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STELLINGEN 

De afleiding van een lag-fase in de electrogene reacties van de Q-cyclus in spinazie 
chloroplasten is onbetrouwbaar wanneer de vervalkinetiek van het electrische veld niet 
ondubbelzinnig is bepaald en geen rekening wordt gehouden met een snel dissiperende 
fractie van het electrische veld. 

A. B. Hope and D. B. Matthews (1987), Aust. J. Plant Physiol. 14: 29-46 

Dit proefschrift 

II 

De impliciete veronderstelling dat veranderingen in het electrische geleidingsnetwerk van 
de chloroplast geen significante rol spelen bij electrofysiologische metingen blijkt vaak 
onterecht. Het verdient aanbeveling geleidingsveranderingen consequent mee te nemen 
bij de bestudering van electrogene verschijnselen in de fotosynthetische membraan aan 
de hand van electrofysiologische metingen. 

Dit proefschrift 

III 

Bij theorievorming gebaseerd op metingen aan chloroplastsuspensies wordt onvoldoende 
rekening gehouden met een mogelijk grote spreiding tussen individuele chloroplasten van 
een gemeten grootheid rond de gemiddelde waarde zoals die aan het licht komt met de 
patch-clamp methode. 

Dit proefschrift 

IV 

De 15-voudig grotere magnitude van de theoretisch berekende thylakoïdspanning 
volgens modellering van vrije energietransductie in chloroplasten door O. van Kooten 
(1988) zou beter overeenkomen met de praktijk indien bij microelectrode metingen 
rekening wordt gehouden met het spanningsdelereffect zoals is afgeleid voor de patch-
clamp methode. 

O. van Kooten (1988), proefschrift Landbouwuniversiteit Wageningen 

Dit proefschrift 

V 

Het voorkomen van bepaalde chemische verbindingen in planten hoeft niet altijd op een 
noodzakelijkheid voor de plant zelf te berusten. 

"High na de aanval", Volkskrant 8 februari 1997 



VI 

De beste zorg voor het milieu zou in veel gevallen geen zorg moeten zijn. 

VII 

Nadenken over het file probleem is zinvol, maar je moet er niet te lang bij hoeven 
stilstaan. 

VIII 

Het gelijktijdig nastreven van flexibilisering van het arbeidsproces en vermindering van 
de drukte op de Nederlandse autosnelwegen toont ontegenzeglijk dat niet alles 
bereikbaar kan zijn. 

IX 

In onze op geld gebaseerde samenleving zal een volledige emancipatie van vrouw en man 
beter haalbaar worden door invoering van een volwaardige geldelijke beloning van zorg
en opvoedkundige taken. 
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Voorwoord 

De fysica van electrische verschijnselen is ontegenzeglijk verbonden met veel biologische processen, te 

denken valt aan de redox reacties in de ademhalingsketen of de electrostatische interacties die een rol 

spelen bij de driedimensionale vorm van eiwitmoleculen. In dit proefschrift wordt heel direct gekeken 

naar electrische signalen - stromen en spanningen - die in het plantencelorganel de chloroplast worden 

opgewekt onder invloed van licht. De beschreven patch-clamp methode staat het toe om deze 

lichtgeïnduceerde electrische verschijnselen te meten waaruit een beter begrip ontstaat over de wijze 

waarop de plant zonlicht vasdegt in energierijke bouwstoffen zoals glucose. De patch-clamp methode is 

een welkome aanvulling voor het biofysisch onderzoek naar de fotosynthese. Zeker in een tijd waarin 

samenwerking tussen wetenschappelijke disciplines sterk wordt bevorderd verdient het aanbeveling ook 

open te staan voor nieuwe toepassingen van de methode. 

Voor degenen die proefschriften graag diagonaal lezen heb ik het hier extra aantrekkelijk gemaakt 

door invoering van korte samenvattingen in de hoofdstukken 3 tot en met 8. Bij het zoeken naar een 

volgende samenvatting doorkruis je gewild of ongewild toch alle bladzijden waardoor je en passant een 

behoorlijke indruk krijgt van het geheel, inclusief de figuren. 

Hou je van puzzelen dan is een a(o)io baan een prachtige tijdsbesteding. Hou je van geld, dan niet. Ik 

hou meer van het eerste en heb het promotieonderzoek altijd met veel plezier gedaan. Daarbij heb ik me 

goed thuis gevoeld op de vakgroep. Electrofysiologie bleek een prima recept om fysische- en wiskundige 

methoden toe te passen op biologische systemen. 

Voor menig idee en enthousiaste discussies ben ik mijn promotor Wim Vredenberg veel 

verschuldigd. Wim, je gaf me vaak interessante wegwijzers mee op mijn wetenschappelijke reis. Maar ook 

de niet minder belangrijke steun voor mijn levensreis ben ik niet vergeten. Voor meer wetenschappelijke 

degelijkheid kon ik prima terecht bij mijn co-promotor Jan Snel. Jouw kritische kennis van de 

fotosynthese en de biofysica hebben het fundament van mijn werk duidelijk verstevigd. Het biofysica 

clubje is zeker niet compleet zonder mijn goede vriend en collega Hans Dassen te noemen. Jouw 

Limburgse gastvrijheid, en niet te vergeten van Lenny natuurlijk, heeft mij altijd zeer goed gedaan. En 

bovendien, aan jouw ongedwongen wetenschappelijk visie kan menig a(o)io nog een puntje zuigen. 

For a real state-of-the-art Russian electrophysiology I'll like to thank Alex(ander) Bulychev for his 

pleasant cooperation. Alex, I remember you as an unpretentious man who skills are not only restricted to 

successful experimental sciences but also extend to successful bowling and skating. 

