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Stellingen

1 The double reduction of Q, probably .is an intermediate step during
photoinhibition (this Thesis, Chapter 3).

2 The proposal of Vass et al. that the Photosystem [l reaction centre triplet
can be detected in samples with Qp singly reduced using standard FPR,
fotlowing strong illumination under anaerobic conditions, is not sufliciently
supported by their data (Vass, l., Styring, S., Hundal, T., Koivuniemi, A.,
Aro, E.-M. and Andersson, B. (1992) Proc. Natl. Acad. Sci. USA 89, 1408-
1412; Vass, 1. and Styring, S. (1993) Biochemistry 32, 3334-3341).

3 The hypothesis of Proskuryakov et al. that in Rhodebacter sphaercides R26
mutants significant thermo-activated triplet energy transfer occurs from the
primary donor to a monomeric bacteriochlorophyll, can be ruled out
(Proskuryakov, LI and Manikowski, Kh. {1987) Dok!. Acad. Nauk SSSR
(Biophys.}) 297, 1250-1252).

4 Conclusions concerning the structure of P80, obtéi,ned from the presently
avallable DDy preparations, are not straightforwardly applicable te intact
Photosystem II (this Thesis, Chapter 8). '

5 The statement made by Crystall et al. that these authors detect a 20 times
higher amount of a 25-35 ns fluorescence decay component In DDy
preparations than Seibert et al., is exaggerated {(Crystall, B., Booth, P.J.,
Klug, D.R., Barber, J. and Porter, G. {1989) FEBS Lett. 249, 75-78; Seibert,
M., Picorel, P., Rubin, A.B. and Conolly, J.5. (1988) Plant. Physiol. 87, 303-
306).

6 There is a camdidate for a Photosystem [1 analogue of the bacterio-
chlorophyll monomer-binding histidine in the L-subunit of the purple bac-
terial reaction centre; asparagine-181 in the D, protein of Photosystem Il

7 The spatial organisation of organic cofactors of the electron transfer chain
in Photosystem |, proposed by Witt et al, is rather arhitrary in view of the
available X-ray data (Witt, H.T., Krauss, N., Hinrichs, W., Witt, 1., Fromme,
P. and Saenger, W. (1992) in Research in Photosynthesis (Murata, N., ed.)
Vol 1, pp. 521-528).

8 The absolute amount of Ca2+ taken up by isolated nerve terminals upon
KCl depolarisation, measured using 45CaZ*, is st least three orders of
magnitude higher than the increase in free intracellular Caz‘, measured
under the same conditions using fluoresecent Ca2* indicators. Presently
known intracellular Ca2* buffers cannot explain this difference.

Stellingen behorend bij het proefschrift “Photochemistry and structural aspects of
the photosystem 1I reaction centre", Frans van Mieghem, 11 januari 1994,
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Abbreviations

BPh the primary electron acceptor in purple bacteria
Chl chlorophylt

EDTA ethylenediaminetetraacetate

Mes morpholineethanesulphonic acid

Mops 4-morpholinepropanesulphonic acid

P primary electron donor

P680 the primary electron donor in photosystem I
Ph the primary electron acceptor in photosystem II
PPBQ phenyl-p-benzoquinone

PSI photosystem [

PSII photosystem I

Qa the first quinone electron acceptor

QB the second quinone electron acceptor

Sa redox state of the oxygen evolving enzyme

T-S triplet-minus-singlet

Tyr D secondary electron donor in photosystem Il




Chapter 1
Introduction

Photosystem 11 (PSI) is a photosynthetic enzyme complex found in green
plants and cyancbacteria, which catalyses the reaction in which oxygen is
produced from water. It spans the photosynthetic thylakoid membrane. The
oxidation of water producing oxygen and protons occurs only at one side of the
thylakoid membrane. On the opposite side plastoquinone is reduced to plasto-
quinol, As a result of this spatial separation of the two reactions, the enzyme
also contributes to the proton gradient over the thylakoid mernbrane. The energy
needed for these redox reactions to take place is furnished by light. For a
general review on the light reactions in photosynthesis in green plants and
cyanobacteria, see Ref. [1]; for more specific reviews on PSIl see Refs. [2-6].

