DISSERTATIONES BIOLOGICAE UNIVERSITATIS TARTUENSIS
175






DISSERTATIONES BIOLOGICAE UNIVERSITATIS TARTUENSIS
175

EERO TALTS

Photosynthetic cyclic electron transport —
measurement and variably proton-coupled
mechanism

r—

)
TARTU UNIVERSITY

PRESS



Faculty of Science and Technology, University of Tartu, Tartu, Estonia

Dissertation is accepted for the commencement of the degree of Doctor of
Philosophy (PhD) in Plant Physiology on January 29, 2010 by the Council of
the Institute of Molecular and Cell Biology, Faculty of Science and Technology,
University of Tartu.

Supervisors:  PhD. Agu Laisk
University of Tartu,
Tartu, Estonia

Knd. Vello Oja
University of Tartu,
Tartu, Estonia

Opponent: Senior lecturer (PhD) Giles Johnson,
Faculty of Life Sciences,
University of Manchester, UK

Commencement will take place at the Institute of Molecular and Cell Biology,
Riia 23, Tartu, on March 12, 2010 at 14.00.

ISSN 1024-6479
ISBN 978-9949-19-310-3 (triikis)
ISBN 978-9949-19-311-0 (PDF)

Autoridigus Eero Talts, 2010
Tartu Ulikooli Kirjastus

www.tyk.ee
Tellimus nr. 49



CONTENTS

LIST OF ORIGINAL PUBLICATIONS ...c..cocieiiiieiiinieeneerenre e

LIST OF ABBREVIATIONS .....ooiiiiiiiiieenieeeeeeenie et

1. INTRODUCTION......cccuiiiiiiiiiiiiiitceee et

2. REVIEW OF LITERATURE......ccceoctiiiininiiiricieneceeneneee e

2.1. Photosynthetic Electron Transport Chain .........cccceceveeenenencienenenne.
2.1.1. Photosystem Il and water splitting............cccecueevueeireseeneennenne
2.1.2. Plastoquinone, plastoquinol ............cceevvrereiieicieenieeniee e
2.1.3. Cytochrome bgf and Q-CyCle.......cocvvvierieriieiiieiieieeieieeiene
2.1.4. PlastOCYaNin .......cceerueeeieerreeriieiiesieeseesneereeseeseesseessnesnnesnnenns
2.1.5. PhotoSyStem L........cccooriiiiieiieiieieeecee et
2.1.6. Ferr@dOXim ..ccueeuieiieieiesieeiieie ettt
2.1.7. Ferredoxin-NADP" oxidoreductase ................cceveverrerruernene.
2,18, NADP ..ottt

2.2 ATP SYNRESIS ..eieueviieiiieiiieeiee ettt e b s

2.3. Carbon Fixation CyCle.........cccevviriiriiiiieiienieesie e sre e

2.4. Stoichiometry of Electron Carriers.........cccceeveerierveeeeenieesieenieeseeenne

2.5. ATP/NADPH Stoichiometry — the Progress of Views.........c..........
2.5.1. History of the concept of cyclic photophosphorylation. .........
2.5.2. Z-scheme and the involvement of the Q-cycle............ccue......
2.5.3. Proton — ATP stoichiometry..........coceveivveeniieeneenieenieeieee
2.5.4. Putative pathway of CET .......ccccoeoviviiiiciieieiccee e,

2.6. Measurement of cyclic electron transport..........ccoceeveverververvencvennnenn
2.6.1. Increased ATP Synthesis ........ccecveveeneenienienieeieeeeeeeene
2.6.2. PhotoacouStiC SPECIIOSCOPY ..cuverrrrrerrreerrieeireerreesreeenereensveens
2.6.3. Estimation CET by membrane potential and change of

Cyt £1edOX StALC ...eevvveieireireiieieiere e s
2.6.4. P700" MEASUIEMENL ...........ovvvereeeeereereeeeesesesieseseeesseeseneeeenans
2.6.5. Inhibition Of CET .....cooiiiiiiieieeee e
2.6.6. An alternative CET pathway via chloroplast NADPH

OXIAOTEAUCTASE. ..cuveenvieeieriieeie ettt saee s
2.6.7. CET connections with other alternative pathways..................

. AIM OF THE STUDY ..ottt

. MATERIAL AND METHODS ........ooooiiiiiee et
A1 PLANES ¢t e
4.2. Rates through different complexes of the electron transport chain...
4.3. Measurement of PSI electron transport...........ccceevevververvesvenveaneens
4.4. Oxidative titration of PSI donors by far-red light ...........c.ccceeveneenn.



4.5. Electron transport rate through PSIL...........ccoociiiiiiiiiiiininees 35

4.6. Electron transport rate for carbon reduction ...........cccceevveeereeerveennnnn. 36
5. RESULTS AND DISCUSSION ......ooiiiiiirieinieetenieeeee e 37
5.1. PSI Cyclic Electron Transport Under Far-Red Light....................... 37
5.1.1. CET in dark-adapted leaves and inactivation of FNR ............ 37
5.1.2. Intrinsic maximum of CET ......cccccccovviiiiniiiininieeenceeee 38
5.1.3. Donor and acceptor pools of cycling electrons....................... 40
5.1.4. Quantum efficiency of PSI during electron cycling ............... 41
5.1.5. Cyclic electron flow and proton gradient..............ccceeveeeveennnns 41
5.2. Cyclic Electron Flow Under White Actinic Light...........c..cccccoeneee. 42
5.3. Proposed Pathway Of Cyclic Electron Transport............ccceeeeveennenn. 43
6. CONCLUSIONS ..ottt 46
6.1. This dissertation work has established the following
experimental TactS. .......cccoeviiiiiiiiiie e 46
6.2. The established experimental facts are interpreted to mean the
following (model) understandings ............ccccceeveevienieniieesieeieeienne. 46
REFERENCES ..ottt 48
SUMMARY IN ESTONIAN ....ccooiiiiiiiiiiineneeteteeeteeee e 55
ACKNOWLEDGEMENTS ...ttt 57
PUBLICATIONS ..ottt 59
CURRICULUM VITAE ..ottt 111
CURRICULUM VITAE ..ottt 112



LIST OF ORIGINAL PUBLICATIONS

Current thesis is based on the following original publications which will be
referred by their Roman numerals:

I. Talts, E., Oja, V., Rimma, H., Rasulov, B., Anijalg, A. and Laisk A. (2007)
“Dark inactivation of ferredoxin-NADP reductase and cyclic electron flow
under far-red light in sunflower leaves.” Photosynth Res 94:109-120.

II. Laisk, A., Talts, E., Oja, V., Eichelmann, H., and Peterson, R.B. (2010)
“Fast cyclic electron transport around photosystem I in leaves under far-red
light: a proton-uncoupled pathway?” Photosynth Res 103:79-95.

III. Laisk, A., Eichelmann, H., Oja, V., Talts E., and Scheibe, R. (2007) “Rates
and roles of cyclic and alternative electron flow in potato leaves.” Plant Cell
Physiol 48(11):1575-588.

Articles are reprinted with the permission of copyright owners.

My contributions to the articles:

Ref. I: I performed majority of experiments and data analysis, and participated
in the writing of the manuscript.

Ref. II: I performed majority of experiments and data analysis, and participated
in the writing of the manuscript.

Ref. III: I participated in experiments and data analysis.



ADP

ATP

BPG

CET

Cyt

o

ECS

ETR

Fd

FNR

FRL

G3P

ISP

LET
NADP
P680
P700

PC

PFD, PAD
PGA

P;
PQ
PSI, PSII
WL

LIST OF ABBREVIATIONS

Adenosine DiPhosphate
Adenosine TriPhosphate
1,3-BisPhosphoGlycerate

Cyclic Electron Transport
Cytochrome

electron

ElectroChromicShift

Electron Transport Rate
Ferredoxin

Ferredoxin-NADP Reductase
Far-Red Light

Glyceraldehyde 3-Phosphate
Iron-Sulphur Protein

Linear Electron Transport
Nicotinamide Adenine Dinucleotide Phosphate
Donor pigment of PSII

Donor pigment of PSI
PlastoCyanin

Photon Flux Density, incident and absorbed
3-PhosphoGlycerate

phosphate

PlastoQuinone

PhotoSystem I and PhotoSystem II
White Light



I.INTRODUCTION

Adenosine triphosphate (ATP) is an important energetic cofactor for “pushing”
metabolic biochemical pathways in the necessary direction. In heterotrophic
cells ATP is regenerated by phosphorylating ADP in mitochondria as a result of
a complex system of reactions where molecular oxygen is reduced to water with
the help of electrons obtained at the expense of oxidation of organic
compounds, mostly sugars. There is a certain stoichiometry between the number
of electrons transferred from the sugars to oxygen and the number of ATP
formed. The stoichiometry has not yet been unequivocally defined, however, it
has little principal importance for the metabolic pathways since different
stoichiometries simply mean different amounts of sugars have to be oxidized
and oxygen reduced for supporting a certain metabolic pathway. The
availability of oxygen as the electron acceptor is not limited, as well as sugars
are usually abundant for respiration.

Photosynthesis is a metabolic pathway that produces organic compounds
using energy from sunlight — a reversed process compared to respiration. In
photosynthesis, water is oxidized at the expense of light energy releasing
molecular oxygen and protons. The electrons from water are transported to
carbon dioxide that is reduced to form sugars. Four electrons are used per
reduction of 1 CO,. The reduction occurs in a complex sequence of reactions
requiring also 3 ATP per CO, reduced (the Calvin-Benson Cycle). Different
from other cellular metabolism, the reduction of CO, cannot be supported by
ATP generated in mitochondrial respiration, because photosynthesis is a very
fast process that would require fast reoxidation of too much sugar to support
itself. Instead, the synthesis of ATP is powered by the same flow of electrons
that are heading from water to CO,, without the involvement of mitochondrial
ATP synthesis. In photosynthesis a strict stoichiometry is absolutely necessary
between the electron flow and ATP synthesis, because, differently from
mitochondria, where O, is an unlimited electron acceptor, the reduction of a
CO, molecule needs exactly 3 ATP to complete the synthesis of (a single
carbon moiety in) sugar.

The synthesis of ATP from ADP + P; occurs in ATP synthase, an amazing
molecular machine powered by protons flowing through its turbine situated in a
biomembrane. The energy forcing the protons through the ATP synthase comes
from the difference of H" concentrations (pH difference, ApH) and the diffe-
rence in electrical potential at the two sides of the membrane — generally called
the proton motive power, pmf. Such membrane “energization” is supported by
the electrons flowing from H,O to CO,. One H'/e™ is released during water
oxidation, but 2H'/e " are translocated additionally during a specifically organi-
zed transport pathway called the “Q-cycle”. As a result of this 3H'/e™ are trans-
located from chloroplast stroma through the thylakoid membrane into the lumen
during the photosynthetic electron flow. Altogether 12H'/4e ™ are translocated
through the membrane during the reduction of 1 CO, and release of 1 O,.