Naast kennis ontvangen heb ik ook kennis mogen uitdragen aan onder meer twee 

doctoraalstudenten, Martijn Jordans en Robert Huberts. Ik schrik 's nachts nog wel eens wakker met de 

vraag: schrikt Martijn nog wel eens wakker met de vraag: 'SPIKE?!. Martijn, in hoofdstuk 5 kun je lezen 

wat nu de stand van zaken is. Gelukkig was Robert's gemoedstoestand minder onderhevig aan dit 

ongetwijfeld interessante fenomeen. Wilma, jou wil ik bedanken voor de ondersteuning bij de niet al te 

sprankelende P515 experimenten. Corine, ik wens jou veel sterkte toe bij de laatste zware loodjes van het 

proefschrift. Paul, jij vormt nu de harde kern van de electrofysiologie op onze vakgroep en ook jou wens 

ik nog veel onderzoeksplezier toe. Ja, Victor, samen (up)dates doornemen zal wel minder worden. Ik wens 

je heel veel plezier in je nieuwe baan. En als ik jou, de lezer, vergeten ben, je naam zal me misschien nog 

wel te binnen schieten, maar toch alvast bedankt Tot slot denk ik aan de fijne momenten met Mariette. 

Tijmen 
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Abstract 

van Voorthuysen, T. (1997). The electrical potential as a gauge of photosynthetic performance. A 
patch-clamp study. PhD thesis, Department of Plant Physiology, Wageningen Agricultural University, 
Arboretumlaan 4, NI^6703 BD Wageningen, The Netherlands, xii + 155 pp., Dutch summary. 

The earliest events in the energisation of the photosynthetic membrane upon light capture are 
the formation of a transmembrane electrical potential (A\|/) and a transmembrane proton 
gradient (ApH). In this thesis A\|/ is employed for the study of the bioenergetics of chloroplast 
photosynthesis and its regulation by ApH in the shade adapted plant peperomia (Peperomia 
metallicd) and the high-light adapted plant spinach (Spinada oleracea). Electrochromism (P515) was 
used and a patch-clamp method was developed yielding two complementing tools for the 
detection of Avj/. The patch-clamp method enables the detection of relatively large light-induced 
currents (photocurrents) or potentials (photopotentials) of a single P. metallica chloroplast. An 
electrical equivalent scheme is introduced incorporating amongst others the thylakoid 
membrane resistance and capacitance and an access resistance which, at least partly, is supposed 
to be associated with low (lateral) conductance phases of thylakoid lamellae. The light-induced 
electrical responses reflect the operation of the photosynthetic current-generators and the way 
generated current is distributed throughout the chloroplast conductance network. Simultaneous 
measurements of light- and current-induced responses allow the separation of electrogenic 
events from changes in chloroplast conductances. A kinetically well defined slow secondary 
phase (Rl /Q) could be distilled from the flash-induced photocurrent/-potential which is related 
to the turnover of the cyt. faf complex (Q-cycle). Generally, the rise of R l / Q was sigmoidal. 
This biphasic rise is modelled by a consecutive reaction scheme with two relaxation times of 13 
and 28 ms which likely reflect the oxidation of plastoquinol and reduction of plastoquinone at 
the lumen and stroma membrane/water interface of the £,ƒ complex, respectively. A P515 
fraction (Rl /RCf) of about 20 % is inadequately stabilised in dark-adapted spinach chloroplasts 
and decays rapidly with a relaxation time of 1 - 2 ms. A fast dissipation of Al|/ as generated by 
photosystem (PS) II is suggested to cause Rl/RCf. It is hypothesised that adequate charge 
stabilisation depends on efficient energy coupling between PS II and the cyt. bçf complex which 
is only guaranteed in superclusters composed of both protein complexes. Energisation causes a 
suppression of about 50 % of PS II-dependent charge separation which is dark reversible with a 
relaxation time of about 20 s and is likely induced by the low lumenal pH created by light-
driven proton pumping. The results are best explained by a reaction center quenching model in 
which a fraction of PS II centers exhibits a rapid charge recombination. Flash-induced changes 
in chloroplast conductances are first demonstrated. The seal conductance decreases transiently 
upon a brief flash with a minimum of 0.3 - 5 % at 50 - 200 ms after the flash and a slow 
relaxation in 1 - 10 s. It is proposed that an important part of the conductance changes is 
intimately associated with changes in the lateral conductances of thylakoids, in particular those 
of the narrow spaced grana thylakoids. 

Keywords membrane potential, patch-clamp method, photosynthesis, electrogenesis, Q-cycle, 

photosystem II, Peperomia metallica, Spinada oleracea, energisation. 



