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Stellingen 

1. De procedure die door Badger en Canvin gebruikt is om het in dit proefschrift 

beschreven bicarbonaateffekt op het elektronentransport in fotosysteem II aan 

te tonen, is daarvoor inadequaat. 

Badger, M.R., D.T. Canvin. 1981. Oxygen uptake during photosynthesis 

in C , and C^ plants. In: Photosynthesis IV: Regulation of Carbon 

Metabolism (G. Akoyunoglou, ed.), pp. 151-161, Balaban International 

Science Services, Philadelphia, Pa. 

2. Op grond van de in dit proefschrift beschreven effekten van formiaat op het 

fotosynthetisch elektronentransport kan deze verbinding aangeduid worden met 

de term "inhibitory uncoupler", zoals deze door Moreland voor herbiciden is 

geïntroduceerd. 

Moreland, D.E. 1980. Mechanisms of action of herbicides. Ann. Rev. 

Plant Physiol. 31: 597-638. 

Dit proefschrift, hoofdstuk 4. 

3. Het onvermeld laten van het belang van de adenylaatkinase aktiviteit bij het 

bepalen van de flits-geïnduceerde ATP synthese leidt gemakkelijk tot de 

misvatting dat deze adenylaatkinase aktiviteit niet relevant is voor de betref­

fende meting. 

Schreiber, U., S. Del Valle-Tascon. 1982. ATP synthesis with single 

turnover flashes in spinach chloroplasts. FEBS let t . 150: 32-37. 

k. Bij de interpretatie van de kinetiek van de licht-geïnduceerde potentiaalver­

schillen over het thylakoidmembraan in intacte chioroplasten dient ook de 

invloed van de fosfaatpotentiaal, en daarmee het koolzuurmetabolisme, in 

beschouwing genomen te worden. 

Bulychev, A.A. 1984. Different kinetics of membrane potential 

formation in dark-adaptated and pre-illuminated chloroplasts. Biochim. 

Biophys. Acta 766: 647-652. 
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5. De veronderstel l ing van Schuurmans dat de f l i ts-geïnduceerde ladingsscheiding 

in chloroplasten pas na enkele mill isekonden resulteert in een gedelokaliseerde 

transmembraanpotentiaal is niet houdbaar. 

Schuurmans, 3.3. 1984. Dynamic aspects of photosynthetic energy 

t ransduction. Dissertat ie, Vri je Universi te i t , Amsterdam. 

Van Kooten, O., F.A.M. Leermakers, R.L.A. Peters, W.3. Vredenberg. 

1984. Indications for the chloroplast as a t r i -cornpartment system: 

micro-electrode and P515 measurements imply semi-localized 

chemiosmosis. i n : Advances in Photosynthesis Research (C. Sybesma, 

ed.), Vol. I I , Martinus N i jhof f /Dr . W. 3unk Publishers, The Hague. 

6. De optische en elektrische eigenschappen van de nieuwe typen l ichtgevende 

dioden (LED) maken deze LED's bij ui tstek geschikt voor gebruik als moduleer­

bare l ichtbron in het fotobiologisch onderzoek. 

Ruraïnski, H.3., G. Mader. 1980. L igh t -emi t t ing diodes as a l ight 

source in photochemical and photobiological work, in : Methods in 

Enzymol., Vol. 69, pp. 667-675. 

7. De export van, in het westen verboden, herbiciden (o.a. DDT) naar de landen 

van de derde wereld is een onverteerbare zaak. 

8. De grote rol die het toevalselement speelt in het praktisch gedeelte van 

het huidige r i jexamen vraagt om het opnemen van een additionele r i jvaardig-

heidstest in een r i t -s imulator . 

9. De simpele visie van de nederlandse overheid op mogelijke consequenties van 

de introdukt ie van het luchtafweersysteem "Pat r io t " op het machtsevenwicht 

in Europa staat in schri l contrast to t de gecompliceerde aard van di t wapen­

systeem. 

Eerste s i tuatierapport over de vervanging van het Nike luchtverdedi­

gingssysteem. Tweede Kamer, vergaderjaar 1983-1984, 18000 hoofdst X, 

nr 17. 



10. De mening van Chodorow dat door een grotere betrokkenheid van beide seksen 

bij de opvoeding van kinderen de maatschappelijke verschil len tussen mannen 

en vrouwen verkleind kunnen worden, verdient een grotere aandacht in het 

sociale overheidsbeleid. 

Chodorow, N. (1980). Waarom vrouwen moederen. Feministische 

Ui tgever i j Sara, Amsterdam. 

J .F.H. Snel 

Regulation of photosynthetic electron f low in isolated chloroplasts by 

bicarbonate, formate and herbicides 

Wageningen, 26 juni 1985 
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VOORWOORD 

Veel personen hebben op de één of andere manier bijgedragen 

aan het tot stand komen van dit proefschrift; hen wil ik hier 

bedanken voor hun medewerking. Een aantal van hen heeft echter 

een zo duidelijk stempel gedrukt op dit proefschrift, dat ik 

de bijdragen van deze mensen graag apart wil vermelden. 

Allereerst wil ik hier de rol vermelden van mijn co-promo­

tor, Jacques van Rensen, zonder wiens inspanningen dit onder­

zoek zeker niet tot stand gekomen zou zijn. Beste Jacques, 

jouw gedegen aanpak, jouw kritische opmerkingen en prettige 

begeleiding hebben er mede voor gezorgd dat het onderzoek voor­

spoedig verlopen is. Ook de rol van mijn promotor, 

Wim Vredenberg, mag hier niet onvermeld blijven. Beste Wim, 

tijdens het verloop van het onderzoek, maar zeker ook bij het 

tot stand komen van dit proefschrift, heb jij mij gedwongen om 

de resultaten en interpretaties daarvan kritisch te bekijken 

en nauwkeurig te formuleren. 

Verder wil ik hier ook de bijdragen van "mijn" doctoraal 

studenten vermelden. André, jij was de eerste en je hebt je 

met veel enthousiasme gestort op het werken met "levend" mate­

riaal en jouw onderzoek heeft geleid tot een beter begrip van 

de rol van bicarbonaat en formiaat. Dirk, jouw onderzoek met 

intacte chloroplasten toonde, voor het eerst, aan dat het "bi-

carbonaat-effect" ook in intacte chloroplasten optreedt. Free, 

jij hebt geprobeerd de interactie(s) tussen bicarbonaat, for­

miaat en herbiciden verder op te helderen, hetgeen je slechts 

ten dele gelukt is in de korte tijd die je er aan kon beste­

den. 

Olaf, Rob en ook, gedurende korte tijd, Wim Vermaas, jullie 

hebben er door jullie enthousiasme en stimulerende discussies 

een leuke en vruchtbare tijd van gemaakt. 

