Mn®* lié au site de haute affinité. Ce résultat a étdase d'une série d'articles visant a
caractériser la premiere étape de photoactivatian différentes techniques et dans des
conditions différentes [25-28]. Or, J'ai démontuéag20°C 'apo-PSII peut photo-oxyder plus
qu'un ion MY, la photo-oxydation & -20°C du Kfhest limitée par la disponibilit¢ d'un
accepteur d'électrons. Je suggere donc, que dansoflelitions expérimentales dans ces
papiers, plusieurs M ont été photo-oxydés et non pas un seut’Ndpécifique lié & son site
de haute affinité. Cela a une grande répercussion I'tterprétation des résultats
spectroscopiques.

J'ai mis au point deux meéthodes afin de stabiligerpremiére étape de la
photoactivation, la premiere consiste a l'utilisatid'une mélange PPBQ/ferricyanure, la
deuxieme méthode consiste a I'éclairement pendaitjues secondes. Ces deux méthodes

doivent étre étudiées encore plus.
J'ai aussi mis en évidence en collaboration av&r.l&un Un une méthode qui pourra

étre utilisée pour les études de Mhé & une protéine ou libre, et cela par le faie ¢g Mrf*
libre lie le CI en changeant le spectre RPE & haut champ [29].
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Abstract The effect of chloride concentration on Mn>* (S = 5/2, I = 5/2) ions in
frozen aqueous solutions is studied by high-field high-frequency electron paramagnetic
resonance (HFEPR). The usually six sharp lines characteristic of Mn?* ions, arising
from the my; = —1/2 — 1/2 transition, is modified by the addition of C1™ anions and
the six resonances become much broader and more complex. This new feature likely
arises from the ligation of one Cl~ anion to a hydrated Mn>" ion forming a
[Mn(H,0)sCl] ™ complex. This complex increases linearly with C1™ concentration with
an association constant of K, spparent = 61 M. The structure of the putative chloride
complex was studied using density functional theory calculations and the expected
zero-field interaction of such a manganese center was calculated using the superpo-
sition model. The predicted values were similar to those determined from the simu-
lation of the spectrum of the m; = —5/3 — —3/2 transition of the chloride complex.
This effect of C1™ anions occurs at biologically relevant concentration and can be used
to probe the Mn" ions in cellular and protein environments.

1 Introduction

Many important biological processes depend on manganese ranging from photo-
synthetic oxygen production to control of oxidative stress as well as other enzymatic
processes [1]. Although manganese takes on a variety of oxidation states in these
processes, most, if not all, originates as Mn?*. As such, its acquisition, transport and
homeostasis are important to cells. There are few techniques capable of selectively
detecting and characterizing manganese ions. Electron paramagnetic resonance
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248 S. Un, A. Sedoud

(EPR) spectroscopy is one of such methods that is capable of probing the electronic
states and structure of manganese ions and their binding sites.

The EPR spectroscopy of Mn*" (S = 5/2, I = 5/2) is essentially determined by
the spin Hamiltonian

. . - . D
H:ﬁB-g-S+1-A-S+§(3sg_S(S+1))+E(Si—s'i) (1)

where the first term describes the electronic Zeeman interaction and the second the
hyperfine interaction between the unpaired electrons and the manganese nucleus
(I = 5/2), and the last two terms describe the zero-field interaction. For most Mn>"
ions, the Zeeman and hyperfine interactions are essentially isotropic which greatly
simplifies the spin Hamiltonian and spectral analysis.

Due to the zero-field interaction, which can range from essentially O to beyond
10 GHz, conventional 9 GHz EPR has proven to be of limited value due to poor
resolution and high spectral complexity. Recently, several experiments have been
carried out using high magnetic-field high-frequency EPR (HFEPR) [2-5] that suggest
that this approach not only circumvents these two limitations, but also allows accurate
measurement of the magnetic spin parameters of an Mn”>" ion from which valuable
information about its electronic structure and interactions with the environment can be
extracted. The essence of HFEPR spectroscopy of Mn>" ions is shown in Fig. 1. There
are two notable features of Mn>* HFEPR. In general, the zero-field interaction does not
affect the my; = —1/2 — 1/2 resonances to first order; nonetheless, it does contribute to
higher orders resulting in line broadening. When modest, these higher-order line
broadening effects can be exploited to determine the zero-field parameters, D and E,
from line shape analysis, but they also inevitably lead to loss of resolution. It is possible
to suppress or reduce such effects by using higher magnetic field that also requires higher
microwave frequencies. An ideal situation is one where these zero-field effects can be
“tuned” by using variable magnetic fields and microwave frequencies. We have
demonstrated such an approach by using 95, 190, and 285 GHz microwave frequencies
and a 10 T magnet to study manganese centers in superoxide dismutases that have zero-
field interactions ranging from 1 to 10 GHz [6]. A second feature of Mn®* HFEPR is the
ability to observe clearly and easily the spectrum of the m; = —5/2 — —3/2 transition
even in frozen solutions. This is accomplished by reducing the observation temperature
to that of liquid helium, where only m; = —5/2 and —3/2 levels are significantly
occupied (for 10 Tand g = 2,v = 285 GHz at 13 K). The zero-field parameters can be
directly determined from such a liquid-helium-temperature spectrum with the added
advantage that for cases, where the E/D ratio is not close to 1/3, the algebraic sign of D
can be unambiguously determined (Fig. 1).

We and others have been exploiting HFEPR spectroscopy to study Mn** in
enzymes, but recently we have turned our attention to the so-called “free” Mn”,
that is, ions not bound to enzymes. They have been implicated in nonenzymatic, but
nonetheless catalytic, dismutation of superoxide [7] and conversion of peroxide to
oxygen, and water [8]. Little is known about what chemical form the free Mn>"
takes. This is important, for example, because the reduction potential of the Mn>*/
Mn*" couple in water is too high to carry out catalytically the dismutation of
superoxide. We have shown that the Mn®" zero-field parameters are sensitive to the
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Fig. 1 The EPR spectra (left) and energy levels (right) of a Mn>" ion when the Zeeman interaction
(gPB) is the dominant interaction. The energy diagram is for the case where E = 0 and the heavy arrows
denote the five formally allowed electronic spin transitions. The powder spectrum of the m; = —5/2 —
—3/2 transition is shown for D < 0 (gray) and D > 0 (black). The mg = —1/2 — 1/2 spectrum and the
associated electron-nuclear hyperfine transitions (fine arrows) are also shown. Both, the m; = —5/2 —
—3/2 and m; = —1/2 — 1/2 spectra are centered Beener = hv/gf. The labeled field positions are relative
tO Bccnlcr

electrostatic environment of the metal binding site and, at least in certain synthetic
complexes, the Mn*" zero-field interaction is proportional to the Mn>"/Mn*" redox
potential [9, 10]. Hence, HFEPR provides an effective chemical probe. A different
approach has been the use of high-field pulsed electron-nuclear double resonance
[11]. In this study, we describe HFEPR spectroscopic study of Mn>" ions in frozen
buffered solutions and the effect of chloride on them. The concentrations of metal
and chloride used were well within biologically relevant range and the results of this
study should have direct implications to what happens in the cellular milieu.