The question how many H' are passing through the synthase per ATP has
been subject to discussions, but very recent data indicate that 4H"/ATP is the
requirement (Steigmiller et al. 2008), which means that exactly 3ATP are
synthesized per CO, reduced. This would mean there are no ATP/e
stoichiometry problems during photosynthesis. However, since there are no
other ATP sources in chloroplasts in the light than that based on the
photosynthetic electron transport, the 3ATP/4e  stoichiometry may still be
violated if some of the chloroplast ATP is used for other reactions than the
primary CO, reduction to the level of sugars — e.g. for starch and protein
synthesis. Therefore, the problem of regulation of the exact ATP/e  stoichio-
metry remains actual, though only in a smaller scale than assumed before. The
results of the work presented in this dissertation contribute to the progress in
this direction, showing that one possible pathway of additional ATP synthesis —
the cyclic photophosphorylation — is not as important as usually assumed, but
alternative electron acceptors like N and O, reduction become important in this
respect.
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2. REVIEW OF LITERATURE

2.1. Photosynthetic Electron Transport Chain

In plants the photosynthetic process occurs in chloroplasts, which are small
organelles (about 5 micrometers across). The chloroplast is surrounded by two
membranes, an outer envelope membrane and an inner envelope membrane
(Fig. 1). A complex membrane system — called thylakoids — is filling a part of
the internal space of the chloroplasts (only a fragment of a thylakoid is shown
enlarged in Fig. 1). The rest of the internal space is called stroma. Photo-
synthetic process can be formally divided into two parts: light reactions and
dark reactions. The light reactions are carried out by proteins and pigment-
protein complexes bound to the thylakoid membranes. They involve two truly
light-dependent photoreactions associated to Photosystem II and Photosystem I
(denoted PSII and PSI). Other carriers are involved in electron transport to and
away from the photosystems (scaled in redox potentials in Fig. 2). The water
splitting complex donates electrons to PSII, a mobile electron carrier plasto-
quinol/plastoquinone (PQH,/PQ) carries electrons from PSII to the proton-
transporting Cytochrome bsf complex (Cyt bgf), another mobile electron carrier
plastocyanin (PC) carries electrons from Cyt bef to PSI. Ferredoxin (and
ferredoxin-NADP reductase) carries electrons from the acceptor side of PSI to
NADP. The latter is directly involved in carbon reduction, thus being
considered as “end product” of the light reactions.

Cell cytoplasm
Sucros; Chloroplast envelope
synthesis membranes
b} ~
~ co,
\ Carboxylation

ADP\
o Regeneration .
Cavin [

cycle s ADP + Py

Chloroplast stroma -
{ { ATP
Starch
synthesis - MNADP* + H*  NADPH

Thylakold lumen

Figure 1. general scheme of processes in chloroplast. CET — Cyclic Electron Transport;
PSI and PSII — Photosystems I and II; PQ and PQH, — plastoquinone/plastoquinol; Cyt
bf — Cytochrome bgf complex; PC — Plastocyanin; Fd — Ferredoxin; FNR — Ferredoxin-
NADPH reductase.
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Figure 2. The electron transport pathway in redox potential scale. Solid line — linear
electron pathway. Dashed line — cyclic electron transport. (Mn), — water splitting
complex; P680 — reaction centre of PSII; Ph — pheophytin; QA — quinone type electron
acceptor; PQ — plastoquinone; Cyt bf — cytochrome bgf complex; PC — plastocyanin.
P700 — reaction centre of PSI; A0, Al, FX, FA, FB — electron carriers in PSI complex;
Fd — ferredoxin; FNR — ferredoxin-NADPH reductase; NADP — nicotinamide adenine
dinucleotide phosphate. Adapted from (Hillier and Babcock 2001).

2.1.1. Photosystem Il and water splitting

The photosynthetic electron transport begins with water splitting in the oxygen
evolving complex at PSII (Barber 1998; Buchanan, B.B., Gruissem, W., and
Jones, R.L. 2000; Hillier et al. 2001). In the oxygen evolving complex electrons
are extracted from water, excited by light energy and directed to reduce PQ.
PSII is a dimeric transmembrane protein cluster composed of 20 subunits, plus
the accessory light harvesting antenna chlorophyll-binding proteins. Each PSII
contains numerous cofactors: chlorophyll a, beta-carotene, integral lipids,
plastoquinone etc. (Guskov et al. 2009). An important component of PSII is the
reaction centre pigment P680, which is a dimer of two chlorophyll molecules.
This pigment pair is placed near the lumenal side of the membrane (Fig. 3). The
absorption of a photon transfers P680 into its excited state (from +1.12 to — 0.81
V in redox scale). The excited electron passes on to pheophytin and further to a
bound quinone type acceptor Q4 close to the stromal side of the membrane (£,
about 0 V). The formed P680" is a strong oxidizer, able to withdraw an electron
from the Mn cluster of the water splitting complex. The latter accumulates four
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electron “holes” and then becomes re-reduced by accepting four electrons from
two H,O (Kok et al. 1970). Residual oxygen radicals combine to form the
diatomic O, molecule that is released into thylakoid lumen. The reaction
requires the energy of four photons per one oxygen molecule. In this way,
pheophytin accepts electrons from P680 and passes them on to a PQ molecule
(Qa), tightly associated with the reaction centre. The QA quinone passes its
electron on to a second PQ molecule (Qg) that can leave the binding site and
freely diffuse in the membrane (quinones are hydrophobic compounds that
diffuse between lipids inside the biomembranes). Plastoquinone at the Qp-site
differs from Q4 in that it works as a two-electron acceptor, and becomes fully
reduced and protonated after two photochemical turnovers of the reaction
centre.

Stroma

Pheo Pheq,

Lumen

2H,0 0, + 4@

Figure 3. Electron movement in PSII complex.

2.1.2. Plastoquinone, plastoquinol

Plastoquinone (PQ) is a lipid-soluble benzoquinone derivative with an
isoprenoid side chain which is involved in the photosynthetic electron transport
(Buchanan, B.B., Gruissem, W., and Jones, R.L. 2000). The double reduction of
PQ and the formation of plastoquinol (PQH,) at the Qg site of PSII is
accompanied by the capture of two protons (H") from the stromal matrix of the
chloroplast. The reduced plastoquinone PQH, then unbinds from the reaction
centre and diffuses in the hydrophobic core of the membrane. Simultaneously
an oxidized PQ finds its way to the Qp-binding site and the process is repeated
(there are about 10 PQ/PQH, per PSII in the membrane). Several compounds
can inhibit electron transport by binding at or near the Qg-site, preventing
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access to plastoquinone. These Qg-site inhibitors have been extremely useful for
investigating PSII function, and some are important commercial herbicides (like
DCMU, Atrazine, Simazine, Fenuron, ec.) (Breton et al. 2006). The mobility of
the PQ in the membrane allows a single PSII reaction centre to interact with a
number of Cytochrome bsf complexes (Hauska et al. 1996).

2.1.3. Cytochrome b,f and Q-cycle

The Cytochrome bgf (Cyt bef) is a 220 kDa symmetric dimeric complex which
transfers electrons from PSII to PSI by catalyzing the oxidation of PQH, and the
reduction of plastocyanin (PC). The transfer of electrons from PQH, to PC (and
further to PSI) is coupled with the release of H' into the lumenal space of the
thylakoid membranes. As a result of this 1 H'/e are translocated across the
membrane from the stromal to the lumenal side, coupled with the reduction and
oxidation of PQ/PQH, during the photosynthetic electron transport (Hauska et
al. 1996). In addition to this, an amazing molecular machine called Q-cycle
(Mitchell 1966; Mitchell 1975a) repeats the process, translocating another H',
so that 2H'/e” is the total stoichiometry of e /H' transfer through the Cyt byf
complex.

The operation of the Q-cycle is based on the molecular symmetry of
quinones. Both states, either double reduced or double oxidized are stable, but
the single-oxidized state is a strong reductant or oxidant. At Cyt bef the process
of PQH, oxidation is organized so that the first electron is accepted by a
stronger oxidant Cyt f (and further on by PC and P700" of PSI, see Fig. 4). The
oxidation of PQH, occurs in a “positive” or p-site at the lumenal side of the
membrane. There are two, but rather weak oxidants Cyt b available for the
second electron, but the energetic barrier is easily overcome due to the
molecular asymmetry of the singly reduced PQ™. This way each PQH, is
oxidized sending one ¢ to Cyt f and further on to PS I, but the second electron
is going to one of the two Cyt b hemes. After two PQH, have been oxidized this
way, the two low-potential Cyt b send their electrons — simultaneously or via
the intermediate semiquinone state — to an oxidized PQ. This reduction of PQ
takes place at a site near the stromal side of the membrane (called n-site from
“negative”), so that the coupled protons are captured from the stroma. The
reduced PQH, leaves the site and moves to the p-site, where it is oxidized,
leaving one ¢ to Cyt f and the second to Cyt b again. As we see, every act of
PQH, oxidation releases one electron to PSI, but forces the second electron to
repeat the H" -coupled Q-cycle. On average, every e passes through the Cyt bef
complex twice, cotranslocating 2H'/e". Since e transfer through Cyt bef is
closely related to the Cyclic Electron Transport — the topic of this dissertation —
we shall return to it in more details below.

14
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Figure 4. Q-cycle and electron movement in CytB¢F complex.

2.1.4. Plastocyanin

The overview of plastocyanin is based on(Silva de D.G.A.H. et al. 1992; Gupta
et al. 2002; Musiani et al. 2005). Plastocyanin accepts an ¢ from Cyt f, diffuses
to PS I and transfers the e to P700", the donor pigment of PSI. Plastocyanin
(PC) is a 10.5 kDa monomeric copper-containing protein. In order to prevent
direct e transfer from PQH, to PC passing by the Cyt b¢f, PC operates in the
inner aqueous phase of the thylakoid lumen, while PQH, does that in the lipid
membrane. PC contains a copper ion that is ligated to four residues of the
polypeptide. The copper ion serves as a one-e¢ carrier with a midpoint potential
of +370 mV, near that of heme f.

2.1.5. Photosystem |

Photosystem I (PSI) is the second of the two sequential photochemical steps in
photosynthesis (Haldrup et al. 1999; Sawaya and Merchant 2005; Nelson and
Yocum 2006). Its operation principles are similar to those of PSII, but some
differences are noteworthy. PSI contains more protein subunits than PSII. Its
molecular weight is 525 kDa without the antenna complex, plus 150 kDa of the
chlorophyll-protein antenna subunits (Fig. 5). The crystal structure of the
complete PSI from a higher plant (4.4 A resolution) has been determined (Ben-
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Shem et al. 2003). Its intricate structure shows 12 core subunits, 4 different
light-harvesting membrane proteins assembled in a half-moon shape on one side
of the core, 45 transmembrane helices, 167 chlorophylls, Fe;S, clusters and 2
phylloquinones. About 20 chlorophylls are positioned in strategic locations in
the cleft between LHCI and the core. In plants, the PSI complex catalyzes the
oxidation of PC and the reduction of ferredoxin (Fd). As in PSII, two
polypeptides, subunit A and subunit B, form a heterodimer that bind the primary
electron donor and acceptor and the transmembrane electron carriers. The
primary donor, P700, is chlorophyll dimer, and the primary acceptor, Ay, a
duplicated chlorophyll monomer. As in PSII, a quinone (phylloquinone, vitamin
K1), operates as a single electron acceptor (A, also duplicated). Then electrons
are transferred from A; to a FesS, cluster (Fx) that is ligated to both
polypeptides of the heterodimer. An extrinsic protein, subunit C, containing two
FesS,4 clusters, Fo and Fp, is located on the stromal side of the reaction centre
close to Fx and electron transfer goes from Fx to Fg through F, and then from
FB to Fd.

Stroma

Lumen

o

Figure 5. Electron movement in PSI complex.
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2.1.6. Ferredoxin

Ferredoxin (Fd) is a small (ca. 11 kDa) iron-sulphur protein that mediates
electron transfer between PSI and Ferredoxin-NADP" oxidoreductase
(Fukuyama 2004; Hanke et al. 2004; Hase et al. 2006). There are about 6—8 Fd
per PSI, operating in the stromal aqueous phase of the chloroplast. The Fe,S,
cluster, ligated by four cysteine residues, serves as a one-electron carrier.
Ferredoxin has the distinction of being one of the strongest soluble reductants
found in cells (420 mV). Plants contain different forms of ferredoxin, all of
which are encoded in the nuclear genome. Fd is an important branching point
between several electron transport pathways, enabling transfer of electrons to
the Calvin-Benson cycle of CO, reduction, nitrite reduction, sulphite reduction,
glutamate synthase, thioredoxin reductase, Mehler type reduction of molecular
oxygen and, finally, PSI cyclic electron transport (Neuhaus and Emes 2000).
Ferredoxin may also be in complex with Ferredoxin-NADP" oxidoreductase and
PSI.