£Q Abbreviations 

Athyi surface area of thylakoid membrane 
ATP adenosine triphosphate 
ADP adenosine diphosphate 
W high potential è-heme of the cyt. ^ comp l ex 
h low potential b-heme of the cyt. As/complex 
bleb osmotically swollen thylakoid 
BSA bovine serum albumin 
ß amplitude of slow potential rise upon current-injection of sealed chloroplast 
Chi chlorophyll 
CM membrane capacitance (nF) 

Cspec specific membrane capacitance 
cyt. hf cytochrome A/complex 
DBMIB 2,5-cUbromo-3-memyl-6-isopropyL/>-benzoquinone 

2,6-DCBQ 2,6-dichloro-jö-benzoquinone 
DCCD dicyclohexylcarbodiimide 
DCMU 3-(3,4-dichlorophenyl)-l,l-dimethylurea 

DQH2 duroquinol 
Avj/ transmembrane electrical potential 
A(AH+ t r ansmembrane electrochemical potential of p ro tons 

A p H t ransmembrane p ro ton gradient 

EDTA ethylenediaminotetraacetate 
ETC electron transport chain 
Fo minimal dark level of chlorophyll fluorescence 

FA, FB, FX acceptors of PS I 
Fd ferredoxin 
FeCy ferricyanide 
FeS Rieske iron-sulfur protein 
FNR ferredoxin-NADP+ oxidoreductase 

FR far-red light 
gseai seal conductance 
HEPES 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid 

Icomm command current 
IP initial amplitude of flash-induced photocurrent 
Ip(t) light-induced current (photocurrent) 

LHC light harvesting complex 
MES 2-(N-morpholino)-ethanesulfonic acid 
NADP+ nicotinamide-adeninedinucleotide (oxidised) 
NADPH nicotinamide-adeninedinucleotide (reduced) 
OEC oxygen evolving complex 



p 
P515 
P680 
P700 
PAR 
PC 
Pheo 
P, 
PMS 
PQ 
PQ-

PQH2 
PS 

QA 

QB 

qE 

qN 
qp 
Q/RC-ratio 

Qn-site 

Qp-site 

R l / Q 

R l /RC 
Rl/RCf 

Rl /RCs 

RA 

RL 

RM 

Rs 
RT 

RC 
tv, 

Tl, T2 

Xcc 

TD 

relative measure of decrease in field dissipation relaxation time 
absorbance change at 518 nm 
reaction center chlorophyll of photosystem II 
reaction center chlorophyll of photosystem I 
photosynthetically active radiation 
plastocyanin 
pheophytin, primary electron acceptor in photosystem II 
phosphate anion 
N-methylphenazonium methosulfate 
plastoquinone 
plastosemiquinone 
plastoquinol 
photosystem 
primary quinone electron acceptor of photosystem II 
secondary quinone electron acceptor of photosystem II 
energy-dependent quenching parameter 
non-photochemical quenching parameter 
photochemical quenching parameter 

ratio of charges displaced by Q-cycle and by PS I and II reaction centers upon 
a single-turnover flash 
plastoquinone reduction and proton uptake site of the cyt. faf complex near 
the stroma membrane/water interface 
plastoquinol oxidation and proton release site of the cyt. faf complex near the 
lumen membrane/water interface 
Reaction 1/Q associated with secondary charge separation involving cyt. faf 

turnover 
Reaction 1/RC associated with primary charge separation 
Reaction 1/RCf, P515 component with a slow relaxation associated with 
primary charge separation 
Reaction 1/RCs, P515 component with a fast ms relaxation associated with 
primary charge separation 
access resistance 
leak resistance 
membrane resistance 
seal resistance 
tip resistance 
reaction center 
half-time; time after flash at which amplitude is half the initial amplitude 
relaxation times describing the sigmoid rise of R l / Q in flash-induced 
photocurrent/ -potential 
voltage relaxation time of whole-thylakoid configuration under current-clamp 
diffusion-driven membrane relaxation time 

XI 



XM native diffusion-driven membrane potential relaxation time 
TMPD N,N,N',N'-tetramethylphenylene-diamine 
Tyrz tyrosine Z, primary donor of P680+ 

Vo initial level of potential output response of seal upon current-injection 
Vh holding potential 
VM initial value of single-turnover flash-induced thylakoid membrane potential (= 

VM(t=0)) 
VM(t) thylakoid membrane potential 
Vp initial amplitude of flash-induced photopotential (= Vp(t=0)) 
Vp(t) light-induced potential (photopotential) 
Vss steady-state potential of patched chloroplast upon current-injection 
VT potential of patch pipette upon current-injection 



Chapter 1 General introduction 

Why do plants look green? One of the common questions asked to a photosynthesis 
researcher. This small interrogative sentence highlights two important aspects of 
experimental sciences in general and photosynthesis research in particular The first 
aspect is the way we look at matters, the second is the result of this 'looking' action 
Figure 1-1 shows an electron microscopic picture of a chloroplast from Peperoma 
metalhca, the plant species which was routinely used for the measurements described in 
this thesis With electron microscopy the fast travelling electrons serve to produce an 
image of the internal thylakoid structure of the chloroplast and the outcome is definitely 
not green, contrary to how a chloroplast looks like under normal day light. Thus with 
différent methods the same entity apparently may look different. 

/•&•"' y» 
Ï - ' .-»'-1- " 

Fig. 1-1 Electron microscopic picture of a Pepemmia metallica chloroplast. GL, grana lamellae- SL 
stroma lamellae; E, envelope membrane; SG, starch grain. ' ' 



Chapter 1 

This thesis is mainly concerned with the detection of the transmembrane electrical 
field or potential (A\|/) which is generated when the photosynthetic apparatus is 
illuminated. The two experimental tools used for probing A\|/ are electrochromism and a 
modified patch-clamp method. Again, the results obtained with both tools (Fig. 1-2) 
show mutual agreements and disagreements. The combination of both methods will 
certainly provide an improved understanding of energy regulation and associated 
(electrogenic) processes in the photosynthetic membrane. What can we 'see' with this 
patch-clamp method? First, it provides a direct proportional measure of the electrical 
field which results from photosynthetic charge separation. Second, low conductance 
phases in the extended and many times folded thylakoids inside the chloroplast (Fig. 1-1) 
are sensed. Any alterations in the organisation of the thylakoids, including ion 
redistributions and structural changes, may be sensed with the method. The patch-clamp 
method then provides a new, supplementary experimental tool for 'looking' at the 
bioenergetic processes of photosynthesis besides to the more established techniques like 
chlorophyll fluorescence, absorption spectroscopy or light scattering. 