2 Materials and Methods

2.1 Chemicals

Standard reagent-grade MnCl,-2H,O and NaCl were used and dissolved in 10 mM
2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 6.3). Manganese concen-
trations were verified by atomic absorption spectrometry (Perkin-Elmer).

2.2 HFEPR Spectrometer

The HFEPR spectrometer has been described in detail elsewhere [12]. Field
calibration was based on a Mn*"-doped MgO standard sample (g = 2.00101 [13])

and the absolute error in field measurements was 1 G (0.1 mT). Spectra of the
mg = —1/2 «+ 1/2 transition were taken at 23 K with 2 G resolution and 2 G
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modulation amplitude. With these parameters, sufficiently accurate amplitudes and
line shapes were obtained. All my = —1/2 «+ 1/2 spectra were obtained under non-
saturating conditions and could be readily double integrated. The m, = —5/2 <
—3/2 spectra were obtained at 4.2 K—with a modulation amplitude of 20 G.

2.3 Spectrum Simulations

Simulations of the spectra of the my = —1/2 < 1/2 transitions were carried out as
previously described [6, 14]. It has been previously shown that the estimated error
limits of the fitting procedure can be as small as £0.06 GHz for the two zero-field
parameters. Simulations of the 4-K spectra were based on standard second-order
perturbation solutions to the spin Hamiltonian Eq. (1). The g- and hyperfine tensors
were assumed to be isotropic. Only the formally “allowed” transitions were
considered. The amplitudes of the transitions were properly weighed to take into
account the quantum mechanical transition probabilities, as well as populations of
the six levels as defined by Boltzmann’s equation.

3 Results and Discussion

Figure 2 shows the HFEPR spectrum m, = —1/2 « 1/2 of 15 uM Mn*" in 10 mM
MES buffer as a function of the NaCl concentration added. Below 3 mM chloride
concentration, the mg = —1/2 < 1/2 spectra consisted simply of six relatively sharp
lines, one of which is labeled “B” in Fig. 2. These spectra were essentially identical
to the spectrum in the absence of chloride. The six lines are due to the hyperfine
interaction and the sharpness of the lines indicated that the zero-field interaction was
relatively small. From here on, the Mn?" ions that give rise to such simple spectrum
will be referred to as MnZr.. Above 3 mM NaCl, a different six-line spectrum (one
of the lines is labeled “A” in Fig. 2) that had a much more complex line shape
appeared. This more complex spectrum grew with increasing concentration of NaCl
until 150 mM. The width of each of the new hyperfine lines was much broader than
those observed in the absence of chloride and, for a given NaCl concentration, the
width of these resonances increased with increasing magnetic field, that is, the
hyperfine line corresponding to the +5/2 nuclear spin state was the widest. These
observations were indicative of Mn”>" centers that had a much larger zero-field
interaction than that of the Mn%{ge ions. The same effect was seen when CaCl, and
MgCl, were added as the source of chloride anions, indicating the changes in the
spectra were predominately, if not solely, determined by chloride.

The CI™ concentration dependence of the Mn”" spectra was examined (Fig. 3).
The Mn** spectra for a given chloride concentration could be readily decomposed
into the components corresponding to the MnZ{. and the chloride complexed
species. The simplest chemical equilibrium that describes the observed changes was

(Mn(H,0),)*" + CI~ = (Mn(H,0)sCl)" + H,0. (2)

Here, we assumed that the Mn%r:{e was (Mn(H20)6)2+ and the chloride-bound
species results from the displacement of one water molecule by a chloride anion.

@ Springer



The Effect of Chloride on Mn>* by HFEPR 251

Fig. 2 The 285 GHz Mn** ! T ! T j T j T " T " T
EPR spectra (m;, = —1/2 < 1/2)
of frozen solution of 15 pM Mn**
in 10 mM MES (pH 6.2) buffer as
a concentration of NaCl is
increased: 3 mM (dotted), 30 mM
(dashed), 60 mM (dot-dashed),
and 150 mM (solid). “A”
indicates one of the six hyperfine
lines of the chloride-complexed
ions and “B” that of the MnZZ..
The directions of the arrows show
the direction of the amplitude
change with increasing chloride
concentration
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In the detail, the line shape of the broad component appeared to depend on the
specific conditions (Figs. 4 and 5). Hence, the species that we denote (Mn(H,0)sCI)"
may not have been a unique chemical species. Nonetheless, at relatively low Mn>" and
chloride concentrations the spectra appeared to be consistent with the above simple
equilibrium, which can be described by the equation

_ [(Mn(H:0),C1)]
a 2+ _
[<M[$2?]>§>] ] )
KfCI ]y +1=——1 20
o+ 1= Mn(11,0),) 7]
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Fig. 4 Simulation (solid line)
of the 285 GHz EPR spectrum
(dashed line) of chloride
complex species obtained at

23 K for solution of 15 pM
Mn*" and 18 mM NaCl in MES
(pH 6.2). The six lines
corresponding to MnZ{, have
been truncated. The fitting was
constrained to the broad
component. The zero-field
parameters were: [Dl = 2.79 and
E =0.57 GHz

Fig. 5 The 285-GHz Mn>* EPR
spectra (m; = —1/2 <> 1/2) of a
solution with: (@) 15 pM Mn*"
and 60 mM NaCl (solid) and

15 uM Mn>* and 300 mM NaCl
(dashed); (b) 300 uM Mn** and
60 mM NaCl; and (¢) 150 pM
Mn** and 300 mM NaCl. All
samples were in 10 mM MES
(pH 6.2) buffer. The arrow
indicates a large zero-field
species that grows with Mn?>"
concentration
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in which K, is the association constant, [Cl™ ], and [Mn2+]0 are the total manganese
and chloride contents. The latter a proportional to the double integral of the total
spectrum, while [(Mn(H20)6)2+] is proportional to the double integral of the
contribution of the sharp free manganese component. Equation (3) is only valid
when [Cl "] is much greater than [Mn2+]0, which is true in our case. Hence, a plot
of the ratios of these double integrals as a function of chloride concentration should
be linear with intercept of 1 and slope of K,. At least for a Mn*" concentration of
15 puM and chloride concentrations below 150 uM, this was in fact what was seen
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(Fig. 3). The linear regression fit of the measured data yielded: K, apparent =
61 = 3 M~ and an intercept of 0.8 & 0.2. Since the HFEPR measurements were
carried out in frozen solution, this association constant cannot be considered a true
measurement of the equilibrium constant, but should be considered as an
“apparent” one, most likely reflecting the equilibrium concentrations immediately
before freezing (i.e., ~0°C). There is no rigorous proof for this, but a series of
subsequent competitive binding experiments (unpubl. data) with other anions, such
as adenosine triphosphate and other phosphates, for which the association constants
are known, suggests that the low value of the chloride K, apparent that we have
obtained is entirely consistent with these other values.