2.1.7. Ferredoxin-NADP"* oxidoreductase

Ferredoxin-NADP" oxidoreductase (FNR) links Fd (as one-electron donor) to
the two-electron acceptor NADP'(Clark et al. 1984; Zhang et al. 2001; Hanke et
al. 2004; Hase et al. 2006). The electron carrier in FNR is flavin adenine
dinucleotide (FAD) which, under equilibrium conditions, is a two-electron
acceptor with E, near —360 mV at pH 7 (Karplus and Faber 2004). For catalytic
activity, two molecules of Fd must donate electrons to FNR, which in turn
reduces NADP' to NADPH. FNR is a single polypeptide (ca. 35 kDa) which is
encoded by a nuclear gene. A part of FNR is soluble in the stromal phase, but a
part of it is found bound to different peptides at the stromal side of the
photosynthetic membrane, mainly to Cyt bef and to PSI, where it operates as a
peripheral protein (Carrillo and Vallejos 1982; Ruhle et al. 1988). The three-
dimensional structure of spinach FNR has been determined at 1.7 A resolution
(Burns and Karplus 1994). It appears that Fd and NADP" bind to FNR at two
different domains. The redox enzyme FNR has been shown to be activated by
light and inactivated in the dark within a few minutes in vivo (Ruhle et al. 1988;
Shin 2004; Talts et al. 2007). The light-activation of FNR happens via the
protein-mediated thioredoxin system and leads to conformational changes. This
requires electrons from Fd which reduce disulfide-bonds of thioredoxin as the
step of activation (Buchanan, B.B., Gruissem, W., and Jones, R.L. 2000). As
with Fd, the FNR can be found as a subunit of the chloroplast Cyt bsf complex
also.
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2.1.8. NADP

The final electron acceptor in the photosynthetic electron transport chain is
NADP", which is fully reduced by two electrons (and one proton) to form
NADPH. NADPH is a strong reductant (£,, = -320 mV at pH 7), and it serves
as a mobile electron carrier in the stromal aqueous phase of the chloroplast.
Although NADPH is a powerful reductant, it reacts slowly with oxygen, which
enables it to serve a stable source of electrons for the reduction of carbon
dioxide, as well as in other reductive biosynthetic pathways.

2.2. ATP Synthesis

Along with producing the reductant NADPH, the energy of the light-excited
electrons is also converted into the pyrophosphate bond of an ATP molecule.
The latter is energetically supporting CO, reduction and starch synthesis in
chloroplasts.

ATP synthase (ca 500 kDa, Fig. 6), is a thylakoid membrane enzyme that
can synthesize ATP from ADP and inorganic phosphate (P;) by using energy of
an H' gradient, created by photosynthetic electron transport (Yoshida et al.
2001; Allen 2002; Hisabori et al. 2003; Richter et al. 2005; McCarty 2005). The
overall structure and the catalytic mechanism of the chloroplast ATP synthase
are almost the same as those of the mitochondrial enzyme. ATP synthase
consists of a catalytic portion (CF,), central and side stalks, and a thylakoid
membrane-embedded part (CFy). The latter serves for proton transport across
the membrane powering the catalytic CF; part. The CF,, like its mitochondrial
and bacterial counterparts, is functional in ATP synthesis and sticks into stroma,
where dark reactions of photosynthesis (the Calvin-Benson cycle) take place.
The CF;-part consists of three a-subunits and three B-subunits that are arranged
alternately, forming an orange-like cylinder of (af)3 around an asymmetrical
coiled-coil structure (y-subunit), which is the central link between CF, and CF,.
The CFy-part consists of symmetrically placed multiple III subunits (their
number is 9-14, depending on species), two II subunits and one I subunit.
Subunits ¢ and II dimer together forming a peripheral stalk which binds CF to
CF,. This stalk is considered to act as a “stator” holding the a, B, I and III
subunits still while the y, € subunits rotate. The Ill-ring is attached to the
asymmetric central stalk (y-subunit), which rotates within the (ap)3 causing the
3 catalytic nucleotide binding sites to go through a series of conformational
changes that lead to ATP synthesis.

The catalytic mechanism involves the active site of a [ subunit cycling
between three states. The regulation of CF; is accomplished by H'" gradient and
by electron transfer providing reductants that are used to reduce disulphide
bridges in CF,. ATP synthase can also act as ATPase and proton pump,
hydrolyzing available ATP to ADP and P;, and moving H" to lumen.
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2.3. Carbon Fixation Cycle

The carbon fixation cycle (Calvin-Benson cycle) in the stroma of chloroplasts is
accomplished by a series of light independent biochemical reactions in which
carbon enters in the form of CO, and leaves in the form of a sugar (triose)
phosphate (Bassham et al. 1950). The cycle depends on ATP as an energy
source and consumes NADPH as reducing power. Three phases of the cycle
may be distinguished that are described per 3 CO, bound.

1) In the carbon fixation phase 3 CO, are incorporated into three 5-C sugar
bisphosphates (ribulose-1,5-bisphosphate, RuBP). The enzyme catalyzing
this step is RuBP carboxylase-oxygenase (Rubisco). Due to its relatively
slow site turnover, but required fast rate, it is the most abundant protein in
chloroplasts and the most abundant protein on Earth as well. The formed six-
carbon intermediate product is immediately split to form two 3-C molecules
of 3-phosphoglycerate (PGA). Six 3-C PGA molecules are formed as a result
of binding 3 CO,.
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2) In the second phase PGA is reduced and the product is formed. First, the
enzyme phosphoglycerate kinase catalyses the phosphorylation of the 6 PGA
by 6 ATP, forming 1,3-bisphosphoglycerate (BPGA) and ADP as the
products. Then the reductive power of 6 NADPH is used to convert the 6
BPGA to 6 glyceraldehyde 3-phosphate (G3P). One of the six formed
molecules is the 3-C sugar phosphate product of the cycle, which is a
precursor to glucose and other sugars. The other five 3-C molecules are used
for regeneration of three 5-C RuBP in phase 3. During the process 6
NADPH are oxidized to NADP" and re-reduced by the light reactions as
described above.

3) The third phase is the regeneration of RuBP. It is a rather complex system of
molecular conversions during which the five 3-C sugar phosphates are
converted into three 5-C sugar phosphates. Three ATP are needed to convert
the three 5-C monophosphates to the 5-C bisphosphates (RuBP), thereby
completing the cycle. For every three molecules of CO, that enter the cycle,
the net output is one molecule of G3P. For each G3P synthesized, the cycle
spends 9 molecules of ATP and 6 molecules of NADPH, or 3 ATP and 2
NADPH per CO,. The light reactions sustain the Calvin-Benson cycle by
regenerating the ATP and NADPH.

Two G3P molecules that have exited from the cycle are used to make larger
carbohydrates like fructose-6-phosphate, glucose-6-phosphate and glucose-1-
phosphate. These are used to form starch in chloroplasts and sucrose in cytosol.
The inorganic phosphate liberated during these processes is retransported into
chloroplasts and reused for phosphorylation of ADP.
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Figure 7. Carbon fixation cycle.

2.4, Stoichiometry of Electron Carriers

The stoichiometry of big transmembrane protein complexes is considered to be
1PSII:1Cyt bef :1PSI (Whitmarsh and Ort 1984) but controversially large
variability in the ratio of PSII to PSI reaction centres (from 0.43 to 3.3) in
different photosynthetic membranes is also reported (Melis and Brown 1980).
In spinach chloroplasts, 7 — 8 PQ molecules were found per reaction centre of
PSII and most of the plastoquinone pool was associated with the grana
membranes (Melis et al. 1980; McCauley and Melis 1986). The PC pool is
about 3—4 PC per PSI (Kirchhoff et al. 2004) and the ratios of Fd to FNR to PC
approximated 5:3:4 per P700, as determined by immuno-electrophoresis
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(Bohme 1978). The protein complexes that catalyze electron transfer and energy
transduction are unevenly distributed in thylakoids: PSI is located in the stroma-
exposed lamellae (where PSI : PSII > 3), PSII is found almost exclusively in the
grana membranes (PSII : PSI > 2), the ATPase is located mainly in the stroma
lamellae, and the Cyt bsf complex is found in grana and grana margins (Melis et
al. 1980; Albertsson 2001; Nelson et al. 2006), (Fig. 8). Therefore, it is
commonly believed that grana membranes are engaged in linear electron
transport (LET), but stroma lamellae are maintaining ATP synthesis by carrying
out cyclic electron transport (CET).

® Photosystem | () Cytochrome bf

. Photosystem Il JS ATP synthase

Figure 8. Location of photosynthetic complexes in thylakoids.

2.5. ATP/NADPH Stoichiometry —
the Progress of Views

2.5.1. History of the concept of cyclic photophosphorylation.

Over 50 years ago (in 1954) Arnon and co-workers discovered that ATP was
synthesized in illuminated chloroplasts in the absence of gas exchange, which
started the long-lasting discussion about CET and the related cyclic photo-
phosphorylation (Arnon et al. 1954). For about 25 years the only and the
absolute authority of CET was Daniel Arnon with his research group. The most

cited crucial experiment proving CET was carried out in 1955, where vitamin K

dependent ATP synthesis in broken chloroplast membranes was demonstrated

under anaerobic conditions (Arnon et al. 1955). At that time the Z-scheme was
not known and photosynthesis was described with two parallel light-dependent

redox flows (Fig. 9):

1) Linear flow — water is split to H and O without ATP production; O leaves
the system as molecular oxygen and H reacts with CO, forming sugar;

2) Cyclic flow — water is split to H and O; over a series of carriers (FMN,
Vitamin K, Cytochromes) H moves back to O to re-form water. This was
believed to be the only process where ATP production could exist (Arnon et
al. 1955; Arnon 1955). In fact, in our contemporary terms Arnon was
speaking about “pseudo cyclic” phosphorylation involving re-synthesis of
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water, such as e.g. the Asada’s water-water cycle involving the production of
ATP by the LET pathway.
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Figure 9. Scheme of photosynthesis at 50 — 60s. Compare with Fig. 1 and 2. (Arnon et
al. 1955; Arnon 1955).

2.5.2. Z-scheme and the involvement of the Q-cycle

Until 1960-s, the production of ATP in photosynthesis was believed to be
connected only with the cyclic photophosphorylation. The discovery of the
Z-scheme (Hill and Bendall 1960) introduced new aspects into chloroplast
energetic, including the necessity to relate ATP synthesis to the “non-cyclic”
electron transport. Notice that in order not to devaluate CET, the novel pathway
was termed “non-cyclic” (in this dissertation still termed “linear electron
transport”, LET). The first investigations that proved ATP production via LET
were reported in 60-s. These early measurements revealed the stoichiometry of
O,:NADPH:ATP of 1:2:2 (2 H" per 1 ¢) (Arnon et al. 1958; Campo et al.
1968). Any amount of ATP exceeding this ratio was thought to be synthesized
via CET (Arnon et al. 1958; Arnon et al. 1959; Arnon et al. 1961).