Als laatste wil ik nog de medewerksters van de afdeling 

Tekstverwerking, met name Marjon van Hunnik, bedanken voor de 

vlotte en accurate verwerking van dit proefschrift. 
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CHAPTER 1 

GENERAL INTRODUCTION 

This Chapter presents a brief survey of some aspects of 

photosynthesis in plants. Only the aspect that are of relevan­

ce for a good comprehension of the effects of bicarbonate, 

formate and herbicides on plant photosynthesis will be cover­

ed. In this Chapter the reader will be referred to recent re­

view articles for more detailed information. 

Photosynthesis in plants 

In plant photosynthesis carbon dioxide is fixed in the form 

of carbohydrates. Starch is the major storage product. In high­

er plants this process takes place in special organelles, the 

chloroplasts. A chloroplast consists of two compartments: the 

stroma matrix and the thylakoid lumen. The stroma matrix is 

bound from the cytoplasm by two closely associated membranes, 

the chloroplast envelope, and separated from the thylakoid 

lumen by the thylakoid membrane (1). 

In the stroma matrix the reduction of C02 to sugar phos­

phates and the subsequent conversion into starch takes place. 

These processes, which proceed in the dark, require reducing 

equivalents in the form of NADPH and chemical energy in the 

form of ATP. NADPH and ATP are supplied to the stroma by light-

driven processes which take place at the thylakoid membrane. 

These processes serve the reduction of NADP and the phospho­

rylation of ADP. All enzymes required for the reduction of C02 

are located in the stroma. 



The thylakoid membrane contains the apparatus necessary for 

the conversion of light energy into chemical energy (ATP) and 

reducing equivalents (NADPH). Light is absorbed by the photo-

synthetic antenna pigment systems and the associated reaction 

centers and its energy is used to withdraw electrons from wa­

ter. The electrons are transferred to NADP via an electron 

transfer chain. Electron transport from water to NADP is as­

sociated with proton translocation across the thylakoid mem­

brane resulting in a proton electro-chemical potential differ­

ence across the thylakoid membrane. This proton potential is 

the driving force for the phosphorylation of ADP to ATP. Pos-

phorlylation is catalyzed by the H -ATP-ase, which is a mem­

brane-spanning protein complex present in the thylakoid mem­

brane . 

Photosunthetic carbon metabolism 

CO2-reduction in plants 

Chloroplasts are able to reduce C02 to sugar phosphates in 

the Reductive Pentose Phosphate-pathway (RPP-pathway, other 

names are: Calvin cycle, Benson-Calvin cycle, Photosynthetic 

Carbon Reduction cycle). The enzymes for the RPP pathway are 

located in the chloroplast stroma. The RPP pathway can be di­

vided in three stages (2): 

a. fixation of CO,. A single C02-acceptor molecule, ribulose-

1,5-bisphosphate (RUBP), is carboxylated yielding two mole­

cules of 3-phosphoglycerate (PGA). This reaction is catalyz­

ed by the enzyme ribulose 1,5-bisphosphate carboxylase/oxy­

genase (RUBISCO). This enzym also catalyzes the oxygenation 

of RUBP. 

b. reduction of PGA. The next step is the reduction of PGA to 

triosephosphates, mainly dihydroxyacetone phosphate (DHAP) 

and glyceraldehyde 3-phosphate (GAL3P). This process requlr-



es ATP and NADPH. The overall reduction of PGA to triose 

phosphate is highly reversible and subject to control by 

energy charge and concentration of end products, 

c. regeneration of RUBP. Finally triosephosphates are convert­

ed to RUBP in a complicated series of reactions. In this 

conversion five molecules of triosephosphate yield three 

molecules of ribulose-5-phosphate (RP5P). RU5P is phospho-

rylated by ATP forming RUBP. 

For every three molecules of C02 fixed one molecule triose­

phosphate is formed. This triose phosphate can be used to store 

carbon in the form of starch, but it can also be used to in­

crease the concentration of intermediates in the RPP-pathway. 

In this way the RPP-pathway becomes auto-catalytic: by fixa­

tion of C02 the concentration of acceptor molecules (RUBP) is 

increased which in turn will increase the rate of fixation of 

C02. The auto-catalytic nature of the RPP-pathway allows a rap­

id response from a dark-situation, where the concentration of 

intermediates, is low, to a state in the light where C02-fixa-

tion can proceed rapidly (2). 

In several plant species an additional C02-fixation mecha­

nism exists, but this mechanism only has as a temporary stor­

age function. Ultimately C02 is fixed and reduced in the RPP-

pathway. For more details the reader is referred to e.g. ref. 

4. 

Apart from starch and glucose, triosephosphates appear to 

be a major end product of photosynthetic carbon reduction in 

chloroplasts. According to Heber and Heldt (3) the chloroplast 

might be considered as an organelle that imports phosphate and 

exports triosephosphate (mainly DHAP). Both import of phosphate 

and export of triosephosphate are catalyzed by the same (ex­

change) carrier: the phosphate translocator. This enzyme which 

is located in the envelope, catalyzes the exchange of 1 trio­

se phosphate for 1 phosphate (see ref. 3 for more details). 

C02-fixation through the RPP-pathway is regulated by many 

factors (see e.g. refs. 3, 4 for reviews). One of these fac-



tors is of special interest with respect to the topic of this 

thesis. This factor is the regulation of carbon flow through 

the RPP-pathway by pH-dependent modulation of the activity of 

several key enzymes (3, 4). Salts of weak acids e.g. acetate, 

formate, bicarbonate and glyoxylate have been shown to affect 

the pH in the stroma (5, 6). Thus at neutral or moderately al­

kaline pH values of the suspension medium these weak acids, 

can inhibit carbon reduction. 

Photorespiration 

At a high 02/C02 ratio RUBISCO functions as an oxygenase 

instead of a carboxylase; in fact C02 and 0 2 compete for the 

same binding site at the enzyme (7). When RUBP is oxygenated 

PGA and phosphoglycolate are the reaction products. After de-

phosphorylation of phosphoglycolate in the stroma, glycolate 

can be oxidized in the peroxisome. This oxidation is catalyzed 

by glycolate oxidase and the products are glyoxylate and H 2 0 2 

(8). Under normal conditions two molecules of glyoxylate are 

converted to 1 molecule of C02 and 1 molecule of glycerate in 

a series of peroxisomal and mitochondrial reactions (8). Under 

conditions in which the conversion of glyoxylate to glycerate 

is blocked, glyoxylate can react with H202, yielding formate 

and C02 (9). Although the reactions involved in photorespira­

tion have been characterized, the physiological function of 

photorespiration is still poorly understood (8, 9, 10). 