The situation is unlikely to be as simple as depicted by the above equilibrium. At
chloride concentration above 150 uM, the ratio of total to free Mn*" appeared to
level-off and the line shape of the broad component also subtly changed (Figs. 4 and
5). Equation (3) only depends on the ratio of total to free Mn>". The intensity ratios
for the 150-uM Mn*" and 60 mM chloride combination were approximately the
same as for the case of 15 pM Mn>" in 60 mM chloride. However, for the much
larger concentration of 300 uM Mn®" in 60 mM chloride, a significantly different
ratio was found (Fig. 3). This suggested that there might have been other equilibria
involved such as the formation of other molecular species induced by high ion
concentration or increased ionic strengths.

This heterogeneity in the chloride-complexed species was evident in the line
shapes of the resonances corresponding to these species, which appeared to depend
on the chloride concentration. At 18 mM chloride, the resonances were well
resolved (Fig. 4). At higher concentrations (>300 mM), the high-field side of each
of the six resonances became less resolved, indicative of a distribution in the zero-
field parameters. There also appeared to be a slight narrowing indicating a small
reduction in the zero-field interaction (Fig. 5). Also with increasing manganese
concentration a small resonance, indicated by an arrow in Fig. 5, became more
noticeable. The extent of this signal indicated a Mn*' center with zero-field
interaction almost twice as large as in the dominant species.

To quantify the zero-field interactions of the chloride complexed species, the
spectra were fitted. Figure 4 shows the simulation of the m, = —1/2 < 1/2
spectrum of this component. The 18-mM chloride sample was used since it
exhibited the highest overall resolution. As can be seen the fit was good and yielded
a IDI value of 2.79 and E of 0.57 GHz. The g;,, and lA;s,| values for the chloride
complexed ion were 2.0003 and 0.263 GHz, respectively. The same values for
Mn#l, were 2.0003 and 0.267 GHz, respectively. By comparison, the manganese
center in concanavalin-A has gj,, = 2.0001 and [A;,] = 0.260 GHz [6, 15].
Although all three g-values are within the experimental error, the 7-MHz difference
in the isotropic coupling is significant, possibly indicating greater ionicity in the
chloride complexed and free species compared to the protein case [16].

We also examined the 4-K spectrum of the sample containing 150 pM Mn*" and
60 mM chloride (Fig. 6). This was the lowest Mn’" concentration for which we
have been able to record the m; = —5/2 < —3/2 component. What was immedi-
ately evident is that the spectrum was, in fact, composed of at least three
contributions: one from the narrow MnZ{,, another due to the chloride complexed
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Fig. 6 The 4.2-K 279 GHz ' T ' ! T ! T ! T
spectrum of my = —5/2 « —3/2
transition for the frozen solution
of 150 pM Mn*" and 60 mM
NaCl in MES (pH 6.2) buffer
(gray). The two components that
make up the spectrum, determined
from simulations, are also

shown (solid and dashed lines), as
well as the sum of these two
contributions (dotted line). The
fitted zero-field parameters were:
D = —-222and E = 0.784 GHz
(solid line), and 1.49 and

0.346 GHz (dashed). The
six-shape lines corresponding to
the my; = —1/2 < 1/2 transition
have been omitted for clarity

i 1 . I i I . 1 . 1
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Field [T]

species (D = —2.22 and E = 0.78) that was similar to the one simulated in Fig. 4,
and a third component that had an intermediate zero-field interaction (D = 41.49
and E = 0.35). We noted that the passing that the “free” manganese did not give a
well-defined m; = —5/2 < —3/2 transition (the contribution between 9.9 and
10.1 T in Fig. 6) and hence, determination of its zero-field parameters was not
possible, except that the magnitude of the zero-field interaction was less than
1 GHz. It is likely that the third component is the one responsible for apparent loss
of resolution when one compares spectra in Figs. 4 and 5a.

Given the relatively high chloride concentrations required to observe the broader
spectral component (Fig. 4), it seemed chemically reasonable that the species from
which it arose was indeed (Mn(H,0)sC)*. It is known that a chloride ligand will
significantly increase the Mn”" zero-field interaction compared to an oxygen-based
ligand [17, 18]. The structure and energetics of the formation of (Mn(H,0)sCDH*
were examined using quantum chemical calculations. Geometry optimization and
frequency calculations were carried out using the B3LYP exchange—correlation
functional and the QZVPP basis-set [19] for the metal center and 6-31G + (d)
basis-set for all other atoms. The manganese complexes were embedded in water
using the polarizable continuum model as implemented in Gaussian-03 [20]. The
optimized structure (Fig. 7) had C,, symmetry, with two opposing equatorial water
ligands perpendicular to the chloride ligand with a Mn—O bond length of 2.153 A
and the other two bent away with a Mn—O bond length of 2.183 A. The Mn—CI bond
length was 2.577 A and the axial Mn-(OH,) 2.160 A. Normal-mode analysis
confirmed that the structure was at a true energy minimum (that is no mode had
imaginary frequencies). From this analysis, the enthalpy and Gibbs free energy for
the complex were also obtained. The same parameters were also obtained for
(Mn(H,0)s)*", water and chloride anion using the same methods. The change in
enthalpy for the equilibrium given by Eq. (2) was —6.4 kcal/mol and the Gibbs free
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Fig. 7 The B3LYP/QZVPP/6-
31G+(d) optimized geometry of
the Mn(H,0)sCD)". The round
sphere is the chloride atom

energy, —9.4 kcal/mol. Using the TZVPP basis-set yielded values that were about
0.5 kcal/mol lower. These values showed that formation of the chloride complex
was indeed favorable, but energies were relatively small (for example, comparable
to hydrogen bonding energies).

The superposition model (SPM) is one method for predicting the zero-field
interaction parameters of the Mn’" site on the basis of its structure [18, 21].
Application of the SPM to the optimized geometry, discussed above, yielded
D = 43.21 and E = 0.15, assuming the zero-field axis was along the Mn—ClI bond.
The measured values indicated a nearly completely rhombic tensor, while these
calculated values predicted an intermediate rhombicity. Nonetheless, the magni-
tudes of the zero-field interaction, as defined by (D? + 3E%)'?, differ only by
0.5 GHz between the measured and calculated. A complete ab initio quantum
chemical treatment is underway.