Whether the deficit in ATP (and proton) budget exists and how big it
actually is has been a subject of debates since the discovery of the Z-scheme.
After Peter Mitchell related ATP synthesis to the energy of transmembrane
proton flux (Mitchell 1966), the budget analysis involved the coupling ratios,
how many H'/e” in LET and how many H'/ATP in ATP synthase? Initially the
H'/e ratio was believed to be 2 (one from H,O splitting and one from PQH,
oxidation (Campo et al. 1968). Since the experimentally obtained H'/ATP ratio
tended to be close to 3, the budget predicted 8/3 ATP could be synthesised per
transport of 4 ¢ instead of the necessary 9/3. This budget maintained a small
deficiency of 1/3ATP, leaving a role for CET to cover the deficiency. After
Peter Mitchell suggested the operation of the Q-cycle in mitochondria (Mitchell
1975a; Mitchell 1975b) the arguments focussed on whether the Q-cycle is
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operating in chloroplasts also? A weighty counterargument was, if it were
operating then the budget would be 12H"/4e™ that would support the synthesis
of 12/3 =4 ATP instead of the necessary 3 ATP. This discrepancy remained in
air for long time even after the establishment of the obligatory involvement of
the Q-cycle in interphotosystem electron flow (Rich 1988). This contradiction,
however, catalyzed further investigations of the H'/ATP stoichiometry of ATP
synthase.

2.5.3. Proton — ATP stoichiometry

As said above, early investigations revealed that about 3H/ATP were required
by ATP synthase. A breakthrough happened in 1990 when the requirement of
4H'/ATP was rather convincingly shown (Rumberg et al. 1990). Provided that
the Q-cycle is operating ensuring the ratio of 12 H" per 2 NADPH (Rich 1988;
Sacksteder et al. 2000) and the requirement for ATP synthase is 12H"/3ATP,
the requirements of the Calvin cycle (3 ATP per 2 NADPH) are exactly
satisfied, with this downgrading the role of cyclic phosphorylation once again.
Only a small ATP deficiency may be caused by its consumption for starch
synthesis and other secondary metabolism.

However, the cycle of argumentation did not yet stop. The discovery of 14
subunits III in the ring structure of the CF, of the ATP synthase (Seelert et al.
2000; Scheuring et al. 2001; Seelert et al. 2003) raised the question of whether
the actual requirement could be 14H"/3ATP. In this case the proton deficiency
of at least 17% still must be covered either by the H'-coupled cyclic electron
flow around PS I or by linear electron flow to alternative acceptors other than
CO,. Despite the strong structural argument, the work of our group showed
neither CET nor LET to alternative acceptors is existing at such a rate that could
cover the 17% deficiency in the H' budget (Ref. III Laisk et al, 2007). We hope
that the story is finished by the recent work of (Steigmiller et al. 2008), who
determined the stoichiometry of H/ATP by chemiosmotic measurements of
liposome-trapped ATPases. The calculations based on thermodynamics clearly
indicate that H'/ATP = 4.0 + 0.2 for the spinach chloroplast.

Presently, most investigators share the view that CET is H -coupled and its
role is to cover the deficiency in ATP synthesis and to build up a regulatory
proton gradient. Nevertheless, despite the long history of studies, evidence
about the actual importance of cyclic photophosphorylation in plant leaves is
still controversial and needs further investigation (Heber et al. 1995; Cruz et al.
2005).
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2.5.4. Putative pathway of CET

Different mechanisms of CET have been proposed (Breyton et al. 2006): (i) the
restricted diffusion model, according to which CET is concentrated around PSI
located in non-apressed thylakoid membranes; (ii) the supercomplex model,
assuming CET can occur in tightly bound PS I-Cyt b6f supercomplexes; (iii) the
FNR- model, according to which PS I containing bound FNR functions in LET,
but PS I without bound FNR reduces Fd, facilitating CET and (iv) the
competition model, based on kinetic competition between LET and CET
pathways.

In order to be efficient in proton translocation and ATP synthesis, the CET
pathway must transfer electrons from a PSI acceptor side carrier, most likely Fd,
to oxidized PQ. It has been shown that Fd and FNR have the central role in CET
as electron carriers. The so reduced PQH,; is then oxidized by the Q-cycle,
coupled with H" transfer and ATP synthesis. At first a hypothetical enzyme
Fd/PQ reductase was postulated (Bendall and Manasse 1995), but this enzyme
has never been found. Instead, the most probable route for CET is assumed to
be from the acceptor side of PSI, via Fd and FNR through the Cyt besf complex
to the PQ pool (Joliot et al. 2004; Johnson 2005). The observation that FNR
binds tightly to the Cyt bsf complex providing a possible Fd binding site on this
complex is also reported (Zhang et al. 2001). The proposed pathway assumes
that Fd donates electrons to the high-potential Cyt by heme of the Cyt bef
complex either directly or via Cyt ¢, and further to PQ at the Q, pocket. This
way the cycling electrons enter the Q-cycle and are believed to be coupled with
H' transport. At the Q, pocket two electrons are transferred from PQH,, one to
the Cyt b chain and the other to the soluble PC via the high potential chain
(Rieske FeS and Cyt f) and protons are released into lumen side.

Such ATP-synthesizing CET is thought to function mainly around PSI
located in the stroma-exposed thylakoids (Albertsson 1995). In these thylakoids
PSII is almost absent, therefore, PSII does not compete with CET for PQ
reduction. The acidification of thylakoid lumen generated by CET is assumed to
be important for the production of ATP, but also for the induction of
nonphotochemical quenching — the thermal dissipation of excitation from the PS
I antenna (Johnson 2005; Lintala et al. 2007). For this reason it is widely
believed that CET is essential in stress conditions, e.g. in case of water deficit
(Arnon et al. 1958).

2.6. Measurement of cyclic electron transport

CET is believed to be relatively slow compared with LET. As told above, it is
faster in light saturation and in stress situations, where electron acceptors are in
deficit or the electron carriers are inactivated metabolically or genetically. CET
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is also relatively high when LET is restricted, like under low CO, and O,
concentrations.

The correct measurement of CET, however, has been a difficult
experimental task, because CET is only a small part of the total ETR through
PSI and it can only be measured as a difference, e.g. Jeye = Ji — Jy (here J
denotes ETR and subscripts specify the place CET is measured). ETR through
PSII, J;; can be measured conveniently using Chl fluorescence [J; = ay** (Fiu—
F)/F,], however, ETR through PSI, Jj, is difficult to measure. In contrast to
PSII, the antenna chlorophylls of PSI do not emit variable fluorescence that
would conveniently indicate PSI ETR. Because of these difficulties of
measurement CET has often been evaluated indirectly, mainly on the basis of its
expected consequences:

1) ATP synthesis (Arnon et al. 1956; Hosler and Yocum 1985; Hosler and

Yocum 1987);

2) increased light energy conservation in photoacoustic measurements (Herbert

et al. 1990; Havaux 1992; Cha and Mauzerall 1992);

3) increased membrane potential (electrochromic shift) (Hope and Morland

1980);

4) measuring postillumination rereduction rate of P700" (Harbinson and Hedley

1989);

5) inhibiting CET (Tagawa et al. 1963; Joet et al. 2001)
6) enhanced non-photochemical quenching (Yamamoto et al. 2006) and a small
post-illumination transient peak in chlorophyll fluorescence have also been

interpreted to indicate CET (Munekage et al. 2004);

2.6.1. Increased ATP synthesis

Reliable direct measurements of ATP synthesis can be carried out only in vitro.
These measurements have demonstrated that a cyclic process really leads to
ATP synthesis (Bendall et al. 1995; Allen 2003). However, CET is often
difficult to distinguish from the pseudo-cyclic process that also is able to
generate ATP, in which electrons are transferred from water to oxygen via the
acceptor side of PSI (Badger 1985).

2.6.2. Photoacoustic spectroscopy

This technique is based on the quantification of the conversion of absorbed light
energy to heat. The sample (photosynthetic bacteria, algae, infiltrated leaf) is
placed in a photoacoustic cell which is closed or separated with gas-permeable
membrane (Buschmann et al. 1984). If the sample is excited by absorption of
modulated light (normally between 2 Hz — 2 kHz ), heat pulses are generated
with the same modulation frequency as that of the incident excitation light
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(Herbert et al. 1990; Fork and Herbert 1991). These heat pulses create pressure
changes in the thin gas phase above the sample and can thus be detected by a
sensitive microphone as an acoustic signal. The absorbed light energy is divided
into three parts: fluorescence, heat and photosynthesis. If light energy is used
for chemical energy storage as a result of photochemistry, heat dissipation
decreases, resulting in a decreased photoacoustic signal. Many measurements
have led to the conclusion that, whilst cyanobacteria, green algae, and C, plants
are capable of energy storage in far-red light (exciting only PSI, thus,
potentially causing CET), C; plants are not (Herbert et al. 1990). Photoacoustics
do not provide a specific measure of CET, but the energy occlusion may be
interpreted as CET causing ATP formation. The advantage of photoacoustic
measurements is that oxygen reduction should be detectable with modulated
light/pressure change (Buschmann et al. 1984; Havaux 1992; Cha et al. 1992).

2.6.3. Estimation CET by membrane potential and
change of Cyt f redox state

A membrane potential change is associated with the movement of protons and
transport of electrons. The variations in the local dielectric environment
influence protein structure, which causes changes of protein-bound pigment
molecule spectra. Therefore the change of the membrane potential is measured
as the electrochromic shift (ECS) of pigments, especially chlorophyll b and
carotenoids, which induces significant absorption changes around 515 — 520 nm
(Chow and Hope 1998; Sacksteder et al. 2000). Experimentally, the shift of
electric field and the shift of pH have been found to be roughly parallel, which
means that pH change should be approximately proportional to ECS (Cruz et al.
2001; Kanazawa and Kramer 2002). Even though ECS is quite well investigated
in different conditions, interpretation of its size, shape and kinetics is still
incoherent. When a sample is exposed to single turnover light flashes, multiple
processes are present in the same time: 1) charge separation at the reaction
centres; 2) transfer of electrons to secondary acceptors; 3) filling holes at P680
and P700; 4) uptake of protons at the stroma side; 5) release of protons to the
lumen side; 6) proton delocalization through ATPase. Therefore, fast and slow
components of transition are separated with the aim to discriminate between
different processes. The fast component is considered to be charge separation or
primary electron movement and the slow component is the electrogenic effect
of electron or proton transfers across the Cyt begf complex and ATPase (Hope et
al. 1980). Another disadvantage of usage of the 520 nm signal is some
overlapping of spectral bands caused by ECS and by redox changes of
cytochromes f (554 nm) and b and plastocyanin. The contributions by P700 and
Cyt f could be distinguished when changes were measured as the difference at
518 — 485 nm (Joliot et al. 2004). To be more precise, additional measurements
around 554, 564 and 575 nm are performed and the signals deconvoluted (Chow
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et al. 1998; Kramer and Sacksteder 1998; Joliot and Joliot 2001; Finazzi et al.
2005; Golding et al. 2005). The rate of CET has been determined under
saturating light excitation by measuring the postillumination rate of decay of the
membrane potential or re-reduction rate of Cyt f (Joliot and Joliot 2002; Joliot
and Joliot 2006). Inhibitors (DBMIB, DCMU, lincomycin, antimycin A) have
also been used in order to separate changes in ECS caused by LET and CET
(Patel et al. 1986; Chow et al. 1998; Chow and Hope 2004D).

2.6.4. P700" measurement

When P700, the reaction centre chlorophyll in PSI, is oxidized to P700" a strong
bleaching occurs at 700 nm, but in intact leaves the decrease in absorbance at
700 nm is masked by the strongly overlapping dynamic chlorophyll
fluorescence signal. However, the P700 oxidation can also be monitored as
wide absorption increase around 800 — 830 nm. This far-red light is not actinic
and is free of fluorescence, therefore, it is possible to apply high measuring
beam intensities without disturbing the photosynthetic machinery.