Photosynthetic electron flow in plants 

Most components of the photosynthetic electron transport 

chain in higher plants and eucaryotic algae are located within 

three major protein complexes that are embedded in the thyla-

koid membrane (11, 12). Two of these protein complexes contain 

chlorophyll and are known as the PSI and the PSII protein com-



plexes. The third major protein complex is known as the cyto­

chrome b6-f complex. These complexes are intrinsic, membrane-

spanning, thylakoid membrane protein complexes (11, 12). Elec­

tron flow between these major protein complexes is mediated by 

the smaller electron carriers plastoquinone (actually a hydro­

gen carrier), plastocyanin and ferredoxin (11). These mobile 

carriers are located either within the lipid bilayer (plasto­

quinone) or at its surface (plastocyanin and ferredoxin), see 

e.g. ref. 11. 

For the sake of conciseness this section will deal further 

only with those aspects of photosynthetic electron flow that 

are relevant to the topic of this thesis. The reader is refer­

red to ref. 13 for several recent surveys of other interesting 

aspects of photosynthetic electron flow. 

Electron flow in photosystem II 

Light absorbed by chlorophylls located in the antenna of 

PSII is transferred to the reaction center chlorophyll of PSII 

(1*680 ) in the form of excitons (14). The primary event of elec­

tron flow in PSII is the generation of the singlet excited 
* * 

state (P68o) upon arrival of an excition. PÔSO can donate its 

electron via at least one intermediate acceptor, pheophytin 

(16), to the first "stable" electron acceptor of PSII, Qa, 
+ 

creating the state [P680*Pheo]«QA within 2 ns after excitation 
(15, 16). As P680 and QA are located at opposite sides of the 

thylakoid membrane, electron transfer from Pg8 0 to Q. is ac­

companied by a transmembrane charge separation (17). Recombi­

nation of charges in the state [P68o*Pheo] 'Oil is normally pre-
+ 

vented by reduction of P6so b v the secondary donor of PSII, Z. 
This electron donation to V680 occurs within several ps (15), 

which is much faster than the rate of recombination in the 

state [Peso-Pheol-Q" (15). 

After donation of an electron to Peso» z is left in the 

state Z . Z can be reduced by the oxygen evolving complex 



(OEC) which ultimately derives its electrons from H20. In the 

OEC water is decomposed into protons, which are liberated in 

the thylakoid lumen (17), molecular oxygen and electrons. Ac­

cording to the Kok-scheme, the OEC can be in one of five dif­

ferent oxidation states, generally known as the s-states (18). 

The overall rate constant for oxygen evolution has been report­

ed to be around 1000 s~ (18). One important feature of the 

Kok-scheme is that all OEC's are assumed to operate indepen­

dently from each other, i.e. no charge transfer occurs between 

OEC's (18). 
* 

After the reduction of Pheo by P68o, Q» is reduced by Pheo 
within 200 ps (15, 16). Upon reduction Q~, a special plastoqui-

none that accepts only one electron, stays in the semiquinone 

anion form (Q~) for 0.2 ms to 1.2 ms, depending on the redox 

state of the secondary electron acceptor Q_ (19). Q~ is nor­

mally not protonated (21). 0_, which is also a special plasto-

guinone, appears to function as a two-electron gate (19, 20). 

Only after receiving a second electron from Q., QB is fully 

reduced to QB~ and becomes protonated (21). These protons ul­

timately come from the stroma of the chloroplast. Q„ appears 

to be a bound plastoquinone species. In the oxidized and in 

the fully reduced form QB is assumed to equilibrate rapidly 

with the plastoquinones that reside in the lipid bilayer; the 
2-

semi-reduced forms of Q_ (Q„ and, perhaps, QB ) are firmly 

bound to a binding site at the PSII protein complex (21). The 

identity of the Qß-binding site is not exactly known; probably 

a 32 kD protein, the Qß-protein, is involved (12). The overall 

half-time for plastquinone (PQ) reduction is about 2-3 ms (11). 

Proton uptake, as measured by alkalinization of the outer 

aqueous phase, is however much slower (17), an enigma which 

has not been solved yet. For more details about the reactions 

involving quinones the reader is referred to e.g. ref. 22. 

For auxiliary electron acceptors and donors of PSII that appear 

to be present, some under special conditions, see refs. 23 and 

18. 



Electron flow from PSII to NADP 

Freely diffusing plastoquinol (PQH2) arises from the disso­

ciation of QBH2, a plastoquinol species bound to the Qß-protein. 

PQH2 can bind to the cytochrome b6-f complex which is a plasto-

quinol-plastocyanin oxidoreductase (see ref. 19 for a review). 

After oxidation of PQH2 the protons are released in the thyla-

koid lumen (17). The rate of oxidation of PQH2 and the conco-

mittent release of protons appear to be pH-dependent; the oxi­

dation of PQH2 is the major rate-determining step in photosyn-

thetic electron flow with a half-time of about 15 ms (11). 

There is a pool of about 7 freely diffusing PQ molecules per 

electron transfer chain (11). 

Plastocyanin, a copper containing protein located at the 

inner surface of the thylakoid membrane, is the immediate do­

nor to P7oo/ the reaction center chlorophyll of PSI (11). 

Excitation of P700 and subsequent electron transfer to P430' 

an optically detected acceptor species, results in a transmem­

brane charge separation (17). P43o» the secondary electron ac­

ceptor of PSI may be a bound ferredoxin species (11). 

Freely diffusing ferredoxin, reduced by PSI, can be oxidiz­

ed in, at least, three ways (24): 

a. Ferredoxin can be oxidized by NADP via the enzyme ferredo-

xin-NADP oxidoreductase (FNR). Electron flow from water to 

NADP is named linear electron flow. 

b. Ferredoxin can be oxidized by oxygen in a non-enzymatic re­

action. Electron flow from water to 0 2 is named pseudo-cy­

clic electron flow. 

c. Ferredoxin can be oxidized by components of the cytochrome 

b6-f complex, resulting in a cyclic electron flow around 

PSI without reduction of NADP but associated with proton 

translocation across the thylakoid membrane. 



Artificial electron donors and acceptors 

A variety of artificial electron acceptors and electron do­

nors have been used, sometimes in combination with inhibitors 

of electron flow, to characterize various parts of the elec­

tron transport chain. In this thesis only the electron accep­

tors ferricyanide (FeCy), benzoquinone (BQ) and methylviologen 

(MV) were used. MV and FeCy have been reported to accept elec­

trons mainly from PSI, while BQ can accept electrons from the 

intersystem electron transport chain. A detailed review on 

artificial electron donors and acceptors is given in ref. 25. 