Other known types of photosynthetic systems are: Photosystem 1 (PSI),
which, like PSII, is found in green plants and cyancbacteria, and those from
purple bacteria, green sulphur bacteria and heliobacteria., These are reviewed in
Refs. [3,7-13].

The common features of these photosynthetic systems are the following. All
have light-harvesting components (the antenna) containing pigments, absorbing
incident light and rapidly transferring the excitation energy within that antenna
and also to reaction centres, which are closely connected to the antenna. In
these reaction centres, the absorption of excitation energy resuits in charge
separation, i.e. the creation of positively and negatively charged ions. Such
oppositely charged ions are initially formed at a short distance from each other,
following photoinduced electron transfer from a photoexcited electron donor to a
nearby electron acceptor. The charges then move away from each other via
further electron transfer steps until they reach positions at opposite sides of the
membrane, where they can subsequently take part in chemical (redox) reactions.
Apart from these common features, the enzymes differ in many aspects which
are related to their specific function.

An example of a relatively simple photosynthetic system which has been
extensively characterised is that from purple bacteria. In this system, spectro-
scopic studies have profited from the fact that it is possible to isolate the
reaction centre from the antenna, without changing its properties to a large
extent (see {[7] for a review). This allowed the identification of a number of
electron carriers involved in the electron transfer: the photoexcitable primary
electron donor (P) was found to consist of & pair of bacteriochlorophylls, a
bacteriopheophytin was found to be the primary acceptor (BPh) and subsequent
acceptors Qa and Qp have been identified as quinone molecules (see [7]). The
role of a non-heme iron ion located on the acceptor side is still unclear. Also,
when Qp was prereduced or absent, a transient state could be formed, which
was identified with the first excited triplet state of P, being formed via charge
recombination from the primary radical pair P*BPh™ (see [14] for a review).

A major advance was made in the understanding of the purple bacterial
reaction centre when its structure was resolved using X-ray crystallography and



the exact location of the components discussed above became known [15] (see
also [16,17]). Knowledge of this structure has been of great use for more
detailed spectroscopic studies (reviewed in [9,10]), theoretical work (see [10] for
a review} and aiso studies of genetically modified reaction centres using site-
directed mutagenesis {reviewed in [18]}.

Focusing now on the reaction centre of PSIl, the theme of this Thesis, one
has to state that it is less well understood than that of purple bacteria. The
first reason for this is that crystals which can be analysed using X-ray
diffraction are still lacking Ffor PSIH. Furthermore, a PSI1 reaction centre
preparation comparable to that of purple bacteria is not yet available (for
example, the present PSII reaction centre preparation is damaged at the acceptor
side, see [6] for a review). In addition, optical spectroscopy is more difficult to
do due to the fact that the different reaction centre pigments in PS] have more
spectral overlap than those in purple bacteria. Finally, site-directed mutagenesis
studies of PSIH are hampered compared to those in purple bacteria due to a
greater delicacy of PSII in response to genetic modifications, which is related to
the greater complexity of PSII. Nevertheless, considerable progress has been
made over the past few years in the study of PSI (see [2-6]).

An important factor in this progress has been the consideration that the
reaction centres of PSII and purple bacteria are analogous to each other (see the
Introduction te Chapter 6§ [19] for a review), This analogy comprises at least the
several identical acceptor side components (the primary acceptor in PSII is a
pheophytin a; there are two quinone acceptors Qp and Qp as well as a non-
heme iron ion) and some of their mechanistic and spectroscopic properties. In
the present work, the comparison with purple bacteria is therefore often made.

The first set of experiments of this Thesis, described in Chapter 3 [20],
deals with observations in the literature which were related to the topic of the
analogy between the reaction centres of purple bacteria and PSI. It had been
reported that in PSII, the reaction centre triplet state (detected by EPR under
continuous illumination at cryogenic temperatures) was only seen at redox
potentials much lower than the midpoint potential of the QaA/Qa~ redox couple
[21,22). This was different from purple bacteria where the reaction centre triplet
and the reduction of Qp have the same redox dependence (see above and [7]).