Such measurements of P700 redox state can provide direct information on
the total electron transport through PSI reaction centre. The experimental
conditions must be specifically designed and data must be carefully interpreted
in order to provide information on CET. Another problem is that the 810 nm
transmission signal is not a specific indicator of P700", but three PSI-related
components — PC", P700" and Fd™ — can contribute to the signal, and those
optical effects are not proportional to P700° (Harbinson et al. 1989;
Klughammer and Schreiber 1991; Kobayashi and Heber 1994; Schansker et al.
2003). The contribution of PC" is approximately 35% of the total absorbance at
810 nm and that of Fd™ may be up to 10% under strongly reducing conditions.
Since these redox changes occur simultaneously but not proportionally, methods
for the deconvolution of the 810 nm signal are needed for the correct
interpretation of measurements. Additional differential measurements at 860—
870 nm have been therefore performed and the two signals have been
deconvoluted in redox states of PC and P700 (Joliot and Joliot 1984; Kirchhoff
et al. 2004; Chow and Hope 2004a; Cassan et al. 2005; Golding et al. 2005;
Joliot et al. 2006; Fan et al. 2007; Lintala et al. 2007). However, since there are
three optical contributors, the dual-wavelength deconvolution is still
insufficient. Alternatively, a deconvolution method based on redox equilibrium
model of P700, PC and (Cyt f + FeS) has been applied (Oja et al. 2003).
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2.6.5. Inhibition of CET

One way to evaluate the role of CET is to inhibit it and look at the resulting
changes in photosynthesis. The cyclic electron transfer reactions around PSI
have been reported to be inhibited by antimycin A (Tagawa et al. 1963).
However, the mechanism of this inhibition is not clear. This opinion has been
questioned by experiments on intact leaves (Joét et al. 2002; Joliot et al. 2004).
The existence of an antimycin A-insensitive type of CET was also proposed in
C; plants from experiments performed in vitro (Hosler et al. 1987; Scheller
1996). The effect of antimycin A is based on its binding at the Q, pocket of the
Cyt bef complex, leading to the suggestion that this site is involved in electron
flow. On the other hand, 2-heptyl-4-hydroxy-quinoline N-oxide (HQNO), an
inhibitor binding at the Q, pocket, did not affect CET (Rich et al. 1991; Johnson
2005). Anyway, if antimycin A binds at the Q, pocket, it also inhibits the
Q-cycle, thus making it difficult to interpret the changes observed in
photosynthesis. It also has been reported that CET is sensitive to 3-(3,4-
dichlorophenyl)-1,1-dimethyl urea (DCMU) and methylviologen (MV),
suggesting an important role of so-called “redox poising” by the inhibition of
PSII linear flow (Joliot et al. 2004; Fan et al. 2007). The “redox poising” is
more important when O, and NO, ™ is present in reaction mixture (Bendall et al.
1995).

2.6.6. An alternative CET pathway via chloroplast
NADPH oxidoreductase

In CET electrons can be also recycled via the type I NAD(P)H dehydrogenase
(NDH) complex to PQ and subsequently to the Cyt bsf complex. The latter route
is known to be involved in the dark reduction of the PQ pool (Sazanov et al.
1998; Joet et al. 2001). A gene coding an NDH which is similar to the
mitochondrial complex I has been identified in the genome of higher plants.
However, biochemical analyses have shown that the concentration of this
enzyme is much lower (<1%) than that of components of the photosynthetic
electron transfer chain. If the concentration of NDH is a few percent of that of
PSI, this enzyme could not stake to CET: its operation rate must be 10° — 10* s™*
to sustain a rate of CET of 10 — 100 s~ (Joliot et al. 2004).

2.6.7. CET connections with other alternative pathways

Reduced Fd, which is considered to be the main carrier in CET pathway,
donates also electrons for nitrogen and sulphur reduction by corresponding
enzymes, or to reduce sulphydryl groups of redox-activated enzymes (Neuhaus
et al. 2000). Though the focus of this dissertation is on CET, a few words still
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have to be said about alternative electron acceptors, because their importance
considerably increases after CET will be significantly disqualified as a proton
transporter as a result of this dissertation work. In photosynthesis the
“alternative” electron acceptors are those other than PGA, mainly dioxygen (the
Mehler reaction), nitrite and oxaloacetate, all of which have shown to be
reduced by the photosynthetic electron flow at the acceptor side of PS I
Importantly, in order to improve the ATP/NADPH budget for photosynthesis,
the further metabolism of compounds formed as the result of these alternative
reductions must consume less ATP than the metabolism of sugar phosphates (or
consume none at all). As a result, electron flow to the alternative acceptors will
produce some extra ATP that can cover a deficit in the ATP budget of carbon
reduction.

There is not much information available about the actual rates of these
alternative reductions. The rate of the Mehler type O, reduction followed by the
ascorbate peroxidase cycle (a cyclic process beginning with water oxidation and
ending with O, reduction to water, or the “water—water cycle), may be rather
fast when the carbon reduction—oxidation cycle is an inefficient acceptor, e.g.
during the dark—light induction or during CO,-limited photosynthesis (Asada
2006). During fast photosynthesis only rates of <10% of the linear electron flow
have been detected in C; and C, plants (Badger et al. 2000; Heber 2002; Siebke
et al. 2003) (Ref III. Laisk et al, 2007).

Nitrite reduction (Joy and Hageman 1966) has been also suggested to be an
important alternative electron sink balancing the ATP/NADPH stoichiometry
during photosynthesis. Rates of nitrite reduction of up to 10% of LET have been
suggested (Noctor and Foyer 1998), however, quantitative experimental
evidence is vague (Baysdorfer and Robinson 1985; Robinson 1986; Robinson
1990).

Another pathway transporting excess reducing power out of chloroplasts is
the “malate valve” (Scheibe 1987; Backhausen et al. 1994). In chloroplasts,
malate dehydrogenase (MDH) reduces oxaloacetate (OA) to malate at the
expense of NADPH generated in photosynthesis. The malate/OA transporter
shuttles the substrates between the cytosol and the chloroplast. In the cytosol,
malate is oxidized to OA, reducing the cytosolic NAD system, or is further
metabolized in mitochondria.
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3. AIM OF THE STUDY

As explained above, 3ATP/2NADPH is the strict stoichiometry of assimilatory-
reducing power required for the conversion of CO, to sugars in photosynthesis.
But for over half a century the photosynthetic ATP/NADPH production ratio
has been a subject of debate. The amount of consumed NADPH is defined by
the rate of carbon reduction, but any deficit of ATP during the same process is
believed to be corrected mainly by H'-coupled cycling of electrons around PSI,
commonly referred to as cyclic photophosphorylation. The correct measurement
of cyclic electron transport (CET) has been a difficult experimental task, first,
because CET is only a small part of the total PS I electron transport rate (ETR)
and, second, in contrast to PSII, the antenna chlorophylls of PS I do not emit
variable fluorescence that would conveniently indicate PS I ETR. The aim of
this work was to carry out methodically most correct measurements of CET in
intact leaves and look whether the results confirm the role of CET as an
additional ATP producer by cyclic photophosphorylation or the results
contradict to this view. The results showed that CET is very fast during light-
saturated photosynthesis, but is undetectably slow during light-limited
photosynthesis. The kinetic behaviour of CET — especially its fast rate under
photosynthetically inactive far-red light — is not compatible with the role of
CET as the source of additional ATP. To explain the result, an electron
transport pathway allowing for proton-uncoupled CET is proposed.
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4. MATERIAL AND METHODS

4.1. Plants

The specificity of this work is in the object of measurements — experiments
were carried out on intact leaves with the aim to understand the functioning of a
completely intact photosynthetic system. In most cases the object was sunflower
(Helianthus annuus L.) — a plant with a relatively powerful C; photosynthetic
machinery. Transgenic potato (Solanum tuberosum L.) with over- and
underexpressed levels of malate dehydrogenase (MDH) was used in studies of
alternative electron transport routes.

Plants were grown in laboratory in growth chambers (AR-95HIL, Percival,
from CLF Plant Climatics GmbH, Emersacker, Germany) at a PFD of 450 pumol
quanta m * s, 14/10 h day/night cycle, 25/20° C temperature, and RH of 70%.
Full-grown leaves attached to the plant were used in measurements.

4.2. Rates through different complexes
of the electron transport chain

Rate through different parts of the photosynthetic electron transport chain was
measured using different methods: ETR through PSII, Jy;, was calculated either
from chlorophyll fluorescence parameters or from O, evolution measurements;
ETR through PSI, J;, was found from optical transmittance measurements
indicating redox changes of PSI donor side electron carriers PC and P700; ETR
for carbon reduction, Jc, was calculated from net CO, uptake measurements
considering the photosynthetic and photorespiratory components as determined
by Rubisco kinetics. CET (denoted Jc.) was calculated as a difference between
the measured ETR components.

There are several approaches to define Jey.. First, Joye = Ji — Ji. This
approach assumes all electrons passing through PSII (J;) form LET that also
passes through PSI. If PSI turns over faster than PSII the difference is Jcy.. This
approach neglects the possibility of electron cycling around PSII, which,
however, is a significant component of PSII electron flow (Laisk et al. 2006).
Due to PSII cycling, all electrons passing through PSII do not pass through PSI.
Considering the PSII cycle, in (Ref. III) the CET rate was calculated as a
difference between the rate through PSI and the rate of electrons leaving PSI,
Joye = Ji — (Jo + Jan), where Jay is electron flow to reduce alternative acceptors
other than CO,. Only if the PSII rate was very small (as under FRL in Ref. I and
IT) the PSII cycle was neglected, calculating Jey. = J; — Ji. The reliability of
conclusions is therefore based on the measurements of J; and Jc (and Jay).
However, it needs to be emphasized that crucial experiments were carried out
under conditions were J; was fast, but Ji; and J- were much slower (illumination
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under far-red light, FRL) — an approach that significantly increased the
reliability of the conclusions concerning CET (Ref I and II).

4.3. Measurement of PSI electron transport

The principle approach for the measurement of J; was that of the
“postillumination re-reduction”. Under high-intensity actinic white light (or
under FRL) the PSI donors P700, PC and Cyt f are at least partially oxidized,
because PSI is excited very frequently, but electron arrival at PSI is rate-limited
by the turnover of Cyt b¢f. After illumination is suddenly interrupted, electrons
continue arriving (from the reduced PQH, pool) into the oxidized Cyt f', PC"
and P700" at the same rate as previously in the light. Later the rate declines
because P700", PC" and Cyt f gradually become more reduced and PQH,
becomes more oxidized. Thus, the initial post-illumination rate of reduction of
P700", PC" and Cyt f" reflects the steady-state rate of PSI electron transport.

The PSI rate was measured this way using optical signals, characteristic to
the reduction of these electron carriers. Either single wavelength measurements
were carried out at 950 nm, complemented with the condition of redox
equilibrium between Cyt f < PC < P700 to calculate the redox states of
individual electron carriers, or dual wavelength measurements at 810 and 950
nm were applied to deconvolute the redox states of the electron carriers. The
application of the redox equilibrium condition (proven in Ref. II) allowed us to
avoid the optical interference by Fd', the third signal source not deconvoluted
from the dual wavelength measurements. In solutions and suspensions it is a
common practice to calculate the absolute amount of an optically active
compound using its known optical absorption coefficient. However, leaves are
optically disperse, the actual optical pathway of the measuring beam is longer
than leaf thickness, dependent on leaf structure and its water status. Therefore,
for the calculation of absolute amounts of the optically active compounds in
leaves the optical measurements must be calibrated individually for each leaf.
The corresponding procedure is called “oxidative titration by far-red light” (the
term is based on the analogy with chemical titration, since the change of the
titratable component is induced by the applied FRL) (Oja et al. 2003).