The study of the highly efficient processes of photosynthesis is promising as a 
guidance for designing artificial systems for efficient energy conversion of solar radiation 
into electrical power (Byrd et al. 1996). Can we use the electrical power of chloroplasts? 
Disregarding any technological obstacles it can be deduced from the results of Chapter 3 
that a single patch-clamped chloroplast can produce a steady-state current (J) of about 50 
pA in continuous light which flows through a pipette resistance (Rr) of about 5 MQ. The 
associated energy (U) follows from the relationship, 

U = J R T I 2 ( t ) d t 

So, with an energy output of 1.25 ICH4 Watt the photosynthetic micro power-plant 
produces 4.5 ICH1 J in one hour. Not less than about 1016 chloroplasts, covering a surface 
area of 5.8 square kilometer of P. metallica leaves, need then be arranged in parallel to run 
a household appliance like a coffee machine. 

Solar energy is efficiently captured by the photosynthetic pigments in the antennae of 
photosystem (PS) I and II, mainly chlorophyll a and b, after which a cascade of reactions 
finally produces the useful energy-rich molecule glucose. The 'light'-reactions generate 
ATP as an energy-storage molecule and NADPH as reducing power. The two products 
subsequently serve as the fuel to run the 'dark'-reactions of the Calvin-Benson cycle. The 
energetic link between photosynthetic electron transport and ATP formation is the 
transmembrane electrochemical potential of protons (A(AH+). The proton electrochemical 
potential is composed of the energetically equivalent transmembrane proton gradient 
(ApH) and A\|/ Qunesch and Gräber 1991). Since the transmembrane electrical potential 
is relatively small during continuous illumination (Vredenberg and Tonk 1975, Admon et 
al. 1982) the largest contribution to A|!H+ comes from ApH (Rottenberg et al. \917) and 
A\|/ plays just a minor role in photosynthetic energy transduction. Why then study A\|/ in 
chloroplasts? 
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Fig. 1-2 Agreements and disagreements in the detection of the transmembrane electrical potential in 
P. metallica chloroplasts by electrochromism (A) and the patch-clamp method (B). A single-
turnover light flash produces a rapid initial rise caused by primary charge separation in PS I 
and II reaction centers followed by a slow discharge of the electrical field due to ion fluxes 
across the membrane. 

The transmembrane electrical field can act, though, as a gauge of ongoing energy 
transduction. The activity of the photosystems, especially of photosystem II (Chapter 6), 
and of the Q-cycle involving the cyt. b(f complex (Chapter 4) were followed by flash-
induced potential generation. Information about membrane permeability and ion fluxes 
across the membrane is contained in the discharge of the electrical field (Fig. 1-2, Junge 
and Witt 1968, Bulychev and Vredenberg 1976a). The electrical field may also act as a 
regulator of photosynthetic energy transduction. The rates of radical pair formation as 
well as charge stabilisation and charge recombination in the photosynthetic reaction 
center (RC) are slightly controlled by the membrane potential (Meiburg et al. 1983, Leibl 
et al. 1989, Dau and Sauer 1992). The transmembrane potential also regulates electrically 
triggered conformational changes of the ATP synthase (Junge 1970, Gräber et al. 1977). 
The local electrical field arising from charge separation in the reaction centers was 
discussed to affect adjacent ATP synthases thereby having control over a localised energy 
coupling (Skulachev 1982). The lipid microviscosity was found to increase with applied 
membrane potentials which might reduce lateral and rotational motion of membrane 
proteins (Corda et al. 1982). Finally, a transmembrane electrical potential may alter the 
electrogenic reactions in or at the cyt. fe/complex (Bouges-Bocquet 1981, Van Kooten et 
al. 1983, Hope and Rich 1989). 

Three main topics will now be discussed in more detail. The first topic will cover a 
diversity of electrogenic reactions occurring in the photosynthetic membrane. This will 
place the patch-clamp method and the achieved results in a broader context. In addition 
this survey will add to our knowledge about electrogenic processes to be anticipated 
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while interpreting the subjects described in this thesis. The second topic, the structural 
organisation of the thylakoid membrane, will have relevance amongst others for the 
light-induced conductance changes. The last topic is the role of protons in 
photosynthesis. This will be helpful in understanding the energisation-dependent 
suppression of the flash-induced electrical potential which is discussed in Chapter 6. 

The field of photosynthesis research covers many subjects ranging from the fast 
spectroscopic studies on exciton migration in the photosynthetic antennae to the 
biochemical pathways of carbon fixation. Here some latest reviews are suggested which 
were most extensively used for this thesis: Structure, function and organisation of 
photosystem I (Golbeck 1992, Chitnis et al. 1995); Structure, function and organisation 
of the cytochrome fc/" complex (Hope 1993, Cramer et al. 1996); Structure, function and 
organisation of photosystem II and its chlorophyll a fluorescence (Dau 1994); The 
chloroplast ATP synthase (Ort and Oxborough 1992, van Walraven and Bakels 1996); 
Proton conductivity and proton exchange between bulk and membrane surface (Gutman 
and Nachliel 1995); Cyclic photophosphorylation and electron transport (Bendall and 
Manasse 1995); Photosynthetic control revised (Foyer et al. 1990). 