To explain the observations in PSII, an extra electron acceptor had been
proposed to be located in between the primary acceptor {Ph, a pheophytin a) and
Qa [21,22]. However, the experiments in Chapter 3 [20] show that the redox
event matching the induction of the EPR-detected reaction centre triplet is in
fact the double reduction of Qp. Thus, there was no longer a need to propose
the additional electron acceptor in PSll, a proposal for which other evidence was
lacking and which was in fact wvery difficult to reconcile with the analogy
between the reaction centres of purple bacteria and PSIL

As explanations for the marked influence of the double reduction of Qs on
the reaction centre triplet state, a number of possibilities were given ({(see
Chapter 3 [20)). In one of them, the double reduction of QA was thought to
increase the EPR triplet signal due to an increased yield or an increased



lifetime of the primary radical pair. The low yield or short lifetime of the
primary radical pair in the presence of singly reduced Qs was explained by an
electrostatic influence of Qa~ on the energy level of the radical pair state
P*Ph™. Upon double reduction, the negative charge on Qp would disappear due to
protonation. The occurrence of such an electrostatic influence had already been
proposed earlier to explain differences in the yield of the primary radical pair in
samples with Qa oxidised and singly reduced [23,24].

The idea that the yield of the primary radical pair might be different in
samples with Qa singly and doubly reduced, led to the series of experiments
described in Chapter 4 [25]. Fluorescence decay measurements at ambient tem-
perature were used to comparc the rate of charge separation in samples with
Qp singly reduced to that in samples with Qa doubly reduced. On the assump-
tion that the fluorescence is trap-limited, such measurements give information on
the rate of charge separation: if the fluorescence is trap-limited, the excited
state is, on the timescale of the experiment, rapidly equilibrated over the
antenna system including the primary donor and the overall decay rate of this
equilibrated excited state is limited by the rate of charge separation; the fastest
detectable fluorescence decay is thus dependent on the rate of charge separation
(see Ref, [23] for a kinetic model and a mathematical description). Using then
the model of trap-limited fluorescence decay, the data in Chapter 4 (25}
indicated that charge separation was faster in samples with Qa doubly reduced
as compared to those with singly reduced Q.

These results thus indicated that the yield of the primary radical pair at
ambient temperature increases upon double reduction of Qa, as had been pro-
posed to be the case at the cryogenic temperatures used in the EFR work {(chap-
ter 3 [20]). However, there were doubts to what extent the results obtained at
ambient temperature could be extrapolated to lower temperatures. In fact, an
indication came from flash absorbance measurements that at 77 K the primary
radical pair yield was high in samples with Qp singly reduced [26]. Therefore,
flash absorbance spectroscopy was carried out at a temperature close to that in
the EPR work and samples with Qp singly reduced and doubly reduced were
compared in detail, These measurements are described in Chapter 8. For the
interpretation of the results, the value for the risetime of the reaction centre
triplet as measured by time-resolved EPR (Chapter 7), played an important role.
Thus, it was found that the yield of the primary radical pair was similar in
samples with Qpa singly and doubly reduced. The same was found for the re-
action centre triplet yield: it was similar in both types of sample. It then
became clear that the hypothesis of a significantly increased primary radical pair
yield upon double reduction of Qa, was not valid at low temperature and could
not explain the increase in the triplet EPR amplitude upon double reduction of
Qa. Nevertheless, the experiments did provide an {unexpected) explanation for
the observation that the triplet was not detectable by EPR under continuous
illumination when Qpa was singly reduced: the triplet lifetime was found to be
very short, too short in fact to give a detectable signal in a standard EPR
experiment.




Apart from comparative experiments on samples with Qa singly and doubly
reduced, this Thesis deals with a number of other aspects, being directly or
indirectly related to the double reduction of Qa.

a} The reversibility of the Qp double reduction was studied (see Chapters 4
[25] and 5). Only & small degree of reversibility was found and it was suggested
that this is due to an irreversible modification of the immediate environment of
the non-heme iron {possibly its loss).

b}  Structural studies (see Chapters 6 [19] and 8). The orientation dependence
of the reaction centre triplet EPR signal in PSIl had already been measured
127,28] a few years after the signal had been detected for the first time in 1980
[28]. These early measurements had given approximate values for the angles
between the magnetic triplet axes and the photosynthetic membrane plane, In
this way, direct structural information on the reaction centre of PSI was
obtained. The results indicated that the reaction centre triplet was localised on
a chlorophyll oriented approximately parallel to the membrane [27,28]. However,
the accuracy of the measurements was rather low.