4.4. Oxidative titration of PSI donors by far-red light

The essence of the procedure is in the time course of the optical signal during
(slow) cumulative oxidation of the PSI donor side carriers by FRL. The
principle of the method is simple. In the dark, the high-potential PSI donors
(P700 + PC + Cyt f) are all reduced. When FRL is applied, first Cyt f, then PC
and finally P700 are being oxidized, as defined by the progressively increasing
E., values of these compounds. The same time course of the optical signal is
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also calculated from the model of redox equilibrium (undoubtedly valid during
the slow oxidation). The parameters of the model — the pools of P700, PC and
Cyt f — are varied until the best fit between the measured and calculated time
course is achieved. The equilibrium constant between PC and P700 is
independently found from the dual wavelength measurements, while that
between Cyt fand PC is calculated from the difference of E,,.

The quantum efficiency of electron transport through PSI with reduced
donor and oxidized acceptor is about 95%. There is also some PSII excitation
under FRL (about 6%, Ref. II). However, the most interfering with the FRL
titration is CET induced by FRL, due to which the donor side carriers are
continuously re-reduced during the titration (oxidation) procedure. In order to
avoid complications due to CET (and also due to the PSII electron transport),
only the very first few milliseconds of the time course were used for the
calculations. In order to cover the whole redox span, the PSI donors were
maximum oxidized under steady-state FRL, then FRL was turned off and the
carriers were let to be re-reduced in the dark to different extent, before the FRL
was turned on again and the very initial rate of optical signal change was
recorded. An example of the recordings and of the model fitting is shown in Fig.
3 of Paper 1. For this example the best-fit pools were P700 = 1.41 pmol m ™~ ,
and there were 3.3 PC/P700 and 0.8 Cyt f/P700. The per electron sensitivity of
the optical signal is highly nonlinear in the 810 nm spectral range, being most
sensitive when P700" is being oxidized, less sensitive when PC' is being
oxidized and no signal is generated when only Cyt f is being oxidized. At 950
nm the per electron sensitivity is more uniform over the whole redox span (Fig.
10). Though the total signal was smaller, the 950 nm wavelength was used in
many measurements in order to avoid the interference by Fd™ (Fd gives
practically no signal at this wavelength).

Such an oxidative titration procedure of PSI donor side pools was checked
against the reductive titration procedure (Oja et al. 2004). In this procedure the
PSI donor pools are calibrated against O, evolution measurements. During a
steady state under FRL (interphotosystem carriers oxidized) the leaf is
illuminated by a single-turnover flash. The number of electrons generated by the
flash is calculated as four times the corresponding O, evolution. After a few ms
these electrons arrive at PSI, causing some (incomplete) reduction of the donor
side carriers. The PSI donor side pools are found from the extent to which they
are reduced by the known number of PSII electrons.
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Figure 10. Comparison of 810 nm and 950 nm signal sensitivities per . Zero of the
signal corresponds to complete oxidation, 1.0 to reduction.

4.5. Electron transport rate through PSII

The electron transport rate through PSII (J;) was calculated from Chl
fluorescence as follows (Genty et al. 1989):
F —F
J, =ala, —"——
F

m

where F}, is maximum pulse-saturated fluorescence yield, F is the steady-state
yield, / is incident photon flux density, « is absorption coefficient and ay is the
relative optical cross-section of PSII antenna. The fluorescence parameters were
measured with the PAM 101 (H. Walz, Effeltrich, Germany) fluorometer,
incident light intensity was measured with the quantum sensor LI-190SB
(LiCor, Lincoln, NE), leaf optical absorptance was measured in an integrating
sphere with the spectroradiometer PC-2000 (Ocean Optics, Linn FL) and the
optical cross-section of PSII was measured from the maximum quantum yield
of gross CO, fixation corrected for the fluorescence-indicated losses (Laisk et
al. 2002).
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4.6. Electron transport rate for carbon reduction

Electron transport consumed for carbon reduction was calculated from the
measured rate of net CO, fixation, considering its partitioning into the
photosynthetic CO, uptake, photorespiratory CO, evolution and dark respiratory
CO, evolution in the light. First, dark respiratory CO, evolution, Ry was
determined dependent on light intensity, such that the quantum yield of PSIL, Jy
calculated from fluorescence, would stay constant at the lowest light intensities
below and slightly above the light compensation point (Laisk et al. 2002).
Usually at low light intensities Rk decreased by 30-40% compared to the value
measured in the dark. After Ry was subtracted, the remaining CO, exchange
was partitioned between photosynthesis and photorespiration according to the
kinetic properties of Rubisco dependent on the intrachloroplast CO,
concentration Cc according to the equation (Laisk et al. 2002):

2K;C. + 20
2K;C. — O

B

Jc =4(Ac + Rx)

where Ac is the measured net rate of CO, assimilation, Rk is the rate of Krebs
cycle respiration in the light, K is the CO,/O, specificity factor of Rubisco, and
Cc and Oc are the dissolved CO, and O, concentrations (mM) at the
carboxylation site.
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5. RESULTS AND DISCUSSION

5.1. PSI Cyclic Electron Transport Under
Far-Red Light

5.1.1. CET in dark-adapted leaves and inactivation of FNR

As explained above, CET is defined as a difference between PSI ETR (J;) and
either PSII ETR (J;) or ETR for carbon reduction (Jc). Usually under normal
photosynthetic conditions under white light the difference characterizing CET is
rather small, about 10 to 30% of the total PSI ETR. The idea of experiments
described in this section was to measure CET under conditions where J;; and J¢
are slow, but PSI ETR J; is relatively fast. Such conditions exist under
illumination with FRL (720 nm), dominantly exciting PSI (94%) and only 6%
of the quanta exciting PSII. The PSI ETR J; was measured as the initial rate of
electron arrival into the PSI donors after FRL was interrupted.

In these experiments unexpected responses of sunflower leaves were
recorded when FRL was turned on again after darkening for different time
intervals. The oxidation of the PSI donors was fast (within 0.5 s, as expected)
when the preceding dark exposure was brief (15 s to one minute), but the
oxidation was slow and incomplete after longer dark exposures (Paper I, Fig. 4).
When the applied FRL was turned off again after 1 s exposure, the rate of the
post-FRL re-reduction was 2 ¢ s ' per PSI after short darkening, but increased
to 13 e s ' per PSI after 500 s of darkening. This showed that the inability of
FRL to oxidize the PSI donors was caused by fast CET. When FRL was turned
on after short darkening the maximum of five electrons occupying the PSI
donors (1e in P700, 3 ¢ in PC and 1 ¢ in Cyt f as determined by the oxidative
titration) were rapidly carried through PSI by FRL and further transported
through Fd and ferredoxin-NADP reductase (FNR). Only 2 ¢ s ' per PSI
returned via CET. After long darkening most electrons could not proceed
through the pathway towards NADP, but were forced to return to the PSI donor
side at the maximum rate of 10 ¢ s per PSI. This suggested that the linear
electron transport pathway leading to NADP, most likely ferredoxin-NADP
reductase, becomes inhibited during longer dark exposures exceeding 2
minutes.

The re-activation of FNR in the light was studied by recording the time
course of the oxidation of the PSI donors under strong FRL. After relatively
brief dark exposures the following oxidation process was fast and there was
only a small secondary reduction peak observable. With increasing the length of
the dark exposure the temporary reduction peak increased, but retrieved within
3 s (Paper I, Fig. 7). This shows that the strong FRL rapidly transferred all the 5
e from the donor side to the acceptor side carriers involving Fd and probably
the flavin of FNR. However, the continuing PSII electron transport under FRL
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(6% of the FRL quanta excited PSII) produced additional electrons that no more
could be accommodated on the available acceptor side carriers, but remained on
the donor side because electron transport through PSI was blocked. Such a
kinetic nature of the transient was evident when the experiment was repeated
with a low-intensity FRL; then the re-reduction peak developed slowly even
after the longest dark intervals.

It is noteworthy that the inhibition of FNR did not inhibit CET in these
experiments, but, to the contrary, enhanced it. The CET rate proceeded through
the maximum simultaneously with the maximum reduction of the electron
carriers (Paper I, Fig. 8). It means that FNR, at least its light/dark-regulated
component, is not involved in the CET pathway. When FNR is inhibited, more
electrons are directed into the CET pathway.

5.1.2. Intrinsic maximum of CET

The above experiments showed that CET increased when linear electron flow
from PSII to NADP" was restricted by dark-inactivation of FNR. Most
experiments of Paper I were carried out with a low-power FRL source,
therefore, the recorded maximum CET rate of 10-15 ¢ s~ per PSI could be not
the intrinsic maximum, but most likely was light-limited by the low FRL
intensity. Further kinetic studies of CET were undertaken in Paper II with an
aim to find the intrinsic limitations for CET. For this the FRL source was
elaborated for the maximum incident FRL of 1200 umol quanta m s ™.

In Paper I the maximum CET was obtained when FNR was dark-inactivated,
but this state lasted only for a few seconds, making the studies of the intrinsic
maximum of CET experimentally difficult. In Paper II, instead of the dark
inactivation of FNR, CET was poised for its maximum rate by suitably limiting
the availability of terminal electron acceptors CO, and O,. These measurements
of PSI ETR were based on optical signals generated by P700" and PC" in two
wavelengths, of 950 and 810 nm. This experimental approach made the
deconvolution of the redox states of P700 and PC directly from the optical
measurements possible. These deconvolutions showed that the redox ratio
P700/P700" advanced proportionally with, but 35 times faster than, the redox
ratio PC/PC". This is a clear demonstration that the redox equilibrium is present
among the PSI donor side electron carriers P700 <> PC <> Cyt f during the post-
FRL re-reduction transient. The value of the equilibrium constant of 35
corresponds to the difference of midpoint redox potentials of P700 and PC of
90 mV.

CET was measured in sunflower leaves exposed to high-intensity FRL
(>400 umol quanta m > s'). O, was eliminated from the gas (20 pmol O, per
mol gas was present), in order to completely suppress photorespiration and to
make the measurement of PSII ETR possible by using the O, evolution
measurements with a zirconium cell O, analyzer. The linear ETR, caused by
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PSII excitation by the applied FRL, was rate-limited by decreasing CO,
concentration stepwise from 360 to 0 umol mol ' with the aim to induce CET
by creating the deficit of acceptors for LET. During such a steady-state
situation, the FRL was turned off and the post-FRL transmittance changes at
950 and 810 nm were recorded (Paper II, Fig 3 A, B). The 950 and 810 nm
signals were scaled between the full reduction (in the dark) and full oxidation
(saturation pulse superimposed on FRL) levels and were deconvoluted into the
absolute number of electrons (umol m 2 or e per PSI) in all PSI donors, P700 +
PC + Cyt f (Paper II, Fig. 7). At high CO, concentrations FRL completely
oxidized PC and only a small part of the P700 pool remained reduced (0.2 ¢ per
PS I in the donor side carriers). This reduced fraction of P700 supported
transport through PSI of electrons generated by PSII plus electrons cycling
around PSI under FRL. As CO, concentration decreased, the steady-state
content of electrons on the PSI donor side increased. Since the excitation rate
was constant, the progressive increase in steady-state reduction of P700
indicated faster CET as the CO, concentration decreased.