1.1 The electrogenic events in photosynthesis 

Within less than 3 ps after light capture by the antennae system or light-harvesting 
complex (LHC) the excitation energy or exciton is equilibrated throughout the main pool 
of chlorophyll pigments (Holzwarth et al. 1993). The antennae of higher plant PS I and II 
exhibit several trimeric LHC II moieties (Fig. 1-3) (Kühlbrandt and Wang 1991, Dreyfuss 
and Thornber 1994). When the exciton visits the primary donor (P) of the reaction 
center this pigment molecule is raised to the excited state (P*) which has a finite 
probability to ignite primary charge separation between P and an acceptor molecule (A). 
The excitation energy is thus trapped in the reaction center. The trapping time involves 
reversible processes like exciton transfer between the antenna pigments and the primary 
donor, formation of P*, and formation of the charge separated state P+A (Trissl and 
Leibl 1989). Due to ionic movements in the aqueous phases along both sides of the 
membrane and to polarisation of the membrane dielectricum the local charge separated 
state is rapidly delocalised within about 0.1 - 10 p.s (Fowler and Kok 1974, Witt 1979). 

The bulk-to-bulk electrical potential (A\|/DA) resulting from charge transfer between a 
donor (D) and an acceptor (A) within a membrane is given by the total charge 
transferred (q), often equal to the elementary charge unit, divided by the capacitance (CM) 
of the membrane. The membrane capacitance of biological membranes per unit surface 
area is usually assumed to be 1 |0,F cm 2 (Vredenberg 1976). If the charge is transferred 
within the membrane, along a charge-transfer distance vector (ÖDA) that is smaller than 
the total thickness (DM) of the membrane, A\|/DA must be weighted with the distance 
component parallel to the membrane normal, a unity vector (n) perpendicular to the 
membrane. In addition, the measured potential is proportional to the number of active 
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reaction centers (N) and must be weighted with the average dielectric constant of the 
membrane (EM) in which the reaction takes place (Höök and Brzezinski 1994): 

= N - q ( d D A - n ) / e D A d ^ e ^ ( M ) 

C D / e e D 

EDA is the effective (protein) dielectric constant around the donor D and acceptor A and 
A\\lo is the potential difference associated with the transfer of one charge in each reaction 
center across the entire membrane. 

Each electron transport reaction or the transport of a cation/anion through the 
membrane can be analysed by a lateral and a transverse electrogenic component. Here, 
electrogenic reactions will be discussed as reactions which contribute to a transmembrane 
electrical potential, hence only the transverse component is considered. Electrochromic 
changes in the visible spectral region and at a wavelength of 443 nm which are associated 
with the oxygen-evolving system when it is clocked through its oxidation states are not 
related to a transmembrane electrical potential but to local uncompensated charges 
(Saygin and Witt 1985). Ergo, they are not considered here. 

Several techniques are at hand for detecting electrogenic events in the functional 
photosynthetic membrane. Electrochromism, a dipole property of pigments, was first 
applied for the detection of the transmembrane electrical field in the photosynthetic 
membrane by Witt (1967). Electroluminescence was discovered by Arnold and Azzi 
(1971) and is the chlorophyll luminescence resulting from electrical field-induced charge 
recombination. A more direct measurement of the electrical potential during prolonged 
illumination became possible by the introduction of the open-ended microelectrode 
technique for impalement of single P. metallica chloroplasts by Bulychev et al. (1971, 
1972). Fast electrogenic reactions with picosecond time resolution in oriented reaction 
centers preparations is accomplished by the photovoltage technique first described by 
Fowler and Kok (1974). The extrinsic optical probe oxonol VI was first used in spinach 
thylakoids to supplement for single-turnover and continuous illumination (Schuurmans et 
al. 1978). At last, the patch-clamp technique introduced by Bulychev's group was initially 
developed to study photosynthetic ion currents as a function of a clamped membrane 
potential (Bulychev et al. 1992). 

Table 1-1 presents an overview of electrogenic events in the photosynthetic membrane. 
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Chapter 1 

Primary charge separation in photosystem I and II 

The primary structure of photosystem I (Fig. 1-3) and the overall mechanism of PS I 
functions are remarkably conserved among cyanobacteria, green algae and plants 
(Golbeck 1992). The monomer of PS I, with a total Mr of 340 K including 100 
(cyanobacteria) or 200 (plant) antenna chlorophylls, contains the primary donor P700 
probably a chlorophyll a dimer (Krauss et al. 1993, Evans and Nugent 1993). The primary 
acceptor of PS I (Ao) is generally believed to be a monomeric chlorophyll a molecule 
although unequivocal evidence for its existence is still scarce (Holzwarth et al. 1993). The 
secondary electron acceptor Ai is a phylloquinone molecule (vitamin A). The following 
electron acceptors are the three iron-sulfur clusters Fx, Fb and FA and finally the soluble 
PS I acceptor ferredoxin (Fig. 1-3). 