Energy conversion bxj thylakoids 

Photosynthetic electron transport in thylakoids is coupled 

to phosphorylation of ADP ("photophosphorylation"). Under 

steady state conditions the mechanism of coupling of electron 

flow to photophosphorylation appears to be explained best by 

the chemiosmotic theory postulated by Mitchell (26). According 

to this theory the electrochemical proton gradient across the 

thylakoid membrane, generated by electron flow, is assumed to 

be the high-energy intermediate that drives the phosphoryla­

tion of ADP. 

The electrochemical proton gradient, or proton motive force 

(pmf), contains two components: the transmembrane proton gra­

dient and the electrical potential difference across the thyla­

koid membrane. The transmembrane potential is generated by the 

charge separations in PSI and PSII (17) and perhaps also in 

the cytochrome b6-f complex (20). The proton gradient is caus­

ed by the liberation of protons in the thylakoid lumen during 

water oxidation in the OEC and the translocation of protons 

across the thylakoid membrane accompanying the reduction and 

subsequent oxidation of PQ. The transmembrane potential is dis­

sipated by the movement of ions across the thylakoid membrane 

(27); during continuous illumination the membrane potential in 

8 



thylakoids has been reported to be only a few millivolts (27, 

see however ref. 17). Much more important for photophosphory-

lation under steady state conditions is the proton gradient 

across the thylakoids membrane (17). During continuous illumi­

nation the contribution of the proton gradient to the proton 

motive force may be more than 95% (17). Under non-phosphorylat-

ing conditions the proton flux across the thylakoid membrane 

is small compared to the fluxes of other ions and therefore 

protons hardly contribute to the dissipation of the membrane 

potential (17). However when photophosphorylation is taking 

place, the additional proton flux through the ATP-ase does con­

tribute significantly to the dissipation of the transmembrane 

potential (17). The dissipation of the electrical field can be 

greatly stimulated by ionophores and protonophores. The proton 

gradient can also be dissipated, both by protonophores and per-

meant buffers. 

Role of bicarbonate in photosynthesis 

Properties of bicarbonate in aqueous solutions 

When bicarbonate is dissolved in an aqueous solution, the 

following reactions occurs (28): 

2H+ + C03" ^ H+ + HCO3 ^ H2C03 5f£: H20 + C02 

(1) (2) (3) 

(4) It 
CO2 + O H " 

The reactions (1) and (2), which involve protonation, are very 

fast and for our purposes only the equilibrium constants need 

to be considered. Reactions (3) and (4) are much slower; dis­

sociation of H2C03 to H20 and C02 occur with a rate constant 

of 20 s"1 (28). However, when bicarbonate is dissolved, the 

combined half-times of reactions (3) and (4) (in series) and 



reaction (4) yield an overall half-time for the conversion of 

HCO3 to C02 of ~ 15 s at pH 7.4. This half-time is pH-depen-

dent; at pH 5 it is only 0.9 s (28). The pK of reaction 1 is 

10.35 and the pK of the combined reactions 2, 3 and 4 is 6.35. 

A main part of this thesis deals with experiments in which 

reactions of isolated thylakoids were studied studied in depen­

dence of [C02] and [HCO~] in the reaction medium. As in most 
- 2- . . 

experiments carried out C02, H2C03, HC03 and C03 were in equi­
librium with each other, the term bicarbonate will be used in 
this thesis to indicate properties or effects of a solution to 
which bicarbonate is added, without implying that the bicarbon­
ate ion is the species responsable for the observed effects. 

Bicarbonate effects on processes involved in photosynthesis 

Bicarbonate is involved in the proces of photosynthesis in 

several ways : 

1. C02 is the. substrate for the carboxylation of RUBP, the C02-

fixing reaction of photosynthesis (7). 

2. C02 is required to activate RUBISCO, which catalyzes the 

carboxylation of RUBP (7). 

3. Bicarbonate can inhibit the reduction of C02 in the RPP 

pathway by dissipation of the proton gradient across the 

chloroplast envelope (5, 6). 

4. Bicarbonate is a weak uncoupler of photosynthetic electron 

flow (29). 

5. Bicarbonate can stimulate photophosphorylation in broken 

chloroplasts. This appears to be due to an effect on the 

conformation of the chloroplast ATP-ase (32). 

6. Bicarbonate stimulates electron flow in isolated broken 

chloroplasts. Although stimulation can be observed in non-

treated chloroplasts (31), the most dramatic effects of bi­

carbonate on electron flow are observed when the chloro­

plasts have been depleted of C02 in a pretreatment (30). 
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This thesis will mainly deal with the effects of bicarbon­

ate on electron flow as outlined in item 6, although also 

items 3, 4 and 5 will be briefly discussed. Therefore a more 

detailed description of the effects of bicarbonate on photosyn-

thetic electron flow is appropriate here. 

Bicarbonate effects on photo synthetic electron flow 

Basically two different stimulating effects of bicarbonate 

on photosynthetic electron flow have been described. 

1. Bicarbonate effects in isolated non-treated chloroplasts. 

Addition of bicarbonate to non-C02-depleted chloroplasts 

can result in a stimulation of the Hill reaction (31). This 

stimulation requires relatively high concentrations of bi­

carbonate and the magnitude of the stimulation is relative­

ly small, usually less than 100%. Stimulation of the Hill 

reaction is thought to be due to inhibition of a cyclic 

electron flow around PSII, increasing the efficiency of 

linear electron flow from PSII to PSI or artificial elec­

tron acceptors (31). 

2. Bicarbonate effects in C02-depleted chloroplasts. 

In contrast with the bicarbonate effects electron flow men­

tioned above, the effects described here require much lower 

bicarbonate concentrations and the magnitude of the stimu­

lation of electron flow is much higher; usually the rate in 

the presence of bicarbonate is more than 5 times higher than 

in the absence of bicarbonate. 

Since the discovery of the stimulating effect of bicarbon­

ate on the Hill reaction in isolated chloroplasts by Warburg 

and Krippahl in 1958 (33). considerable efforts have been 

made to unravel the mechanism of bicarbonate action on pho­

tosynthetic electron flow. The results of these efforts can 

be summarized as follows (see also refs. 36; an alternative 

interpretation is given by ref. 34). 
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- C02-depletion of isolated broken chloroplasts results in 

a strong inhibition of electron flow. The C02-depletion 

method is based on dark-incubation of broken chloroplasts 

in a medium containing high anion concentrations at low 

pH in the absence of C02 (35). 

- Dark-incubation of C02-depleted chloroplasts with bicar­

bonate results in binding of bicarbonate to the chloro­

plasts and in an increased capacity to reduce artificial 

electron acceptors. Actually two types of bicarbonate-

binding sites were described, but only the high-affinity 

binding sites were correlated with stimulation of elect­

ron flow (37). 