The best indicator of the PSI ETR is the initial slope of the post FRL
transients. Figure 8 of Paper II shows the total electron flow rate through PSI as
calculated from the initial slope of each post-FRL trace. The rate was slow
(about 30 pmol ¢ m > s™') when CO, did not limit LET, but it increased as CO,
concentration decreased, approaching a peak of 75 pmol ¢ m~> s ' at the CO,
level of 12 pmol mol™ (PSI content = 2.2 pmol m in the example leaf, but
these absolute values varied between leaves dependent on stomatal opening and
probably the levels of intermediates in the carbon reduction cycle). Further
decreases in CO, concentration decreased the total PSI electron flow again due
to the overreduction of the PSI acceptor side (closure of PSI centres). While the
PSI ETR was fast, the maximum PSII ETR was only 14 ymol e m > s and this
rate decreased with decreasing CO, concentration to about 5 pmol ¢ m > s, as
indicated by simultaneous O, evolution measurements.

The CET rate was calculated as the difference between total PSI flow and
PSII flow: Jeye =Ji — Ju (considering that the PSII cycle could not be fast under
FRL because of the slow PSII excitation). CET was about as fast as LET at
higher CO, concentrations (about 15 umol e m> s' each), but CET rapidly
increased as CO, became limiting for LET, approaching a maximum of
70 pmol ¢ m? s at 12 pmol CO, mol™, whilst LET was limited to only
5 umol ¢ m~” s'. As noted above, the maximum CET rate varied dependent
probably on the concentration of photosynthesis products. In the 13 examined
leaves the average CET rate was 30, extending from 15 to 60 s~ per PSI. This
value is characteristic for the intrinsic maximum of CET at 22 °C, which was
the measurement temperature.
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5.1.3. Donor and acceptor pools of cycling electrons

The kinetic data of Fig. 7, Paper II enabled one to estimate the donor and
acceptor pools involved in CET around PSI. The idea is based on the analysis of
not only the initial slope of the post-FRL curve, but of the running slope over
the whole curve. The decreasing running slope indicates the decreasing rate of
electron arrival. By plotting the slope as a function of the number of electrons
transferred (the ordinate of Fig. 7, Paper II) makes it clear how PSI ETR
decreases as a function of arrival of electrons into the donor pool (Cyt f+ PC +
P700).

At higher CO, concentrations the initial number of donor-side electrons was
small, the initial PSI ETR was slow and further it rapidly decreased with the
transfer to the donor side of 0.4-0.6 pmol ¢ m* (Fig. 9, Paper II). This shows
that under non-limiting CO, concentrations there were less than 1 ¢ per PSI
altogether in the pool of PQH supporting LET plus in the pool of Fd supporting
CET. With decreasing CO, concentration the initial number of donor side-
electrons and the initial ETR under FRL increased. This increase was caused by
increasing CET, because PSII flow decreased with CO,. In the leaf analyzed for
the pools the maximum initial rate of 57 umol e m~> s' was observed at
40 umol CO, mol™', when the upstream donor pool of CET contributed an
additional 3.8 pmol ¢ m~ during the post-FRL phase. At CO, concentrations
below 40 pmol mol ™' the upstream CET donor pool continued to increase, but
then ETR to PSI decreased due to limitation by the number of electron
vacancies on the PS I donor side (overreduction of the chain). The slopes of the
traces in Fig. 9, Paper II represent first-order rate constants, where the initial
slope of about 30 s~ characterizes the rate constant for electron transfer from an
upstream CET donor (possibly Fd") to the donor side.

In order to identify the possible rate-limiting acceptor of CET on the PS I
donor side, electron transfer rate during the post-FRL transient was plotted
against the fraction of either P700" (Paper II, Fig. 10A), PC" (not shown) or Cyt
" (Paper 11, Fig. 10B) as deconvoluted from the dual wavelength plus redox
equilibrium analysis. The rationale was to identify a carrier displaying about
first order kinetics. The kinetic curves of PSI ETR versus Cyt f (Paper II Fig.
10B) showed no proportionality at higher CO, concentrations, but at low CO,
concentrations (10, and 20 pmol CO, mol') a sustained proportional
relationship was evident between ETR and the pool of oxidized Cyt f. This
analysis shows that the rate-limiting step in CET resides closer to Cyt f' than to
P700" on the PSI donor side.
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5.1.4. Quantum efficiency of PSI during electron cycling

The quantum efficiency of PSI was investigated by varying PSI ETR in two
ways. First, in light response measurements the incident FRL intensity was
increased from 10 to 1200 pmol quanta m > s at a constant CO, concentration
of 360 pmol mol . Second, in CO, response measurements under the maximum
FRL, P700 became more reduced as CO, concentration decreased (Paper II,
Fig. 7). PSI ETR is plotted against the FRL quantum flux rate exciting reduced
P700 for the light response and CO, response measurements in Fig. 7 of Paper
II. At low FRL values PSI ETR was very slow and the quantum yield of PSI
with reduced P700 was only slightly less than 1.0 (as also shown on Fig. 9 of
Paper I). The quantum yields tended to decrease as soon as CET increased at
limiting CO, concentrations. However, the loss of PSI quantum yield did not
exceed 30%, indicating the portion of charge recombination in PSI. Such a
relatively high quantum yield of PSI (>70%) supporting CET has important
implications. It shows that about all PSI in the leaf were able to perform in
cycle, questioning the model according to which PSI located in the stroma-
exposed thylakoids are preferentially functioning in cycle, but PSI in the grana
margins are carrying out linear electron transport (Albertsson 2001). The fact
that PSI quantum efficiency little decreased in parallel with the increasing CET
rate shows that electrons poising CET accumulate on a PSI acceptor side
compound having insufficiently negative E,, value to block electron transport
through PSI. This is in agreement with the notion that Fd may be the CET
donor.

After illumination the induction of CET was very fast, e.g., its rate increased
by three times during 100 ms after a xenon flash (Paper I, Fig. 6.). This fast
activation shows that CET is directly redox-controlled. This also shows that
CET is functioning not only around PSI located in the stroma thylakoids far
from PSII, but around every PSI that can rapidly receive electrons from PSII.

5.1.5. Cyclic electron flow and proton gradient

In order to see whether CET helps to generate proton gradient and synthesize
ATP the experimental conditions were chosen such where ATP consumption for
CO, fixation was close to nil. The low CO, and O, concentrations limited LET
to only 5 ¢ s per PSI (Paper II, Fig. 8, Leaf 1) at CO, concentration of
40 umol mol ™. This LET supported a CO, fixation rate of 1.25 CO, s per PSI,
requiring 3.75 ATP s per PSI. Such a rate of ATP synthesis required, at most
17.5 H" s' per PS I (assuming the maximum of 4.66 H/ATP), from which
15H" s per PSI were translocated coupled to linear flow, leaving a potential
deficit of only 2.5 H" s™' per PSI to be translocated by CET. The actual CET
rate of 30 ¢ s' per PSI (Paper II, Fig. 8) was capable of translocating 60 H' s™'
per PSI assuming CET was coupled to H' translocation via the Q-cycle
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(2H'/e"). Thus, the H" translocation capacity of the measured CET rate by far
exceeded the H' translocation rate needed to correct the maximum conceivable
deficit in the H" budget.

In order to investigate the relationship between CET and proton gradient,
maximum pulse-saturated chlorophyll fluorescence (F),,) was measured,
assuming that non-photochemical quenching (NPQ) is a reliable (though
nonlinear) indicator of low lumenal pH. The measurements showed F,,, was
indeed quenched in parallel with increasing CET as the CO, concentration was
lowered (Paper 11, Fig. 12). To test the possibility that not CET, but rate-limited
LET was the actual reason for increasing NPQ, we repeated the experiment with
weak green light instead of FRL. The green light intensity was chosen such that
it excited PSII at the same rate as FRL (about 30-40 umol quantam™ s ', based
on O, evolution measurements), but PSI was excited about equally with PSII;
excess PSI excitation was not available for any CET, not speaking about the
extreme fast CET observed under FRL. Nevertheless, F,,, was quenched under
green light at low CO, concentrations even somewhat more than under FRL.
Thus, further limitation of even a very slow light-limited LET by availability of
electron acceptors causes the build-up of a proton gradient sufficient to induce
NPQ.

The result shows that there is practically no passive (ATP-uncoupled) proton
leak through the thylakoid membrane. Since even a minimal LET can build up
NPQ, CET is unlikely to constitute a primary source of the proton gradient. A
theoretical possibility still remains that some overflow-type channels short-
circuit the fast proton flow as soon as the proton gradient exceeds the normal
NPQ range, but this mechanism would assume a special type of regulation of
ApH and electron flow, not yet observed.

5.2. Cyclic Electron Flow Under White Actinic Light

The experiments described above were carried out under FRL with the aim to
boost CET and suppress LET — a condition convenient for the investigation of
the kinetics of CET, but far from normal photosynthesis. The following
experiments were carried out on potato leaves under white actinic light (WL),
exciting both photosystems about equally and thus causing fast LET — the
condition of normal photosynthesis. The potato plants were wild type and
transgenic, with over- and underexpressed chloroplast malate dehydrogenase
(MDH). The transgenic potato plants were chosen with the aim to investigate
the potential role of the MDH-related alternative electron transport pathway for
the adjustment of the ATP/NADPH budget during photosynthesis.

PSI electron transport was measured with the same method as under FRL —
by recording the initial rate of 810 nm signal change after the illumination was
suddenly interrupted. Dual wavelength measurements were not applied, but the
redox states of the PSI donors P700, PC and Cyt f were calculated from the
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redox equilibrium condition. While the characteristic time of the postillumi-
nation transient was 100-200 ms after the interruption of FRL, then in the
experiments under WL the characteristic time of the postillumination transient
was about 30 ms (Fig. 5, Paper III). The difference shows the significant
contribution of LET generated by PSII. Since under the strong WL electron
cycling around PSII was fast, CET was measured as the difference between PSI
ETR and ETR for carbon reduction, Jeye = J; — Je. Though under WL (and no
strict CO, limitation) the cyclic component makes up only 25 — 30% (47% in
maximum) of J¢, the applied optical techniques were precise enough to produce
stable results.

At low light intensities limiting photosynthesis CET was very slow (actually
not detectable, J; = Jc), but J; increased over Jc as soon as light became
saturating for photosynthesis (Fig. 3, Paper III). The observed maximum rate of
CET was 60 umol e m~? s or 40-50 ¢ s ' per PSI, whilst ETR for carbon
reduction, J¢, was 150 pmol ¢ m s '. Importantly, when O, concentration was
decreased from 21% to 2% and CO, concentration down to zero, the CET rate
remained about the same as under normal air conditions, or it even slightly
increased (Fig. 6, Paper III). This result clearly shows that CET rate is not
related to the CO, reduction rate, but CET is an independent process activated
as soon as photosynthesis becomes light-saturated. The presence of fast CET
under WL in the absence of CO, reduction once again shows that CET cannot
serve for additional ATP production, i.e. it cannot be obligatorily coupled with
proton translocation. The most likely physiological function of the fast
H -uncoupled CET is to dissipate excess light energy under high illumination
and limited availability of electron acceptors.

5.3. Proposed Pathway Of Cyclic Electron Transport

The presence of fast CET in leaves under conditions where CO, reduction is
practically absent is explainable by two mechanisms: 1) if CET is coupled with
H" translocation then the protons translocated by CET must be recycled through
a membrane leak uncoupled from ATP synthesis and 2) CET itself can be
uncoupled from H" translocation. There is no information about such overflow-
type well-controlled (absent when H' is limiting and very fast when H' is in
excess for ATP synthesis) proton leak. The fact that proton gradient inducing
NPQ can be built up under very low light confirms the absence of proton leaks
through the thylakoid membrane. In order to explain these experimental facts a
CET mechanism allowing for variable ¢ /H" coupling, including also complete
uncoupling, was proposed (Fig. 11). The mechanism is based essentially on the
reversed pathway of the Q-cycle. The basic novelty of this scheme is the ApH-
regulated competition between LET and CET on PSI donor side, resulting in
bypass of the PQ pool by CET flow, so that the CET-associated electron flow is
uncoupled from proton translocation.
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Figure 11. Proposed pathway of cyclic electron transport. Bold arrows — CET.
Reactions of the linear pathway, competing with the cyclic pathway, are shown by thin
arrows.