The primary charge separation in PS I is essentially trap-limited, even though exciton 
transfer time and charge separation time are in relative close succession (Holzwarth et al. 
1993). Two fast electrogenic steps of 22 ps and 50 ps (Fig. 1-3, O and ©) are involved in 
PS I charge separation from P700 to Ai as detected by the photovoltage technique 
(Hecks et al. 1994). Assuming a homogeneous dielectric within the RC, the electron 
transfer between Ao and Ai spans only a small part (20 ± 8 %) of the distance P700-Ai, 
see Fig. 1-3 (Hecks et al. 1994). Some agreement of these figures has been found with X-
ray analysis of PS I core crystals (Krauss et al. 1993): distance Ao-Ai suggests only 13 % 
electrogenicity and Ao is indeed located at a great distance from P700. The modelling of 
electroluminescence data on spinach blebs (Vos and van Gorkom 1990) gave very 
different results and showed that charge separation in PS I occurred with at least 3 
electrogenic electron transfer steps (with dielectrically weighted distance in percentage): 
P700 to Ao (30 %), Ao to Ai (50 %) and A] to FA (20 %) (Fig. 1-3, © for the latter step). 
These figures are less plausible and inconsistent with the crystal structure data (Krauss et 
al. 1993). FA and FB are located on the polypeptide PsaC protruding out of the membrane 
and are thus exposed to a local dielectric constant which is significantly higher than that 
inside the lipid membrane (Hecks et al. 1994). Although the electrogenicity of charge 
transfer between FB and FA is therefore expected to be small (see eq. 1-1) a 30 |Xs 
component ascribed to this process was observed by Sigfridsson et al. (1995) (Fig. 1-3, 
©). Upon chemical reduction of FA and FB a 330 |is electrogenic phase was observed 
which is assigned to charge recombination from Ai or Fx to P700 (Sigfridson etal. 1995). 

The PS II core complex consists of the proteins CP43, CP47, D l , D2, the a and ß 
subunits of cytochrome £559, and the lumen-faced proteins 17 kDa, 24 kDa and 33 kDa 
(Fig. 1-3). The charge separated state P680+Pheo" is stabilised on the acceptor side by 
further electron transfer to the bound quinone QA and exchangeable quinone Q B and on 
the donor side by electron donation from the oxygen-evolving complex via Tyrz, a Tyr-
161 residue of the D l protein (Debus etal. 1988). 

The electrogenicity of primary charge separation in PS II also involves two main steps. 
Within a trapping time of 5 0 - 100 ps the radical pair P680+Pheo- is formed which will 
proceed by forward electron transfer to the state P680 + QA" , the charge stabilisation 
reaction taking about 300 - 500 ps (Trissl et al. 1987, Leibl et al. 1989, Trissl and Leibl 
1989). The pheophytin is located approximately halfway P680 and QA with dielectrically 
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weighted distances of dp680-Pheo = 58 ± 8 % and dpheo-Qa = 42 ± 8 % (Fig. 1-3, © and ©) 
(Trissl and Leibl 1989). These distances can be expected from the homology between the 
RC's of purple bacteria and PS II (Michel and Deisenhofer 1988). 

The rereduction of P680+ by Tyrz (Fig. 1-3, ©) is probably electrogenic but of a quite 
small magnitude and it was argued to be less than 10 % of the total transmembrane 
charge separation (Trissl et al. 1987). Recently, Pokorny et al. (1994) found a 29 ns 
component ascribed to rereduction of P680+ by Tyrz in their photovoltage experiments 
which represented 16 % of the total electrogenicity of P680 + QA" . Electron transfer from 
the OEC to Tyrz is without (Höök and Br2ezinski 1994) or, as an electroluminescence 
study demonstrated, with a only small amount (5 %) of electrogenicity scaled on the 
charge separation P 6 8 0 + Q A " (VOS et al. 1991). The rate of this reaction was about 10 ms 1 

if the OEC was in the S2 state (transition Z+M2+ -> ZM3+) (Vos et al. 1991). 

Electron transfer from QA to QB is likely to have an insignificant contribution to the 
transmembrane electrical field as can also be concluded from the lateral orientation of 
the two quinones (Fig. 1-3). Indeed, in the PS II reaction center of spinach the 
electrogenicity for the reaction QA 'QB —» QAQB" is less than 5 % (Höök and Br2ezinski 
1994) or below detection limits (Vos et al. 1991). The subsequent proton uptake from the 
stromal phase upon protonation of QB2", proceeding with a time constant of 0.8 ms, 
amounts about 4 - 5 % of the total charge separation voltage (Fig. 1-3, ©) (Höök and 
Brzezinski 1994). In bacterial reaction centers this electrogenicity was about 2 - 3 times 
larger with a time constant of 0.4 ms (Dracheva et al. 1988). Mamedov et al. (1994) 
showed that in the cyanobacterium Anacystis nidulans the dismutation of Q A and Q B and 
subsequent protonation of QB2" gives an additional electrogenic phase with a relaxation 
time of 0.27 ms at pH 7.0 and an amplitude of 4 % of the fast electrogenic phase 
associated with the formation of P 6 8 0 + Q A . Both amplitude and relaxation times were 
unaffected in the pH-range 6 - 8.5 (Mamedov et al. 1994). 

Electrogenicity involving cytochrome bef turnover (Q-cycle) 

The cytochrome bef complex consists of four main subunits (Fig. 1-3): cytochrome #563 
(24 kDa) accommodating the low (h) and high (bh) potential b-hemes, cytochrome ƒ (31 
kDa), the Rieske iron-sulfur center (20 kDa) and a subunit IV (19 kDa) (Hope 1993). 
Although a complete data set on the amino-acid sequences of the four subunits exists the 
total molecular structure of the cytochrome fc/complex in the membrane has not been 
elucidated yet (Hope 1993) and Fig. 1-3 shows a hypothetical arrangement of the 
proteins. The cyt. fe/complex, operating as a redox link in linear electron flow between 
PS II and PS I and involved in PS I-dependent cyclic electron flow, shows two specific 
sites for interaction with plastoquinone. A quinol oxidation site (Qp-site) located at the 
lumenal interface is well characterised through the specific inhibition by DBMIB, 
stigmatellin and 2-iodo-6-isopropyl-3-methyl-2',4',4'-trinitrodiphenylether (DNP-INT) of 
the slow electrochromic phase, and of cyt. bsa and cyt./reduction (Jones and Whitmarsh 
1988, Hope 1993). At the opposite site of the membrane a quinone reduction site (Q„-
site) is proposed where plastoquinone is reduced concomitantly with proton uptake from 
the stroma. Convincing evidence for this site is, however, still sparse (Hope and Rich 
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1989, Hope 1993). The inhibitors 2-«-heptyl-4-hydroxyquinoline N-oxide (HQNO) and 
2-«-nonyl-4-hydroxyquinoline N-oxide (NQNO) are thought to act specifically with the 
Q„-site (Jones and Whitmarsh 1988, Rich et aL 1991). 