- In C02-depleted chloroplasts electron flow appears to be 

inhibited between Q, and PQ (38). Although minor effects 

on the oxidizing side of PSII have been reported (39), 

there is evidence that these effects may partly be due to 

interactions between the reducing and the oxidizing side 

of PSII (36). In the absence of bicarbonate the oxidation 

of Q~ is slowed down considerably (38), but the major 

site of inhibition appears to be on the protonation of 

QB and/or the exchange Q„ of with the PQ pool (40). 

- The actual species involved in the stimulation of elec­

tron flow in C02-depleted chloroplasts is not known. Both 

bicarbonate and C02 have been suggested to be the active 

species. A special problem is that the bicarbonate bind­

ing site may be located in the vicinity of negative 

charges at the thylakoid surface (41), causing a change 

in the local pH and therefore a shift in the equilibruim 
2_ 

concentrations of HC03, C02 and C03 near the membrane 

surface. 

- The stimulation of the Hill reaction in C02-depleted chlo­

roplasts by bicarbonate appears to obey kinetics that re­

semble Michaelis Menten kinetics; a double reciprocal plot 

of the Hill reaction rate vs. the bicarbonate concentra­

tion yields straight lines (42). From these plots an ap­

parent K of about ~ 1 mM was calculated (42). 
12 



- The bicarbonate effects on electron flow appear to inter­

fere with the action of herbicides on electron flow (see 

next section). 

Mechanism of herbicide action on electron flow at the acceptor 
side of photosi/stem II. 

Several classes of herbicides have been shown to inhibit 

electron flow at the acceptor side of PSII; in this thesis 

these herbicides will be called PSII herbicides (see refs. 43 

and 48 for a classification of herbicides). 

The PSII herbicides inhibit the oxidation of Q~. It was sug­

gested by Velthuys and Amesz (44) that binding of e.g. DCMU 

(diuron) to PSII affects the E of the redox couple Q^/oZ in 
lu 15 o 

an aliosteric way. The E was sugested to be decreased upon 

binding of DCMU, i.e. the equilibrium of the reaction Q~-

QB ^ QA'QR I S shifted to the left. Reversed electron flow from 

Q" to QA was observed when DCMU was added to chloroplasts in 

the state QA-Q~ (44). 

Several classes of PSII herbicides have been shown to bind 

to a common binding site at the thylakoid membrane. This was 

judged from experiments which showed that a bound radio-active 

labeled herbicide could be displaced from the binding site by 

another, unlabeled herbicide (45). Using the technique of pho­

to-affinity labeling, it was shown that an atrazine analog, 

azido-atrazine, was specifically bound to a polypeptide of 32 

kD molecular weight (46). 

As both PSII herbicides and C02-depletion cause inhibiton 

of electron flow at the acceptor side of PSII, it has been sug­

gested that the modes of action of herbicides and bicarbonate 

might have a common base. It was shown that in the presence of 

PSII herbicides the affinity of thylakoid membranes for bicar­

bonate was decreased by at least a factor 2 (42). Moreover C02-

depletion of chloroplasts caused a decrase in affinity of the 

chloroplasts for atrazine and this effect of C02-depletion was 

abolished after readdition of bicarbonate (47). These experi-
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merits suggest that the modes of action of bicarbonate and her­

bicides may have a common base. 

Objectives of this thesis 

This thesis deals with some aspects of regulation of photo-

synthetic electron flow in plants. The main objectives of this 

thesis is to get a deeper insight into the mechanism and phys­

iological significance of the regulation of electron flow by 

bicarbonate, formate and, to some extent, herbicides. 
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CHAPTER 2 

KINETICS OF THE REACTIVATION OF THE HILL REACTION IN C02-

DEPLETED CHLOROPLASTS BY ADDITION OF BICARBONATE IN THE 

ABSENCE AND IN THE PRESENCE OF HERBICIDES 

Introduction 

Carbon dioxide (or bicarbonate) is required for photosyn-

thetic electron transport between Photosystem II and Photosys-

tem I in isolated broken chloroplasts. The major effect of bi­

carbonate on electron transport is located between the reoxi-

dation of the first stable Photosystem II acceptor Q, and the 

reduction of the PQ pool. For reviews on this matter, see 

Govindjee and Van Rensen (3) and Vermaas and Govindjee (15). 

Usually broken chloroplasts are depleted of C02 in a C02-

free medium containing formate (pH 5.0). If the Hill reaction 

of these depleted chloroplasts is measured in a C02-free medium 

at a higher pH with FeCy as an electron acceptor, it is almost 

completely lost. The Hill reaction can be partially restored 

by incubating the chloroplasts with bicarbonate in the dark, 

according to Stemler and Govindjee (11), Stemler (10) and 

Vermaas and Van Rensen (17). Maximal restoration occurs at pH 

6.5 (16). About 60-80% of the original activity remains lost, 

and this irreversible deactivation is probably located at or 

before the reoxidation of Q~ according to Khanna et al. (5) 

and Vermaas and Van Rensen (16). 

Whether C02, bicarbonate or carbonate is the active species 

remains to be established. Vermaas and Van Rensen (16) found a 

strong pH-dependence of the stimulation of the Hill reaction 

by 10 mM bicarbonate, with a sharp pH-optimum near pH 6.5, sug­

gesting the involvement of both C02 and bicarbonate. They hypo-

thezised that bicarbonate is the binding species, whereas C02 

is involved in diffusion from the bulk aqueous phase to a bind­

ing site below the membrance surface. Sarojini and Govindjee 
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(8) also pointed to an active role of C02 in diffusion to the 

binding site. 

Stemler (10) and Vermaas and Van Rensen (16, 17) have shown 

that, in the presence of 100 mM formate, bicarbonate can only 

reactivate electron transport when incubation takes place in 

the dark; reactivation does not occur in the light. The resto­

ration by dark incubation with bicarbonate takes some time. 

So, when the incubation time is varied, the restored initial 

Hill reaction rate can be used as an indication for the frac­

tion of the binding sites that are occupied by bicarbonate. 

This procedure enabled us to measure rate constants for the 

binding of bicarbonate to the thylakoids. 

There are many electron transport inhibitors, acting be­

tween Q and PQ. Van Rensen and Vermaas (13) have shown that 

e.g. DCMU, simeton and DNOC interfere with bicarbonate action. 

If these herbicides act by displacing bicarbonate from its 

binding site, the kinetics of reactivation should be influenced 

by these herbicide's. Recently the idea has emerged that the 

binding sites for the phenolic herbicides on one hand, and for 

the phenylureas and the triazines on the other, are close to 

each other although not identical (Oettmeier et al. (7), Van 

Rensen (12)). Therefore it was investigated whether the phenyl-

urea DCMU and the dinitrophenol i-dinoseb have different ef­

fects on the kinetics of the reactivation of the Hill reaction 

by bicarbonate in C02-depleted chloroplasts. If so, this could 

lead towards a more precise localization of the action of bi­

carbonate on electron flow. 