The discovery that the triplet is in fact only detectable (using conventional

EPR} after double reduction of Qp and the establishment of procedures (see
Chapter 3 [20]) of preparing samples with close to 100 % doubly reduced Qa,
triggered a renewed study of the triplet orientation (see Chapter 6 [19]). From
this study it was concluded that the triplet is localised on a chlorophyll which is
oriented at an angle of 30° to the membrane. This was in agreement with the
approximately parallel orientation found in the earlier work [27,28] and
completely different from the orientation found in purple bacteria (see e.g.
[30,31]). In reaction centres of the latter {and also in other types of photo-
synthetic reaction centres [32-34]), the triplet had been found to be localised on
(bacterio)chlorophyll{s) which are oriented perpendicular to the membrane.
Notwithstanding these results, there is a considerable weight of evidence for a
significant degree of analogy between the reaction centres of purple bacteria and
that of PSII (see above). The discussion of this topic, which dates back from the
time of the first EPR orientation measurements on PSII [27,28), has resulted in
several proposals trying to reconcile the triplet orientation data with models in
which the reaction centre structures of PSII and purpie bacteria are similar.
These models are reviewed in more detail in the Introduction to Chapter 6 [19].
The refined measurement of the reaction centre triplet orientation (Chapter 6
[19]) as well as optical difference spectra obtained from the low temperature
flash absorbance data in Chapter 8 have added new ideas to the discussion on
the analogy between the reaction centres of PSHl and purple bacteria (see
Chapters 6 [19] and B8). Nevertheless, a definitive choice for an unambiguous
structural model for the PSII reaction centre cannot yet be made.
c) The intactness of the DyD2 reaction cenire preparation of PSH. The optical
difference spectra of relatively intact PSII membrane preparations (chapter 8)
turned out to be quite different from equivalent spectra obtained from DjiDs
preparations [35]. It is suggested in Chapter 8 that apart from modifications on
the acceptor side (see above), the D1Dg preparation is also considerably modified
at the donor side.




d) There are several discrepancies in the literature with respect to the
kinetics and the yield of the primary radical pair in dithionite reduced PSII
samples {compare e.g. refs [23,36-39]). In Chapters 3 [20] and 4 [25], these
discrepancies are suggested to be due to the presence of varying amounts of
doubly reduced Qp, depending on the conditions of sample preparation,

e) Photoinhibition. PSII is thought to be the main target for inhibition of
photosynthesis in green plants and cyanobacteria due to high amounts of light
{(see [40] for a recent review). In Chapter 3 [20], double reduction of Qa was
shown to be light-inducible and it was suggested that this reaction, with the
associated high yield of a long-lived chloropbyll triplet state, would occur during
certain photoinhibitory conditions and possibly in vivo. Several of the suggestions
in Chapter 3 [20], have been followed up by others, in studies specifically
addressed at understanding photoinhibition {see e.g. [41,42]).

The chlorophyll triplet state {which is present for milliseconds if Qp fis
doubly reduced, Chapter 3 {20]) has been suggested to be responsible for the
light-dependent degradation of the Dj reaction centre protein because it may
glve rise to reactive oxygen radicals {43].

Also in chapter 5, the relevance of the data to photoinhibition is briefly
discussed.
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Chapter 2
General overview of methods and techniques used
Biochemical methods

The following types of PSII preparations {from spinach) were used.

1}  PSl-enriched membranes {Chapters 3-8). The PSII containing stacked regions
of chloroplast thylakoid membranes were separated from PSI containing non-
stacked regions by solubilisation of the latter using the detergent Triton X-100,
as described in Ref. [1] (initially described in Ref. [2]).

2}  PSll-core complexes {Chapter 4). PSll-enriched membranes were treated with
the detergent octylglucopyranoside to partly remove the antenna, as described in
Ref. [3].

3) D)Dg reaction centre preparations {Chapter 6). This preparation is devoid of
all antenna and contains only the reaction centre proteins D; and Ds together
with small associated proteins such as cytochrome b-559. The preparation used in
this work [4] was a kind gift from K. Satoh. More recent preparation procedures
are described in Refs. [5-7].