4 Conclusion

Our HFEPR experiments show that chloride anions bind Mn”" at concentrations
that are physiologically relevant (blood plasma chloride concentration is about
150 mM). The association is low (K apparent = 61 M™"). The zero-field interaction
of the chloride complexed Mn>" species is considerably larger than that of the
water-solvated ions, indicating that, not surprisingly, the electronic structure of the
metal ion was different. Nonetheless, these observations suggest the possibility that
the electrochemical potential of chloride complexed species may be different from
that of free manganese ions [9, 10]. Another intriguing possibility is that the
chloride anions can be used to label or contrast those Mn*" ions in solution from
those interacting with proteins. These and other aspects of this simple chemical
system are being pursued.
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ABSTRACT

The bi-radical (QF€'Qg) signal of Photosystem Il (PS Il) was studied gsESR/EPR
spectroscopy. This signal is characterized by @irtgrpoint at g~1.66. In this work we have
further characterized this signal, identifyinglidsv and high field edges and its temperature
dependence. The g~1.66 EPR signal was simulatedy ube theoretical approach used
previously for the bacterial reaction center (BR@Y PS Il semiquinone-iron complexAQ
Fe?"), a spin Hamiltonian formalism in which the twormgquinone radicals magnetically
interact (J ~ 1 ci) with the near by high spin Ee[Butler et al. 1988iophys. J. 45, 947,
Cox et al. 200Biophys. J. (in press)]. In the latter it was shown that the forms of the
semiquinone-iron signal (Fe") differed mainly by an axis rotation of the exchan
coupling tensor (J) relative to the fine structtersor and a small increase in the zero-field
parameter D (~6 ci). Together with DFT calculations, these inferrdthrges in the
coupling environment of the two complexes suggestednative exogenous ligand to the
Fe&* center of PS Il was a carbonate (€Prather than bicarbonate in the ‘dark state’
(QaFEQp).

Here we provide evidence that the g~1.66 bi-radiQalFe*Qg") signal generated at 5 K is
heterogeneous, with a fraction of centers in whiehexogenous ligand to the’fes a
carbonate and a fraction of centers with a bicaabmnAs a homogenous g~1.%( ¥

signal (carbonate) was observed prior to illummaif5 K), reduction of the Qis proposed

to induce protonation of the exogenous (carbonakl)s observation suggests a possible
protonation pathway via the Fecenter for @ in PS 1.

INTRODUCTION

Proton coupled electron transfer (PCET) reactiarsaacommon feature of many biological
enzymes including Photosystem 1l (PS 1l). The PS dhzyme (plastoquinone
oxidoreductase), a pigment-protein complex, perforen proton coupled two electron
reduction of an exchangeable plastoquinong).(QQuinone reduction is a light driven
process. Photo-excitation of the primary electdmmor P680 of PS I, a chlorophyll
complex located near the lumenal membrane interfag&tes the transfer of an electron to
the neighboring pheophytinphe®s). From there the electron is rapidly passed to the
primary plastoquinone () on the stromal side (for a recent review see (8)) is a tightly
bound species that undergoes a one-electron reductiming the semiquinone £Q.

(Scheme 1 (2))



Electrons leave PS Il via the secondary plastamenacceptor (g), the mobile
electron acceptor of PS Il. AQreduces @ first to the semiquinone &, and then the
quinol (@H>) after a second photochemical turnover (2). Tiis-¢lectron gate mechanism
was discovered in PS 1l by (3, 4) in PS II, an@édan purple bacterial reaction centers (BRC)
(5, 6). The secondary quinonegjand quinol (@H>) bind weakly (dissociation constants,
~1-2 mM, (2, 7)), in contrast to the semi-quino@g’), which has a dissociation constant
(~0.5 uM) that is 2000 times less than the quinol. Thiatnee stability of the bound
semiquinone is thought to arise from coulombic red&ons with the surrounding
protein/metal environment and H-bonding to residnethe @ pocket. The mechanism of
electron transfer through the two quinones andsthecture of their sites are similar in PS I
and BRC (2, 8-10).

In the BRC the electron transfer betweeq &d G (Kag@) in Scheme 1) is limited
by a conformational gating process rather thanheydriving force (11). The subsequent
electron transfer step,Q to Qs (kasz)) appears to be rate limited by the uptake of @aopro
(12). After a second protonation, thgH exchanges with a quinof®m the pool in the
membrane, completing the two electron reactionec{fdr reviews see (2, 12)).

In PS 1l Q and @ are positioned on either side of a non-heme iemer (F&", which is
within ~7.5 A of either quinone (center to centefjhe Fé" adopts a near-octahedral ligand
geometry (9, 10, 13, 14). Four coordination sdes provided by histidine residues, two
from D1 (H215 and H272) and two from D2 (H214 ang6B). An exogenous bi-dentate
bicarbonate/carbonate fills the remaining two cowtion sites (15, 16). A homologous
guinoneiron complex is present in the BRC (8, 17) withamost identical geometry, a 6-
coordinate F& center, with 4 histidine ligands (provided by theand M subunits, the
bacterial D1/ D2 analogs). The remaining co-ortlomasite is however occupied by a
glutamate residue of the M subunit (M234 in R. gpbales) rather than the exchangeable
bicarbonate. In the BRC the H subunit encloseqthreone-iron complex, isolating it from
the external environment (8, 17). In PS Il therao corresponding H subunit.

The role of the non-heme iron in BRC and PS Hasfully understood. In BRC other
divalent transition metal ions (Mh C&*, Ni?*, and C@") and even Zfi can replace the iron
and show identical electron transfer rates i.easltk ~150us” (18). Indeed Mfi has been
found to be naturally present is some strains (S&hilarly, metal free BRC have been
shown to be functional, with the observed ratehef ¢lectron transfer between, @nd @G
approximately half that of the native system (18hese studies suggest that thé*enter
has a marginal role in electron transfer betwegra@ @ in BRC.

In contrast to BRC, electron transfer in PS linere strongly influenced by changes
at the non-heme iron site. The relative ‘openne$she Fé" center in PS Il allows the
exogenous bicarbonate/carbonate ligand to be disgpldy various other small molecules
including: formate, cyanide, nitric oxide etc (@&)d refs. therein). The electron transfer rate
between Q and @ is often significantly reduced in these ligandtpdred systems.