The scheme of Figure 11 is based mainly on (Baniulis et al. 2008), considering
the possibility of double reduction of PQ simultaneously from Cyt b, and Cyt ¢,
at the n-pocket of the Cyt bsf complex (here the denotation of Baniulis et al.
2008 is used, n standing for the stromal or negative and p for the lumenal or
positive side of the membrane). At low light intensities and high CO, and O,
concentrations LET is favoured, because PQH, oxidation at the p-pocket of Cyt
bef is not restricted by H' backpressure. Rieske FeS, Cyt b, Cyt by (and
probably Cyt c,) are rapidly reduced according to the Q-cycle mechanism and
oxidized PQ is available for double reduction at the n-pocket inside the inter-
monomer quinone exchange cavity (as reviewed by Baniulis et al. 2008). At
light saturation, when low levels of CO, and O, limit RuBP carboxylation/
oxygenation, ATP consumption is limited, ADP depleted and protons
accumulate in the thylakoid lumen. Then PQH, oxidation is slowed down by
proton backpressure (Siggel 1974) leaving Rieske FeS and the hemes of the Cyt
bef complex largely oxidized. Simultaneously, electrons accumulate on the PSI
acceptor side carriers due to the limited availability of acceptors, creating
favourable conditions for CET: on the PSI donor side high ApH limits the
oxidation of PQH,, while the limited availability of BPGA causes accumulation
of electrons on the acceptor side, including in Fd.

How can CET be uncoupled in this model? CET is most active when ATP is
in excess, i.e., when PQH, oxidation is down-regulated by high ApH, because
otherwise the Rieske FeS and Cyt b carriers are reduced by electrons from
PQH,, out-competing CET. When PQH, is not oxidized, PQ is missing from the
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inter-monomer quinone exchange cavity, explaining why PQ cannot be reduced
at the p-pocket during CET. Thus, CET remains uncoupled from proton
translocation, because no oxidized PQ is available for reduction at the n-pocket
of PQ reduction inside the intermonomer quinone exchange cavity of the Cyt
bef complexes. This model in principle proposes not totally uncoupled, but
flexible e /H" coupling in CET dependent on redox conditions (poising) on PS I
donor and acceptor sides. In intact systems like leaves, CET rate approaches the
maximum under uncoupled conditions, but may be coupled when PSI acceptor
side carriers become reduced under the conditions of low proton gradient.

The critical point of the scheme of Figure 11 is the assumption that Rieske
FeS can be reduced by Cyt b; when PQH, cannot be oxidized due to high H"
backpressure (strong photosynthetic control). Presently available analyses focus
on the mechanism of the bifurcated reaction of PQH, oxidation (Berry et al.
2000) in the state of absence of the photosynthetic control. In the case of fast
CET PQH, cannot be oxidized at the p-pocket, either because of the strong H"
counter pressure or because the hemes b, and by, are reduced by the CET
pathway. There is little information how the oxidation of PQH, is prevented
under such a strong photosynthetic control. The critical question is whether
under this condition electrons can pass from Cyt b, to Rieske FeS and further on
to Cyt f? That is, if PQH, approaches the p-pocket but cannot be deprotonated,
is electron exchange through the Cyt b, <> Rieske FeS link possible without net
H" exchange? This work cannot answer these molecular-mechanistic questions,
but it shows that such fast electron transport through Cyt bsf complex does
occur without the coupled oxidation of PQH,.
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6. CONCLUSIONS

6.1. This dissertation work has established the
following experimental facts.

. Cyclic electron transport around PSI (CET) is absent (or very slow) during
light limitation, but fast during light saturation of photosynthesis; it remains
fast when photosynthesis is strictly rate-limited by low CO, and O,
concentrations.

. CET is fast when PSI is excited by far-red light (FRL), but the slow linear
electron flow (caused by PSII excitation by FRL) is rate-limited by the
availability of electron acceptors, e.g. due to inactivation of ferredoxin-
NADP reductase or by very low CO, and O, concentrations.

. CET donor pool on PSI acceptor side contains up to 4 e per PSI that must
become reduced in order to initiate CET.

. CET acceptor on PSI donor side is not P700", but an electron carrier with
more negative redox potential than P700, most likely Cyt f.

. The kinetics of electron transfer from the CET donor to the CET acceptor are
biphasic, the first electron transferred with the rate constant of 30 s™', but the
following electrons transferred with the rate constant of 105,

6.2. The established experimental facts are
interpreted to mean the following (model)
understandings

. The absence of correlation between CET and photosynthetic rate suggests
that CET is not always important to maintain the necessary ATP/NADPH
stoichiometry during photosynthesis. Rather, under excess light CET is an
energy-dissipating process protecting the photosynthetic machinery from the
formation of reactive oxygen species under excess irradiation.

. The fact that P700" is not an immediate CET acceptor rules out the possi-
bility that the measured post-illumination electron flow from PSI acceptor to
its donor side was charge recombination.

. The following functional pathway of CET is suggested: Fd (or PSI-bound
FeS e carriers) — FNR (?) — Cyt ¢, — Cyt ¢, — Cyt ¢; — Rieske FeS —
Cyt f - PC — P700 — (bound FeS) — Fd. The CET pathway is out
competed by PQH, oxidation at the p-pocket of Cyt bef, but the CET
pathway activates when PQH, oxidation is restricted in the presence of high
transthylakoid ApH. Then the absence of oxidized PQ in the intermonomer
quinone exchange cavity prevents reduction of PQ at the n-site of the Cyt bgf
complex, by this making CET uncoupled from H" translocation.
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4. Dark inactivation of FNR activates, rather than inactivates, CET. This
suggest that FNR is not involved in the CET pathway.

5. Not CET, but electron transport to alternative electron acceptors, mainly for
nitrite and O, reduction, is the dominant mechanism for the precise control
of ATP/NADPH stoichiometry ratio during photosynthesis.
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SUMMARY IN ESTONIAN

Tsiikliline elektrontransport taimedes -
selle m66tmine ning mehhanism

Fotosiintees on oluline ainevahetusprotsess, mis voimaldab toota orgaanilisi
aineid valgusenergia kaasabil. Fotosilinteesi esimeseks reaktsiooniks on vee
oksiideerimine, mille tulemusel vabanevad prootonid, elektronid ja moleku-
laarne hapnik. Selleks, et redutseerida 1 CO, molekul suhkru tasemele
kasutatakse dra 2 H,O molekulist saadud 4 elektroni. Suhkru siinteesiks ei piisa
ainult CO, redutseerimisest, vaja ldheb ka 3 ATP molekuli energiat. Paraku
peab kdik CO, redutseerimiseks vajaminev ATP olema toodetud fotosiinteesi
enda poolt. Kui fotosiinteesis kasutataks ka mitokondriaalseid ressursse, siis
tarvitaks fotosiintees dra suure osa iseenda poolt toodetavast produktist,
vihendades oluliselt suhkrute siinteesi. Seetottu on ATP siinteesi ja elektron-
transpordi vaheline stbhhiomeetria fotosiinteesis vdga oluline.

ATPd siinteesitakse tiillakoidide membraanis asuva ATPaasi poolt, mis
kasutab selleks valgusreaktsioonide kéigus tekkinud prootongradiendi energiat.
Prootongradient formeerub vee lagundamise (1 H") ja spetsiifiliselt organi-
seeritud elektrontranspordi (2 H") toimel. Seega kantakse 1 elektroni kohta 3 H"
1abi membraani, mis teeb 4 elektroni (ehk 2 NADPH) kohta 12 H'. Kuigi
viimased andmed niitavad, et ATPaasi prootonitarve on ikkagi 4 H" : 1 ATP,
mitte rohkem, on selle iile vaieldud vihemalt pool sajandit. Samuti eksisteerivad
kloroplastides teisedki ATP energiat ndudvad protsessid peale CO, redut-
seerimise, nagu nditeks tirklise ning valgusiintees. SeetSttu on ATP lisa-
tootmine fotosilinteesi protsessis jatkuvalt kdneaineks.

Alates 1950-ndatest aastatest on juurdunud iildine usk, et elektrontranspordi
ajal voib osa elektrone suunata tagasi nii, et need on suutelised veel kord
prootoneid iile kandma. Seda protsessi on hakatud nimetama tsiikliliseks
elektrontranspordiks (CET) ning arvatakse, et CET voimaldab siinteesida ATPd
juurde “nii palju kui tarvis”. Kéesolev t66 keskendubki tsiiklilise elektron-
transpordi moGtmisele suhteliselt uute ja tdpsete meetoditega, CETi mdju
hindamisele ja selle voimalikule seosele prootongradiendi formeerumisel.

Kasutades TU MRI biofiiiisika ja taimefiisioloogia dppetooli unikaalset
aparatuuri ning metoodikaid toimusid kdesoleva t66 esimesed CET mdootmised
eelnevalt pimeduses hoitud péevalille lehtedes kaugpunase valguse all (FRL —
720 nm). Kuna FRL ergastab peamiselt fotosiisteemi [ (PSI), siis oli see soodne
olukord CET mootmiseks, mis toimubki iimber PSI. Tulemused niitasid, et
CET oli aeglasem peale lithikesi pimeperioode, kuid kiirenens peale pikemaid
(>200s). Jareldasime, et pimeduses inaktiveerub ferredoksiin-NADP reduktaas
(FNR) — ensiiiim mis kataliiiisib elektronide edasilitkumist PSI-It — pShjustades
elektronide kiirenenud tagasivoolu. Jargmistes katsetes pidurdasime elektronide
edasivoolu aktseptori puudumisega, rakendades vdga madalalid CO, ja O,

55



kontsentratsioone. Tulemused néitasid, et CET kiirenes ka elektronide
aktseptori puudumisel.

Nendes katsetes rakendatud vdga madalate CO, ja O, kontsentratsioonide
juures oli ATP vajadus fotosiinteesis nullilihedane, ometi registreerisime viga
kiiret CET. Selles olukorras oli vdimatu seletada, kus tarbitakse CET abil
stinteesitud ATP? Jéreldasime, et nendes katsetingimustes registreeritud kiire
CET ei olnudki seotud prootonite transpordi ja ATP siinteesiga, vaid tiitis
pigem kaitsefunktsiooni, vOimaldades elektronidel ringeldes valgusenergiat
soojuseks dissipeerida ka aktseptori puudumisel. Seda ideed toetasid vordlus-
katsed kaugpunase (FRL ergastab suures osas ainult PSI) ja rohelise (ergastab
PSI ja PSII vordselt) valgusega, mis niitasid ligikaudu vordset prootongradiendi
taset hoolimata sellest, et FRL indutseeris kiire CET, roheline valgus aga iildse
mitte. Nende ja veel mitmete teiste katsete alusel on kéesoleva t66 raames edasi
arendatud CETi raja mudelit, mis on esitatud niiiid jargmiselt: ferredoksiin (voi
PSI-ga seondunud FeS e kandjad) — FNR (osalus on kiisitav) — Cyt ¢, — Cyt
cn — Cyt ¢ — Rieske FeS — Cyt f — Plastotsiianiin — P700 — (FeS
kompleks) — Ferredoksiin. See on sisuliselt Q-tsiikli poore, mis eeldab, et
elektronid voivad liikuda PSI aktseptorpoolelt doonorpoolele tagasi ldbi tsiito-
kroom bgf kompleksi transportides prootoneid olukorras, kus prootongradient
on madal, mitte transportides neid aga olukorras, kus prootongradient on niigi
korge.
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