Materials and Methods 

Peas (Pisum sativum L., cv Rondo) were grown in a growth 

chamber at 20°C. Broken chloroplasts were obtained from 10 to 

15 days old plants by the following procedure. Freshly harvest­

ed leaves (20 g) were washed once with icecold distilled water 

and ground in a Sorvall omnimixer for 5 s in 50 ml isolation 
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medium, consisting of 0.4 M sorbitol, 20 mM tricine-NaOH (pH 

7.8), 10 mM NaCl, 5 mM MgCl2, 2 mM Na-ascorbate and 0.2% (w/v) 

BSA. The homogenate was squeezed through eight layers of 

cheese cloth, and the chloroplasts were collected in a centri­

fuge step: acceleration to full speed (2500 g) in 15 s, and 

after 30 s full speed the rotor was decelerated. The super­

natant was decanted and the chloroplasts were broken in 50 ml 

Na-phospate buffer (50 mM, pH 7.8). The thylakoids were col­

lected again by centrifugation at 1000 g for 5 min. and the 

pellet was resuspended in the isolation medium to a final con­

centration of 2 mg Chl/ml. The entire procedure was carried 

out at 2°C. The thylakoids were stored at -80°C. The chloro­

phyll (a+b) concentration was determined according to Bruinsma 

(1). 

After thawing, the chloroplast fragments were suspended in 

C02-free standard medium, containing 50 mM Na-phosphate, 100 

mM NaCl, 100 mM Na-formate and 5 mM MgCl2 (pH 5.0); chloroplast 

concentration was equivalent to 50 pg Chl/ml. The chloroplast 

suspension was gently shaken on a Brunswick shaker for 10 min 

at room temperature, while N2-gas ([C02] < 1 ppm) was flushed 

over the solution. The chloroplasts were pelleted and stored 

on ice until used. Media and tubes were made C02-free by flush­

ing or bubbling with N2-gas. 

The chloroplasts were resuspended in C02-free standard me­

dium (pH 6.5). The Hill reaction was measured as oxygen evolu­

tion according to Van Rensen et al. ( 14 ), with 0.5 mM FeCy as 

an electron acceptor. Normally the 02-electrode was equipped 

with a teflon membrane (Yellow Springs Instruments»Co., stan­

dard) with a response time of about 30 s (to 90% of final val­

ue ), but for the kinetic experiments a thinner teflon membrane 

(YSI Co., high sensitivity) was used, providing a response 

time of 5 s. 

All experiments shown were repeated at least three times. 
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Results 

Figure 2.1 shows a typical reactivation experiment. The de­

pleted chloroplasts were incubated in C02-free standard medium 

(pH 6.5) for 2 min in the dark, and then the Hill reaction was 

measured during 1 min in the absence of added bicarbonate. Sub­

sequently the chloroplasts were incubated for 5 min in the dark, 

during which bicarbonate (or herbicides) was added. In this 

particular experiment bicarbonate was added 2 min before the 

light was switched on; the Hill reaction was increased from 

4.4 to 34.6 pmol 02/mg Chi-h by the addition of bicarbonate. 

5nmol02/ml 

2mMNaHCOi 

LIGHTON LIGHT OFF LIGHT ON 

40 60 
Incubation time (s) 

Fig . 2 .1 ( l e f t ) : Reac t iva t ion of the H i l l r e ac t ion in C02-depleted pea 
ch lo rop la s t s by 2 mM NaHC03 (measured as 0 2 - e vo l u t i on ) . Reaction medium: 
100 mM Na-formate, 100 mM NaCl, 50 mM Na-phosphate (pH 6 . 5 ) , 5 mM MgCl2 

and 0.5 mM FeCy. Chloroplas ts were added to a f i n a l concent ra t ion equ i ­
va l en t t o 33 M8 Chi/ ml. 

F ig . 2 .2 ( r i g h t ) : Reac t iva t ion of the H i l l r e ac t ion in C02-depleted ch lo­
r op l a s t s by 2 mM NaHC03 as a function of the dark incubat ion time with b i ­
carbonate . The H i l l r e ac t i on a t t he s t a r t of b icarbonate incubat ion could 
not be measured a ccu ra t e ly due t o the Pe r tuba t ion caused by the i n j e c t i on 
of b i ca rbona te . Ins tead we used the average of t he H i l l r e ac t i on r a t e s in 
the absence of b i ca rbona te . Reaction medium as in F i g . 2 . 1 . 

The k i ne t i c s of the r e a c t i va t i on of the H i l l r eac t ion were 
s tudied by varying the b icarbonate incubation per iod (Fig. 2 .2 ) . 
The r e ac t i va t i on i s almost complete a f t e r 120 s, which i s in 
agreement with e a r l i e r observat ions of Stemler (18) . The shape 
of t h i s r e a c t i va t i on curve suggests t h a t the binding of b i c a r ­
bonate to the thylakoids i s a r eac t ion with (pseudo) f i r s t o r ­
der k i ne t i c s and a ha l f time of 23 s . 
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As preliminary experiments indicated that this half-time 

was influenced by the presence of a herbicide, a reaction 

scheme is proposed, which can explain these effects. It is as­

sumed that the following reactions occur: 

ki k2 

A + E ̂  E A (K = i—) reaction 1 
k, r k l 

k4 
I + E ^ E I (K.= T— ) reaction 2 

k4
 x K 3 

with A = activator (bicarbonate or C0„) 

I = inhibitor (herbicide) 

E = bicarbonate/inhibitor binding s i t e at the thylakoids membrane 

K , K. = dissociation constants for the activator - resp. inhibi­

tor - binding s i t e complex. 

The r e lax ion of t h i s system upon a change in the concentra t ion 

of A and/or I can be described by the following d i f f e r en t i a l 

equat ions . 

d i |AJ - = k1-[A]-[E] - k2- [EA] (2 .1) 

d 4 | ^ - = k 3 - [ I ] - [E ) - k4- [EI] (2 .2) 

This set of differential equations has been solved in Appen­

dix 1. This solution is however rather complex and may be sim­

plified by making the following assumption. 

If it is assumed that the inhibitor equilibrates much faster 

with the binding site than the activator, the solution of eqs. 
f EI 1 

2.1 and 2.2 can be obtained by substituting [E]=K-',. . 

When [A] and [I] are constant, the solution becomes: 

[EA] (t) = [ E t o t ] - { K [fa-] + C - e _ ( k i * f A ' ] + k 2 ) * t } (2.3) 
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where A' = 
T^TTT' 

K i 

t = time after addition of A (or I) to the reaction of mixture, 

E = t o ta l number of binding s i t e s , 

C = integration constant. 