The ‘bicarbonate effect’ — an enhanced electrander rate between,@nd @ seen
when the non-heme iron binds bicarbonate/carbonaen topic of substantial interest in PS
Il research. Experiments show that electron tembetween @ and @ slows after the
second actinic flash in samples where bicarbonate/carteohas been exchanged (formate-
treated etc) (20). As the second electron trargtfgy (scheme 1) requires protonation of the
Qg, it has been proposed that bicarbonate/carboraibtdtes this process. It is unclear
whether it donates protons tg Qvia a protein side-chain network) or influencestpnation
events by modifying the pkenvironment of the gprotein scaffold ((21) and ref. therein).



The ESR spectrum of the semiquinone (Qr ") observed in either BRC appears as a
broad resonance with turning point at g~1.84 (22-28 similar but not identical signal has
been observed in PS Il with a turning point at §-@9, 30). Both signals have been
simulated using the spin Hamiltonian formalism, vehéhe semiquinone "Qinteracts
magnetically with an P& center (16, 31). It has been shown that the tignats differ
mainly by an axis rotation of the exchange couptieigsor (J) relative to the fine structure
tensor and a small increase in the zero-field patamD (~6 crif). Together with DFT
calculations, these inferred changes in the cogpénvironment of the two complexes
suggested that the native exogenous ligand todfiecEnter of PS Il was a carbonate (€D
rather than bicarbonate in the ‘dark stateif& 'Qg).

The ESR spectrum of the bi-radical signala®&#'Qg), as yet only observed in PS II,
appears as a broad resonance with turning poomth66 (32, 33). It is formed by either: 1)
reducing the @ at low temperatures (<200 K), followed by annaglifi the sample to above
270 K to allow single electron transfer tgs @nd a subsequent second low temperature
illumination (<100 K) to reform @ (33). 2) By single flash illumination at room
temperature to form thegQand a subsequent low temperature illumination Q<Ppto form
Qa (33). The QFe*Qg state is only stable at low temperature. Upormirag the sample
above 200 K all semi-quinone signals are lost; @lextron on @ is passed to the (Q
protonation occurs and the EPR silent quingHg) is exchanged for a quinoneg)Q

These measurements are often done in the presérreeadectron mediator to reduce high
oxidation S-states (b of the water oxidizing complex (WOC), the stablectron donor to
P680. $exhibits a strong EPR resonance that overlayseh®-quinone iron signals.

Here we use the basic theoretical model establiskadier (31) for describing the
semiquinone iron signal in BRC in order to moded ttorresponding bi-radical signal in
native PS Il. A specific simulation package wasttem to calculate the theoretical
absorbance ESR spectra at different temperatufBso solutions corresponding to the
optimized parameter set for each semiquinone sifg&l.81 and g~1.9) were examined.
Using an admixture of these two theoretical spegtfiting on the experimental {F€ Qg
signal was achieved.

MATERIAL AND METHODS

Sample preparation
PSII preparations were made from 43Helongatus strain, the procedure was exactly the
same as described earlier in Sedoud et al [44].

ESR/EPR measurements

EPR sample loading was performed under dim grdemihation. PS Il core samples (~2
mg/mL chl, 60pmol) were treated with ANT-2P (6@mol) dissolved in DMSO (final conc.
2-3%) in the dark. ANT-2P, an electron mediat@gilitates the rapid reduction high
oxidation S-states ¢ Samples were dark adapted overnight to remaydang lived Q'
signal. Samples at 20°C were pumped using a Tpuoop for 1-2 minutes. The EPR tube
was then filled with He gas to minimize €ignals.

To generate the semiquinone iron signal sample® wWeiminated with a 125 W
halogen lamp. The beam was focused to a 20 mmedéarapot directly onto the front grate



of the EPR cavity after passing through a watéerfi{path length 3cm) and a long-band pass
filter (RG-670 nm).

ESR measurements were performed on a Bruker ESP8p8&rometer with an
Oxford ESR9 liquid helium flow cryostat using a dgahromel thermocouple directly below
the sample position.

ESR/EPR Simulations

Spectral simulations were performed numericallgnfra Hamiltonian (20 x 20
matrix) using Scilab-4.4.1, an open source vectsed Ilinear algebra package
(www.scilab.org. A complete description of the EPR simulations d&e found in the
supporting information.

RESULTS

QA FE?'IQA FE#' Qg signals of PS II.

Fig. 1 shows the derivative ESR semiquinone-irgmals (Q" and @) and bi-radical-iron
signal observed id. Elongatus PS Il core complexes. Characteristic of theseagyare
turning points in the g ~ 1.6-1.9 region. As asmguence, semiquinone/bi-radical signals
are identified by the position of this spectralté®a. In native PS Il the turning point
semiguinone—iron signal is at g~1.9, whereas thadical signal appears at g~1.66.

The g~1.9 signal (QF€") was photo-induced by illumination with visiblglit for ~
10 minutes at cryogenic temperatures (5-20 K) (Ejg.Incubation in ANT-2p fully oxidized
the Cytssoin the dark. The oxidized electron donofYbr the system appears as a narrow
(10-15 G pp) featureless radical centered at g~2.0 whichsggaed to an admixture of
chlorophyll (chf) and carotenoid (c8rradicals (39).

The g~1.9 signal (RF€") was generated by first forming the g~1.9 ") signal
at 200 K. Here the electron donor jCfor the system was the Mn-cluster; ap ate
multiline signal was readily observed. Upon animgato 270-280 K for ~10 s, the electron
was passed from the,Qto Qs (33). ANT-2p re-reduced the, State back to the;&tate.
Rapid freezing to <200 K trapped thg E¥** state in a majority of centers (Fig.1).

The g~1.9 signals (Q and @) observed inl. Elongatus are similar to those seen
from PS Il membranes (29, 30) and in core complexrces from higher plants. Two
pseudo-derivative features were resolved at 5 K~dt9 and g~1.7 (Fig. 1 B). The latter
was lost at higher temperatures (15 K), whereasatmer narrows (Fig. 1 C) (see (30)).

The corresponding g~1.66 bi-radical signak@f'Qg) was formed in a sample
where the @ had already been reduced by the method descrilbedea(also see
introduction) (32, 33). Upon illumination at 5 Kittv visible light for ~10 minutes, a second
stable charge separated state was formeg) (@ a large fraction of centers (>50%). As
before, the low temperature donor*jdor the system appears as a narrow (10-158 p
featureless radical centered at g~2.0 which iggaesi to an admixture of chlorophyll (Ehl
and carotenoid (c&rradicals (39).

The g~1.66 signals ((F€'Qg) observed inT. Elongatus is similar to those seen
from PS Il membranes (29, 30). Its dominant tugnipoint appears at g~1.66, an
asymmetric-derivative feature that extends to hfgild (g<1.0). This turning point
significantly decreases at higher temperatures KL5 A second weaker derivative-like
feature is observed g~2.0. Its temperature depeedsress marked.