Velthuys (1978) has shown that a slow electrogenic event was involved with 
intersystem electron transfer from PS II to PS I which was coupled to proton release in 
the lumen upon plastoquinol oxidation. The slow electrogenic event is likely to arise 
from a transmembrane charge displacement, either an outward directed movement of an 
electron, or inward directed movement of a proton. Most customarily the slow 
electrogenic event is modelled as a Q-cycle as was originally formulated for the 
mitochondrial bc\ complex (Mitchell 1976). In the traditional Q-cycle model a first 
electron upon PQH2 oxidation at the Qp-site is diverted laterally to the high potential 
chain comprising the photooxidised FeS and cyt. ƒ and the second electron is diverted 
transversally to a low potential chain comprising the two è-hemes. Subsequent oxidation 
of a second PQH2 molecule results in reduction of both è-hemes which is followed by 
PQ reduction with concomitant proton uptake at the Qn-site. The electrogenicity is then 
mainly associated with the charge transfer reaction between fa and bw- charges on the high 
potential bh are located nearer to the stroma interface, probably about halfway across the 
membrane, than on the low potential fa which is located at the lumenal membrane/water 
interface (Robertson and Dutton 1988, Kramer and Crofts 1994). 

The slow electrochromic phase, the so-called slow phase b of the P515 response, has 
been taken as evidence for the Q-cycle electrogenicity as observed in algae (Joliot and 
Delosme 1974) and plant chloroplasts (Velthuys 1978). The rise of the slow P515 phase 
regularly proceeds with a relaxation time of 3 - 20 ms in spinach and pea chloroplasts 
(Girvin and Cramer 1984, Jones and Whitmarsh 1985, Hope and Matthews 1987, Ooms 
et al. 1989). Similarly, in the presence of DQH2 and DCMU, a reducing poise suitable for 
inducing Q-cycle activity (Ooms et al. 1989), a 7 ms slow phase b was observed in pea 
thylakoids (Hope et al. 1992). The kinetics and extent of the slow P515 phase are related 
to the ambient redox potential (Hope and Matthews 1987). For whole-chain electron 
transport at relatively oxidising conditions the half-time for the slow P515 phase was 18 -
20 ms but decreased to 3 - 5 ms at a relatively low ambient potential, i.e. under reducing 
conditions in the presence of duroquinol (Hope and Matthews 1987). This redox 
dependency is likely responsible for the light stimulation of the Q-cycle (see Chapter 4 of 
this thesis, Velthuys 1978) which shows that a reductant, probably plastoquinol, is 
required. The amplitude of the slow P515 phase was measured to be constant from -200 
mV up to about +80 mV followed by a sheer drop to about zero for higher ambient 
redox potentials (Girvin and Cramer 1984). 

To resolve the true magnitude of the electrogenicity of reactions associated with the 
slow electrogenic turnover of the bbf complex takes more effort than for PS I and II. 
Most studies agree on an electrogenicity of 60 - 80 % for the reduction of bh and it is 
likely that the two è-hemes are separated by 60 - 80 % of the dielectrically weighted 
distance across the membrane (Fig. 1-3, ©) (Jones and Whitmarsh 1985, 1988, 
Robertson and Dutton 1988, Kramer and Crofts 1994). The deposition of protons in the 
lumen at the Qp-site upon plastoquinol oxidation and the concomitant electron transfer 
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to b\ are probably non-electrogenic processes (Robertson and Dutton 1988). 

The group of Jones and Whitmarsh has proposed that the slow electrogenic step 
associated with èç/" turnover measured in the presence of DQH2 and DCMU is composed 
of at least two consecutive reactions (Jones and Whitmarsh 1985). In their model 
electron transfer between the two £-hemes accounts for 70 % electrogenicity while 30 % 
is related to the Qn-site (Fig. 1-3, © and ®, respectively), the latter either caused by the 
oxidation of cyt. bsa or by proton uptake from the stroma or both (Jones and Whitmarsh 
1986, 1988). In contrast, Hope and Rich (1989) reasoned that in pea chloroplasts proton 
uptake at the Qn-site is probably non-electrogenic. 

The slow phase of P515 can occur even when both è-hemes are fully reduced, e.g. for 
sufficient dark-adapted Chlorella cells under anaerobic conditions Qoliot and Joliot 1986) 
or in the presence of dithionite (Bouges-Bocquet 1981). With a half-time of only 2 - 1 0 
ms for the slow P515 rise the extent of the electrogenic step under these conditions was 
as high as 1.2 - 1.5 charges transferred through the membrane per charge transferred by 
the PS I charge separation reaction (Bouges-Bocquet 1981, Joliot and Joliot 1986). 
Surely, this must exclude a direct coupling between the electrogenic step and cyt. bs6i 
reduction. Therefore, electrogenic H+ movement (Fig. 1-3,©) was postulated to explain 
the results (Girvin and Cramer 1984, Joliot and Joliot 1985, 1986). Moreover, a rapid 
oxidation of cyt. bs6i was observed followed by a slow dark reduction (Girvin and 
Cramer 1984, Joliot and Joliot 1986). The oxidation of cyt. £503 was thought to be 
initiated by the oxidation of heme b\ by a semiquinone bound to the Qp-site which was 
formed after first oxidation by photooxidised Rieske-iron. This may then be followed by 
electrogenic movement of a proton from the negative stromal phase to the Qp-site (Joliot 
and Joliot 1985, 1986). This model implies the presence of a transmembrane proton 
channel at or through the cyt. A/complex Qoliot and Joliot 1985, 1986). 