S t a r t i ng with a s i t u a t i on where no a c t i va to r A i s p resen t 

and we add A to a mixture of E, I en EI a t time t=0, the f o l ­

lowing equation descr ibes the a s soc ia t ion of E and A: 

(EA](t) = [E^l-j^JL^l-e-^-r**! + k 2>- t , ( 2 . 4 ) 

It is assumed that E is the binding site for bicarbonate at 

the thylakoids, which allows electron flow between Q. and PQ 

only when bicarbonate is attached. If the Hill reaction rate 

is proportional to the number of binding sites occupied by bi­

carbonate, the bicarbonate supported Hill reaction may be re­

presented by equation (2.4), with the actual rate (V„. ,-> ) sub­

stituted for [EA] and the maximal rate ( V ) for [E. . ] : 

vHill*t; vmax ï Ç + W T S j K ' 

Several implications of equation (2.5) were investigated: 

1 The time-independent part of equation (2.5) closely resem­

bles the Michaelis-Menten equation for a one-substrate en­

zyme catalyzed reaction. This can easily be seen by multi­

plying numerator and denominator with 1 + £—L yielding: 
Ki 

V Hin = v
m a v [ A ]. . (2-6) Hill max K ^ + [ A ] 

with K' = K -(1 + -Ljp-) 
XT IT |\ • 
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O 1.0 

[Na HCoJ-1 (mMf' 
20 

Fig. 2 .3: Double reciprocal plot of 
the Hill reaction of C02-depleted 
chloroplasts as a function of the 
bicarbonate concentration in the ab­
sence and the presence of i-dinoseb. 
Reaction medium as in Fig. 2 .1 . 

Therefore, we measured the Hill reaction as a function of 
the bicarbonate concentration. Figure 2.3 shows a double 
reciprocal p lot of a typical reactivation experiment. From 
these plots the dissociation constant (K ) of the enzyme-
activator complex and the maximal Hill reaction ra te (v

max) 
that can be obtained in the presence of bicarbonate can be 
calculated. I t turns out that 

Vmax = 3 9 - 9 * 1 5 Mmo1 °2/mg C h l ' n (n=6) 

K = 1.5 ± 1 mM NaHCO, r ° (n=6) 

Figure 2.3 also shows the effect of 100 nM i-dinoseb on the 

bicarbonate supported Hill reaction. V is not significant­

ly influenced by i-dinoseb, but the apparent dissociation 

K' is raised more than 4 times. Thus, in terms of the Mi-

chaelis-Menten formalism, i-dinoseb is a competitive inhibi­

tor of bicarbonate binding, resulting in an inhibited elec­

tron transport. From 3 identical experiments the inhibitor 

constant (K-) of the inhibitor-enzyme complex was calculat­

ed using equation (2.6): K. = 31 ± 6 nM. 
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centration. v=Hill reaction rate at 
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Lineweaver Burk plot of these data. 
Reaction medium as in Fig. 2.1. 
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Figure 2.4 shows a Hill plot of the fully reactivated Hill 

reaction as a function of the bicarbonate concentration. 

The apparent Hill coefficient (i^) is about 1, both in the 

absence and in the presence of i-dinoseb, indicating that 

only one type of activation-site for bicarbonate exists and 

that there is no cooperativity between the activation-sites. 

The time-dependent part of equation (2.5) represents a sim­

ple exponental decay with a half-time 

t _ 0.693 , . 
S " kl-lA'j+k2

 ( s ) 

Figure 2.5 shows the effect of the herbicides i-dinoseb and 

DCMU on the reactivation of the Hill reaction by 2 mM NaHC03 

In the absence of herbicides the half-time of the reactiva­

tion is about 27 s, whereas in the presence of 100 nM i-di­

noseb or 100 nM DCMU this half-time is increased to approx. 

57 s. From the half-time tx and the dissociation constant 

Kr, the rate constants kx and k2 can be calculated, 

kj = 7.3 M - ^ s " 1 ; k2 = 0.011 s"1. 
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Fig. 2.5 (left): Reactivation of the Hill reaction of C02-depleted chlo-
roplasts by 2 mM NaHC03 in the presence of herbicides ,»control;O+100 nM 
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Fig. 2.6 (right): Hill reaction of C02-depleted chloroplasts in the pres­
ence of 1 mM NaHC03 and 100 nM i-dinoseb as a function of the i-dinoseb 
incubation time in the dark. The bicarbonate incubation time was 300 s. 
Reaction medium as in Fig. 2.1. 

3. An inhibitor, which competes with bicarbonate for the same 

binding site, is expected to inhibit by displacing bicarbon­

ate from its binding site. Therefore, the kinetics of the 

inhibition of i-dinoseb should be related to the kinetics 

of the dissociation of the bicarbonate-binding site complex. 

Figure 2.6 shows the kinetics of the inhibition by 100 nM 

i-dinoseb in the presence of 1 mM NaHCCU. The half-time 

(t, ) of the inhibition is less than 15 s, which is much 

smaller than predicted by the equation (2.5). 

(r - 0-693 c/ Ï 
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Discussion 

It has now been widely accepted that the major effect of 

bicarbonate is located between Q. and PQ. Van Rensen and 

Vermaas (13) have reported that it is a difficult procedure to 

deplete thylakoids of C02. This is reflected in a rather high 

variability in our values for V and K . These values are, 

however, consistent with data given by Khanna et al. (4) and 

Van Rensen and Vermaas (13 ), although the latter authors re­

port somewhat lower values for V 
max 

Van Rensen and Vermaas (13) first demonstrated an interac­

tion between the bicarbonate ion and the herbicides DCMU, 

simeton and DNOC. They suggested that these herbicides act as 

(partially) competitive inhibitors of bicarbonate binding to 

the thylakoid membrane. They did not check, however, whether 

the thylakoid-herbicide-bicarbonate system could be treated as 

an enzyme-inhibitor-substrate system. 

The reaction scheme as presented can account for the observ­

ed kinetics of bicarbonate dependent electron flow. Figures 2.3 

and 2.4 show that the reactivation of the Hill reaction can be 

described by the time-independent part of equation (2.5). So, 

it seems that the assumption that was made by putting V .,, 

proportional to the number of binding sites occupied by bicar­

bonate, is justified. This gives additional support for the 

conclusion that in C02-depleted chloroplasts, the rate-limit­

ing step in linear electron flow is located at the site of ac­

tion of bicarbonate and not at the oxidation of PQH2 (cf. 9). 