Absorption ESR spectra of the Q Fe**Qg resonance in PS II
Fig. 2 displays the ESR absorption spectra of thradical-iron signal seen im. Elongatus
at 5 and 15 K. The absorption spectrum of the &5-%ignal was generated by integration of



data presented in Fig. 1. It is experimentallyficliit to resolve such a broad ESR signal
since the baseline is inherently variable overdaiigld ranges. To minimize this problem
the g~1.66 semi-quinone iron signal was generayadirbct illumination of the sample in the
cavity at 5 K. This avoided moving the sample.e Tifference between a spectrum taken
under (or after) the 5 K illumination minus a speot taken immediately before illumination
effectively eliminated baseline features and yidldewell-defined semi-quinone iron signal.
This also canceled Gyts>* signals, tyrosyl radical () etc. Even with these measures, a
baseline correction had to be subtracted to renaosignal offset. Consequently there is a
degree of uncertainty in the position of the edgethe signal. A high spin (g~5) Gyt
signal was also subtracted from the data presénteid;. 2.

The absorbance spectrum of the g~1.66 signalmsasito its corresponding g~1.9
signal (16). It is strongly temperature dependerite high field component of the spectrum
(g <1.8) is more readily observed at low tempeesu(5 K), whereas the low field
component remains virtually unchanged over the &2@gion. This behavior is similar to
that observed for both semiquinone-iron signald (§* and g~1.9) (16, 31).

MODELING AND ANALYSIS

Simple Picture - Iron (F€*), quinone energy levels

The non-heme iron center of PS Il and BRC is hjgh & (F&*, S = 2) (31). The number of
distinct electronic configurations (210) that thgstem can adopt is large and as
previously(15, 16) the problem can be simplifieddsguming the ground state is a quintet
(2S+1), energetically well removed from higher #lecic states. (e.g. see (31) for a
justification of this).

The energy level splittings within the ground statbital manifold can be well
described using the spin Hamiltonian formalism wgiedratic zero-field parameters; the
axial (D) and rhombic (E) terms. For the BRC, (hand E terms were estimated as 7.6 and
1.9 K respectively, using bulk magnetization measwnts (40). Similar values were
estimated for the PS Il, D = 15 K, E =4 K (16).

When weakly coupled to the Qcenter, each singlet sublevel of the iron manifold
becomes a Kramer’s doublet, which splits in thes@nee of a magnetic field. Allowed ESR
transitions occur within these doublets (i.e. 5 embable spin-allowed transitions, all
contributing to the observed ESR semiquinone-iignad). In these studies the microwave
frequency (9 GHz, 0.43 K) is too low to induce siions between doublet states. Over the
temperature range (5-20 K) used here the ESR sigia@iminated by the two lowest doublet
transitions.

In a similar way, coupling of both theaQand @ centes to each singlet sublevel of
the iron manifold results in a quartet of energyels, which unlike the QFe™* spin
manifold are non-degenerate at zero-field. Then dpansitions that contribute to the
observed at X-band (9 GHz, 0.43 K) spectrum, af wie QFe" signal, are confined to
each quartet level and the EPR signal (5-20 K)omnidated by transitions within the two
lowest quartets.

Spin Hamiltonian Formalism — Qa'Fe*'/ Qg Fe**
This has been previously described(15, 16) Thee®die spin Hamiltoniar¥{is

H = D[(Sfe; ~ Y3Sre(Sre +D) + (E/D)(Sfey ~Sfey)] + AH Gre Bre
+goAH I8 -~ SpellSy (1)



It includes zero field (D, E), Zeemamr{ go ) and anisotropic exchangd) (terms.
Subsequent calculations assume the zero-field, Zederan and exchange tensors to be co-
linear and g to be scalar.

Spin Hamiltonian Formalism —Qu Fe® Qg
Similarly, a description of the non-heme iron (2)=and bi-semi-quinone, Q Qs (S = %,
%) system requires a spin Hamiltonian of the form:

H = D[(Sfey ~Y3Sre(Sre +1)+(E/ D)(SEex ~Sfey )] +BH e Bre
*9QaPH 5, *+ 9qgPH Bgg ~Sreld Bo, ~Sreld (5o (2)

It is solved in terms of basis vector$S, m, sy, s;,),

where S is the total spin of the ground iron mddi{& = 2), m is the iron magnetic sub-level
(m=-S,-S+1, ..... , S—1,S) and s is a semmape sublevel (s =- %, ¥ ). Similar
assumptions regarding the relevant tensors are,raadove.

Computational simulation of the semiquinone-iron gynals

The program employed to simulate the system udmgabove Hamiltonian (Eq. 2) is
described in the supporting information (SX). Utmuts the ESR spectrum for transitions
within the three lowest quartets.

The iron-quinone complex of PS Il (and BRC) is stusally well characterised (8-
10, 13, 14, 17). The mean iron-quinone distancddwh Q and @ is nominally the same
(8, 13, 14, 17). The iron-quinone complex has eude G-axis of symmetry, with the
histidine ligands of the B&occupying similar positions between the iron ceared the two
quinones (9, 10, 13, 14). The correspondingF&" and Q@ F&* ESR signals (g~1.9) are
very similar (see above and (30)), suggesting thieape-iron interaction for bothand @
is approximately the same i.e. the exchange, finetsire and g tensors are assumed to be
identical for both the @Fe** and @ F&** complex.

The above Hamiltonian (Eq. 2) has 11 independemnabias: ¢, oy, &, Jx, v, dz
bx, by, bz, D and E. The procedure used to generate thedial (Q F&Qg) signal
suggests several restrictions can be placed omp#naneter set, limiting the number of free
variable to three. The formation of the bi-radisajnal requires the initial reduction of the
Qg at high temperatures (see introduction). A sedomdtemperature illumination (5 K),
reducing the @, then gives rise to the \FF€'Qg” state. @ reduction takes place under
conditions where significant protein relaxation manoccur (5 K). As a consequence, Q
formation is unlikely to strongly influence thes®¢e** interaction. A reasonable assumption
is that the exchangex{d bv, bz), fine structure (D, E), g {g 9v, &) tensors of the quinone-
iron complex are the same prior to and postf@rmation. This reduces the number of free
parameters to three.

It is also noted that no structural rearrangemeénhe Q site upon reduction. The
QaFe* (g~1.9) signal is identical when formed at eithew temperature or at room
temperature in samples where electron transfer gas(blocked i.e. in the presence of
DCMU. Similarly, the Q" state has been shown not to induce any conformatahange of
the Q. in BRC using X-ray crystallography (41). This theuggests the exchange tensor
(Jix, dy, ) describing the QFe** interaction should be nominally the same for b
semiquinone (PFe*, g~1.9) and bi-radical (QF€'Qg’, g~1.66) complexes.