Fig. 1-3 (next pages). The thylakoid membrane of chloroplasts is the site of several electrogenic 
reactions which are indicated by a bold arrow (^). (Upper part) The thylakoid grana-stroma 
organisation. Open arrows (Û) indicate proton uptake and release reactions. The proton 
stoichiometry shown is based on the travelling of two electrons through the electron 
transport chain, including a Q-cycle. The membrane-spanning protein complexes PS I, PS II 
and the cyt. faf complex participate in linear electron flow. The ATP synthase complex 
couples the light-induced electrochemical proton gradient with phosphorylation of ADP and 
Pi into ATP. (Lower part) The polypeptide organisation of PS I was derived essentially as in 
Golbeck (1992) and Chitnis et al. (1995). The polypeptide organisation of PS II was derived 
essentially as in Dau (1994) and Govindjee and van Rensen (1993). The polypeptide 
organisation of the cyt. faj complex is a hypothetical model based on the properties of the 
individual subunits (Hope 1993). The polypeptides of the PS II and cyt. b&f complex are 
designated by their molecular weight (kDa) or by PsaA, etc. for the PS I complex. The 
distances normal to the membrane associated with most of the electrogenic steps discussed 
in the text are based on dielectrically weighted distances. 
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In a recent alternative view the substantial slow electrogenic phase under reducing 
conditions is proposed to originate from an electrogenic reorientation or transverse 
movement of a semiquinone anion (PQ•-) from its interaction with the Qp-site to the Qn-
site (Fig. l -3 , (g . The semiquinone anion likely moves in its deprotonated charged form. 
This is generally modelled as a semiquinone(SQ)-cycle mechanism of cyt. faf turnover 
(Wikström and Krab 1986, Joliot and Joliot 1994). The electrogenic movement of a 
semiquinone between the domains of the Qp-site and Qn-site was discussed for 
mitochondrial cyt. bc\ complexes (Rich and Wikström 1986) and for Chlorella algae under 
reducing conditions (Joliot and Joliot 1994). In Chlamydomonas reinhardtii cells under 
reducing conditions the HQNO-sensitive part of the slow phase b of P515 showed an 
initial lag of about 1 - 2 ms whereas the HQNO-insensitive part, with a rise time of 
about 5 ms, was without an initial lag (Fernandez-Velasco et al. 1995). The HQNO-
insensitive signal was argued to reflect the transverse movement of the semiquinone 
radical generated at the Qp.site to the Qn-site, since this process should not involve the 
Qn-site where H Q N O is thought to bind. The HQNO-sensitive phase would then be the 
result of electron transfer from heme h to the Q„-site. Clearly, the transfer of a 
semiquinone needs to be localised in order not to allow equilibration of the highly 
reactive radical with the PQ-pool. Energetically, the electrogenic movement of the 
semiquinone anion from site p to n would be made feasible by its stronger binding to the 
latter (Joliot and Joliot 1992). This leaves the question whether or not there is a special 
channel for facilitated semiquinone movement. 

Ion fluxes and ATP synthesis/ hydrolysis 

The final product of the electrogenic reactions discussed so far is a transmembrane 
electrical field A\\t. Reports on the magnitude of this field in a single-turnover light flash 
range from 1 0 - 3 5 mV (Vredenberg and Tonk 1975, Schapendonk and Vredenberg 
1977) to 50 mV (Schliephake et al. 1968) and even as high as 135 mV (Zickler et al 1976). 
The patch-clamp method, which will be extensively discussed in Chapter 3, settles down 
to 40 ± 20 mV for the single-turnover thylakoid potential (Vredenberg et al. 1995a, 
Chapter 3). The formation and decay of the electrical field has been extensively studied 
with the microelectrode technique on P. metallica chloroplasts in relation to 
transmembrane fluxes of K+, Mg2+ and H + and their diffusion potentials (Bulychev et al. 
1972, Vredenberg and Tonk 1975, Bulychev and Vredenberg 1976a, Vredenberg and 
Bulychev 1976, Bulychev et al. 1976, Bulychev et al. 1980, Van Kooten et al. 1986). 

In the dark there is thermodynamic equilibrium of cations (C+) and anions (A) across 
the membrane and all electrochemical potentials of ions j (j = K+, H+ , Mg2+ and CI) are 
zero: Aj_lj — 0. The light-activated electrogenic proton pumping moves the system out of 
equilibrium and a compensating transversal flux of ions along their respective 
electrochemical gradients commences (Fig. 1-3,® (Vredenberg 1976). The flux of an ion 
j is determined in a first approximation (for small A\|/) by its charge (ZJ), the 
transmembrane potential A\)/ and by the ion conductance g (Goldman 1943, Vredenberg 
1976). The ion conductance equals the product of the concentration difference of the ion 
across the membrane (Aq) and the membrane permeability coefficient (Pj) of ion j . A 
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