Competitive inhibition of the bicarbonate stimulation of 

electron flow by DNOC was already reported by Van Rensen and 

Vermaas (13). The results presented in this Chapter show that 

i-dinoseb has the same effect. It appears that this competi­

tive inhibition is a general feature of the dinitrophenol her­

bicides. The dissociation constant (K- = 31 nM) that was cal­

culated for the thylakoid-inhibitor complex, is slightly lower 

than the binding constant (K. = 69 nM) given by Oettmeier and 
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Masson (6). These authors used however "normal" chloroplasts 

at pH 8.0, while the experiments shown here were performed at 

pH 6.5 with C02-depleted chloroplasts. Oettmeier and Masson 

(6) have shown that at pH 6.0 three times more i-dinoseb is 

bound than at pH 8.0 and this might explain the difference. 

The half-time of the reactivation of the Hill reaction is 

increased from 27 s in the absence of herbicides to about 58 s 

in the presence of 100 nM i-dinoseb or 100 nM DCMU. It has been 

shown by Van Rensen and Vermaas (13) that DCMU apparently de­

creases the affinity of the thylakoids for bicarbonate, with 

an inhibition constant of about 30 nM, which is almost equal 

to the value shown here for i-dinoseb. Within experimental lim­

its, no difference is found in the effects of DCMU and i-di­

noseb on the half-time of the reactivation of the Hill reac­

tion by bicarbonate. 

The kinetics of the inhibition of the Hill reaction by i-

dinoseb cannot be explained by equation (2.5), with the cal­

culated values for kj, k2 and K. . The estimated half-time of 

the inhibition is less than 15 s, which is almost 4 times low­

er than predicted by equation (2.5). This discrepancy can be 

explained by assuming that an additional reaction occurs: 

X + E 1 EX reaction 3 

k6 

X is another compound that can bind to the bicarbonate/i-dino-

seb binding site. This compound is most probably formate, 

which is abundantly present in the reaction medium. A number 

of investigators, e.g. Good (2), Stemler and Govindjee (11), 

Vermaas and Van Rensen (16) and Sarojini and Govindjee (8), 

have already suggested that formate and acetate compete with 

bicarbonate for the same binding site. It is obvious that if 

reaction 3 occurs, the calculated values for K , kj and k2 are 

not correct. This means that in the absence of formate the 

half-time of the reactivation could be less than 15 s. Such an 

effect of formate on the half-time of the reactivation was re-
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ported by Vermaas and Van Rensen (17), but in those experiments 

the reactivation of the Hill reaction was studied by the addi­

tion of bicarbonate in the light to C02-depleted chloroplasts 

in reaction media containing low formate concentrations. Re­

sults presented in the next Chapter indicate that formate in­

deed is a competitive inhibitor of the stimulation of electron 

flow by bicarbonate. Moreover, it appears that the dissociation 

of the thylakoid-formate complex may be a rate-limiting step in 

the binding of bicarbonate. 

So far only the case in which bicarbonate, i-dinoseb and 

formate are competing for the same binding site has been con­

sidered. The effect of a competitive inhibitor is an apparent 

decrease in the affinity of the thylakoids for bicarbonate; kj 

and k2 are, however, not influenced by the inhibitor. The pres­

ent data do not allow to distinguish between a competitive in­

hibitor and an allosteric inhibitor that only alters K , while 

V _„ is not affected, max 
Thus it appears that the binding of bicarbonate to its bind­

ing site at the thylakoid membrane is retarded in the presence 

of herbicides and metabolites like formate and acetate. It 

would be interesting to see if the opposite effect also occurs. 

If so, the binding sites for herbicides and bicarbonate could 

be identical (in which case displacement of herbicides by bi­

carbonate should occur) or merely overlapping (allowing bind­

ing of bicarbonate and herbicide at the same time). 
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CHAPTER 3 

REEVALUATION OF THE ROLE OF BICARBONATE AND FORMATE IN THE RE­

GULATION OF PHOTOSYNTHETIC ELECTRON FLOW IN BROKEN CHLOROPLASTS 

Introduction 

Although it has been recognized for a long time that for­

mate is somehow involved in the regulation of electron flow by 

bicarbonate, the mode of action of formate is still unknown. 

Good (2) first demonstrated that formate and acetate increase 

the dependency of the Hill reaction on bicarbonate. It has been 

suggested (2, 6, 15, 20) that formate and acetate compete with 

bicarbonate for binding sites at the thylakoid membrane. Assum­

ing that bicarbonate is required for electron flow between Q. 

and PQ, it was argued that displacement of bicarbonate by for­

mate would result in a lowering of the apparent affinity of 

the binding sites for bicarbonate. This hypothesis was support­

ed by Stemler (12), who described two different types of bicar­

bonate binding sites and showed that formate can remove bicar­

bonate from these binding sites. The high-affinity binding 

sites were shown to be involved in the regulation of electron 

flow: removal of bicarbonate from these high-affinity binding 

sites was correlated with an inhibition of electron flow. As 

bicarbonate was actually removed from the thylakoid membrane 

by formate in these experiments, it is conceivable that the 

inhibition of electron flow is not a consequence of the remov­

al of bound bicarbonate, but due to the inhibitory action of 

formate. Stimulation of electron flow by bicarbonate may then 

be explained by assuming that formate is displaced by bicar­

bonate. In the former explanation (6, 15, 20) electron flow 

should be strongly inhibited in the absence of bicarbonate \ 
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whether or not formate is present. As experimental data on 

this matter are conflicting (1, 2, 6, 15, 20), this Chapter 

describes experiments that were carried out to elucidate the 

mode of action of formate. These experiments are based on the 

observation that there appears to be a Michaelis-Menten type 

of relationship between the uncoupled Hill reaction rate and 

the bicarbonate concentration in the reaction medium (19). As 

has been pointed out in Chapter 3, this means that the Hill 

reaction rate can be described by two parameters: the maximal 

Hill reaction rate (v_ ) an d the apparent reactivation con­

stant (KM. The effects of formate on K' and V were inves-

JT r ntcix 

tigated to see whether formate is a competitive inhibitor of 

the bicarbonate stimulation of electron flow. The Hill reac­

tion in C02-depleted chloroplasts was measured also in the vir­

tual absence of both formate and bicarbonate to determine the 

mode of action of formate and bicarbonate. 

These experiments require large amounts of C02-depleted 

chloroplasts with low activity in the absence of bicarbonate 

and a good stimulation of electron flow by bicarbonate. As 

these requirements were not met by the current C02-depletion 

method, a new C02-depletion procedure was developed. 

Another reason for examing the role of formate in the regu­

lation of linear electron flow in more details comes from the 

fact that formate is a metabolite which is involved in e.g. 

photorespiration (3, 9). If linear electron flow in vivo is 

regulated by formate and bicarbonate, then metabolic pathways 

affecting formate levels in the chloroplast would influence 

electron flow. 

Materials and Methods 

Broken chloroplasts {Pisum sativum L.cv Rondo) were isolat­

ed as described in Chapter 2. Thylakoids were depleted of C02 
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