Guided by this, the input parameters used initidlgimulate the g~1.66 signal were
the same as used for the original semiquinone-siotulations. Two ‘theoretical spectra’
were calculated, one using the g~1.9 parameteesusimg the g~1.84 parameters. These are
shown in Fig. 3. The simulation using the g~1t®&rameters bears a strong resemblance to
the absorption spectrum of the g~1.66 signal.es$blves a strong turning point at g~1.61,
nearly the same position as seen in the experimgp¢atrum. The temperature dependence
of the simulation also broadly fits the observedawor of the g~1.66 signal; the high field
(ground quartet) signal provides a smaller (re@tieontribution to the total signal at higher
temperatures (15 K). However, the low field™ (&xcited quartet) component of the
simulation, while similar to the experimental spaot, lacks several features seen in the data
and is of insufficient width.

Although it is stated above that no large changdénquinone-iron coupling environment is
expected upon L formation at low temperature, current literatuoggests the g~1.84 and
g~1.9 signal may only differ by the protonation taetaof the exogenous ligand i.e.
bicarbonate/carbonate, see discussion and (18grebtingly, several features seen in the
experimental spectrum do seem to be reproducebersécond theoretical simulation; the
simulation using the g~1.84 parameters. Relathssfeatures seen at g~13.5, g~3.55 and
g~1.36 all seem to match well the structures (if the exact g position) of the g~1.84
simulation. This observation invites a simpleoaéle for the g~1.66 bi-radical signal within
current literature models. It may be an admixtfrévo signal types, resembling the above
two theoretical spectra. With this assumption, gad..66 signal can be readily modeled
using a 4:1 addition of the two theoretical spectréo correctly reproduce the relative
intensities of the major features seen, the isatrbpewidth of the transitions from the'1l
excited state quartet (using the g~1.9 fit paramsgteas increased by a factor of 5 relative to
that of the ground state quartet. Small changBsl(K) in the exchange tensop(Jwere
also made to reproduce the exact positions of &atufes.

Decomposition of the semi-quinone iron/bi-radical ron signal: effective &, Oy, &
positions

The ESR spectrum of the isolated semi-quinone ah@cnear isotropic at g~2. Addition of
the Fé" center introduces a magnetizatieffective internal magnetic field) principally along
the molecular y axis. For the ground state, asntiagnetization of the Eesublevel is
negative, the effective field is decreased, shyftime ESR transition to higher external field.
Similarly, for the ' excited state the total effective field is raisshifting the ESR transition

to lower external field. A pictorial representatioof the powder pattern spectra
corresponding to the ground anti éxcited state transitions is shown in Fig. 5 A% &der
effects lead to a breaking of the x, z degeneracgen in the real systems as indicated in
Fig. 5 B, C. The maxima of the ground and firstieed state appear symmetrically about
g~1.8 for the BRC signal. Their sum yields thatigekly sharp prominent feature of the ESR
signal. The absorbance spectrum of the g~1.9 Isigheery similar. Compared to the
g~1.84 signal, the maximum for each doublet (noftjirthe average of the effectivec@nd

0z positions) separate; the ground state maximuntsstafhigh field, the first excited state
maximum to low field. This decomposition is comsig with the temperature dependence of
the signal - the high field edge is lost as thesoletion temperature increases.

The addition of the second quinones{(B = %2) can be considered as a perturbation of the
original system. As the iron-quinone coupling isak, it is expected that there are only two
ESR/EPR transitions within each quartet of the smianifold with a large transition

probability. These two transitions corresponc’—@ - %> for each semiquinone. While no




explicit interaction between the two semi-quinoisesonsidered in the Spin Hamiltonian, the
coupling of the two semi-quinones to tk&me iron center yields an effective interaction.
This can be best observed from looking at the deosition of the bi-radical signal along
the three principle directions (X, y, z), (Figsartd 7)

As stated above, the semiquinone iron signal cacobsider as an effective spin %2 system
with anisotropic g-tensorxg gy, g-. The corresponding bi-radical signal resolves two
transition split about the effective g-positionsttoé semi-quinone iron signal. This is shown
in Figs. 6 and 7. The splitting along the threm@ple directions differs. The new bi-
radical signal can then simply be considered deftriptate; here two spin % couple with
anisotropic exchange interaction:

H =BH e (5o, +PH Wert (5op ~Sga Wett (Bog 3)
A) g~1.9 signal (D=15 K, E/D=0.27)
100 O 0 500 O 0
Jero=| 0O 570 O Jst=| 0 360 O
0 0 570 0 0 360
‘]ISO =420MHz ‘]ISO =400MHz

B) g~1.81 signal (D=7.6 K, E/D=0.25)

1000 0 O 1070 0 0O
Joro=| O 290 © Jg=| O 710 ©

0O 0 890 0 0 1430
Jiso = 730MHz Jiso =1070MHz

(Note: 2.8 MHz =1 G)

The effective interaction between the two quinoresxial, mirroring the iron-quinone
interaction. The smallest tensor component forgitwaind state is along the axis where the
iron-quinone coupling is largest (x for g~1.9 signafor the g~1.84 signal). This then
reverses for the®lexcited quartet. The magnitude of the splittingles with the inverse of
the D. This seems intuitively reasonable as tHative magnitude of the ‘perturbation’
increases as the energy level separation betweegutrtet states decreases.

It is noted that an effective exchange interactmin~400 MHz (ground quartet) is
approximately 40 times larger than the direct dépdipole interaction between the two
quinones @ and @ measured in Fé substituted (with Zfi, S = 0) samples (42).

DISCUSSION

The two forms of the bi-radical signal: the bi-radcal signal reports on the protonation
state of the carbonate/bicarbonate ligand

Previous work (16) suggested that the two formghefsemiquinone iron signal (g~1.84 and
g~1.9) corresponded to the two protonation statésthe exogenous ligand, a
bicarbonate/carbonate. This assignment was based comparison between ESR fit



parameters (fine structure, exchange tensor) anfl ¢fculations on a model of quinone-
iron complex. The g~1.84 and g~1.9 signals diftdvg a rotation of the relative orientation
of the exchange and zero-field tensors and anaseran the central iron D value (by up to 10
K), which was supported by computation

The bi-radical (g~1.66) simulation (shown abovejassistent with current models of
the quinone-iron interaction (16, 31) and currenta) structural data of the acceptor side
complex (13, 14). The dominant feature of the dignamely the g~1.66 turning point, can
be explained by two semi-quinones interacting firidentical way) with a & center. The
parameters used in this simulation are approximdtet same as used for the g~1.9 semi-
guinone iron signal. This then suggests that inagonty of centers the exogenous ligand to
the Fé" is a carbonate in theaFe*' Qg state.

Additional features are seen in the experimentdl.@6- signal however, that cannot
be explained using the simulation described aboVlese correspond to features arising
from the same general three center model, but patameters corresponding to the g~1.84
semi-quinone iron signal, suggesting a fractiosafters where the exogenou$'Higand is
bicarbonate. As only the g~1.9 signalg(Qwas observed prior to light induced (5 K)
formation of the bi-radical (QF€'Qg) signal, the subsequently observed signal
heterogeneity suggests that @ormation may induce partial protonation of theboaate
ligand.

It was proposed (16) that a lysine residue (D2-K264ay interact directly with the
bicarbonate/carbonate ligand. T&amino group of the lysine is within 4 A of the @en of
the carbonate (see Fig. 8). The carbonate ligantdde stabilized by forming a hydrogen
bond/salt bridge to this residue. Mutation of thesidue leads to a 40-fold drop in
bicarbonate binding affinity (43). ThusaQformation may cause the proton of the lysine
(NH3") group to migrate to the carbonate ligand, alttotie mechanism of this simulated
proton movement is at present unclear.

Mechanistic role of carbonate/bicarbonate: protonaibn of the reduced @
Bicarbonate has been proposed to be involved theiprotonation step(s) of the reducegd Q
and ii) stabilization of the structure of the quieeiron complex ((21) and ref. therein).

Electron transfer betweenn@nd @ dramatically slows after th&econd actinic flash
in PS Il when bicarbonate has been exchanged (ferineated etc, reviewed in (20)). As
the second electron transfer step (see introducioneme 1), requires protonation of the
reduced forms of § it has been suggested (21) that bicarbonate smmédcilitates this
process. Recent work (16) has suggested that therigand to the Fg is a carbonate ion
rather than bicarbonate and thus the ligand caactoas the terminal Hdonor to Q. Here
though, the authors did suggest that the carboigaed could be part of a protonation
pathway consistent with earlier suggestions for tbke of bicarbonate (21). Here the
carbonate would be involved in picking up a prog)rgnd passing it on to the reduced
guinone. In such a model bicarbonate could foandiently during the Q to Qs electron
transfer step. The results here on simulatiormefti-radical (g~1.66) signals are consistent
with this mechanism. A fraction of centers (~25%ixjally carbonate ligated, appear to have
a bicarbonate bound to the’Féollowing low temperature € formation.

The simulation presented here will require a relweatson of the kinetics of Q Qg
electron transfer (Fufezan et al. (33)). Heretdmperature dependant decay of the g~1.66
signal was examined. The loss of the bi-radicataigas judged by the g~1.66 field position
was interpreted as monitoring forward electron gfanfrom Q to Qs (forming QH>).
This work suggests that the loss of the g~1.66asi¢ime turning point dominated by the
carbonate population) may also reflect the proionaof the carbonate ligand. Thus the



observed temperature dependent decay of the g<sigfél should resolve two phases, one
associated with proton movement, one with eleamorement.

This work was financially supported by the EU/Eneigetwork project SOLAR-H2 (FP7
contract 212508). A.R.J. thanks the University\obclaw for a two year sabbatical to allow
a post-doctoral fellowship at ANU. The computatiovere performed using the Wroclaw
Center of Networking and Supercomputing (Grant #8).facility.
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TABLES

g~1.84 (K, BRC) g~1.9 (K, PSII)

(see (31))
Jix -0.13 -0.90
Jiy -0.58 -0.50
Jiz -0.58 -0.10
Ji1s0) -0.43 -0.50
Jox -0.13 -0.90
oy -0.50 -0.45
Xz -0.58 -0.10
J1s0) -0.40 -0.48
D 7.6 15.0
E/D 0.25 0.27
Width (FWHM) 600 (G) 300 (G)

"gre tensor values as per Bulter et al. (31)

Table 1: Optimized parameter set for the simulatbthe bi-radical (g~1.66) signal shown
in Fig. 4.

REACTION SCHEMES

Scheme 1: Acceptor-side electron transfer pathwaysS Il and BRC; the two electron gate

(2).
FIGURE CAPTIONS

Figure 1. Derivative ESR spectra of the semiquiniooe and bi-radical observed in.
Elongatus. Panel A: g~1.9 QF€’* signal (5 K). Panel B: g~1.9sF¢€" signal (5
K). Panel C: g~1.66 QF€** Qg signal (5 and 15 K).

Figure 2: Absorption ESR spectra of the g~1.66abigal (Q Fe* Qg) signal observed in
T. Elongatus: (i) 5 K (black trace) ;(ii) 15 K (grey trace).h& radical region about g
= 2 is dominated by light-induced radicals'{and has been omitted for clarity (as
indicated by the grey column).

Figure 3: Pictorial representation of the energsels of the bi-radical (QFe** Qg") system

Figure 4: Simulation of the bi-radical signal (g64) using the spin Hamiltonian formalism;
comparison of experimental and theoretical resitgameter values as in Table 1.
Panel A: bi-radical simulation using the g~1.9frameters (5 K) (16). Panel B: bi-
radical simulation using the g~1.84 fit parameté&rK) (31). Panel C: Simulation of
the g~1.66 signal of. Elongatus (5 K), see text. Panel D: Simulation of the g61.6
signal of T. Elongatus (15 K). Free radical region omitted in panelsrigl &. Black
lines:- total simulation, grey lines:- doublet ts&ions.

Figure 5: Decomposition of the semiquinone-iromalgnto its two lowest ESR transitions.
Marked g positions (g gy, g-) show the effective g tensor values as calculated
third order perturbation theory (see (16, 31)). né?aA: simple theory; panel B:
g~1.84 signal; panel C: g~1.9 signal.
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Figure 6: The energy-levels of the two lowest getariof the bi-radical signal (using the
g~1.9 fit parameters) long the three principle cimns. Also shown are the two
ESR/EPR transitions observed for the ground (black) £' excited (grey) quartets.
These two transitions appear for the two quartgtsnsetrically about the effective g
tensor positions (see Fig. 5) of the g~1.9 semmgue iron signal (shown using
dashed lines).

Figure 7: The energy-levels of the two lowest cetariof the bi-radical signal (using the
g~1.84 fit parameters) long the three principleeclions. Also shown are the two
ESR/EPR transitions observed for the ground (black) ' excited (grey) quartets.
These two transitions appear for the two quartgtsnsetrically about the effective g
tensor positions (see Fig. 5) of the g~1.84 sermane iron signal (shown using
dashed lines).

Figure 8: The quinone-iron complex of PS Il. Rasisl in the immediate vicinity of the
carbonate/bicarbonate ligand to the non-heme iroh ét al. (14)).
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Figure 3
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Figure 7
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Figure 8
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