Double reduction of Qp (Chapters 3-8) was achieved by room temperature
illumination or prolonged dark incubation of PSIH samples in the presence of
dithionite (see Chapter 3). The dark incubation was often carried out in the
presence of benzyl viologen, which accelerated the reaction. Additional possible
procedures for doubly reducing Qa have been discovered by us: low temperature
photoaccumulation of Ph™ in the presence of Qp~ followed by thawing (the
electron en Ph™ then goes to Qa7); prolonged illumination under aerobic condi-
tions; illumination under anaerobic conditions (see aliso [8,9]). In all cases the
double reduction reaction was evidenced by decreasing QA'Fez+ and increasing
triplet EPR signals (see Chapter 3).

For preparative use, the dark-incubation method (in the presence of
dithionite and benzyl viologen) for the double reduction of QA was preferred,
because in this way a close to 100 % yield in double reduction could be
achieved and because secondary, light-induced, effects are avoided. The com-
pleteness of the reaction was checked by monitoring QA‘Fe2+ and triplet EPR
signals. For detailed descriptions of the procedures used, see Chapters 3, 4 and
6.

Procedures for bringing samples back into the original state, after Qa had
been doubly reduced (preparation of "reversed samples", see Chapter 4 and 5)
involved incubation with ferricyanide and sometimes FeCls. These procedures are
described in more detail in Chapters 4 and 5 respectively.

Preparation of oriented samples {Chapters 6 and 7) was carried out by
drying samples in very dilute buffer slowly on mylar strips. More details are
given in Chapter 6 and Ref. {10].

For a detailed description of the procedures involved in redox titrations
{(Chapter 3) see Ref. {11].




Measuring techniques

Conventional EPR measurements (Chapters 3-8) were performed using a
standard X-band EPR machine from Bruker (Bruker 200) fitted with an Oxford
Instruments cryostat and temperature control system. Time-resolved EPR mea-
surements (Chapter 7) were carried out with an {X-band) experimental set-up
which is described in detail in Ref, [12).

Picosecond time-resolved fluorescence measurements (Chapter 4) were
performed using the technique of single photon counting. More detaiis of the
experimental set-up and the analysis of the data are given in Chapter 4 and
Ref. [13].

Technical details of the flash-induced absorbance difference spectroscopy
used in Chapters 3 and 8 and the data analysis in the latter are given in Refs.
[14,15) and Chapter 8 respectively.
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Chapter 3

The influence of the quinone-iron electron acceptor complex
on the reaction centre photochemistry of Photosystem II
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A correlation is demonstrated between the loss of the Q, Fe’* EPR signal and the ability to photoinduce the
radical-pair-recombination triplet state in Photosystem IL The Q, Fe>* signal is diminished by procedures which are
thought to reduce the semiquinone by a Further electron: (1) low quantum yicld photereduction in the presence of
sodium dithionite at rocom temperature; (2) chemical reduction in the dark by sodium dithionite at pH 7.0. The chemical
reduction process is extremely slow (#;, =5 h) but can be accelerated (#,,, = 1.5 h) by the presence of the redox
mediator, benzyl violopen. In redox titrations at pH 7.0 the Q, Fe* signal disappears with an irreversible transition at
potentials lower than — 350 mV. The ability to observe the triplet signal shows a corresponding potential dependence.
The variations in the amplitude of the triplet EPR signal match variations in triplet yield measured by flash absorption
spectroscopy at low temperature. From these observations the following conclusions are drawn: (1) The redox titration
data that led to the suggestion that an extra component functions between pheophytin and Q; Fe?* (Evans, M.C.W.,
Atkinson, Y .E. and Ford, R.C. (1985) Biochim. Biophys. Acta 806, 247-254) can probably be explained instead by the
second reduction of Q Fe®*. (2) The variable yield of triplet and of P680* Ph~, and possibly the lifetime of the latter,
which have been reported in the literature probably reflect, at least in part, different amounts of native Q, Fel*
remaining in the various preparations used. From considerations of the literature, an increase in quantum yield of
charge separation is thought to occur upon the second reduction of Q; Fe?*. The most likely explanation for this is the
disappearance of an electrostatic interaction between Q; Fe®™ and P680 *Ph™ as Q; Fe®* becomes further reduced.
Other factors which may influence or be responsible for these phenomena and comparisons with the primary
photochemistry in purple bacteria are discussed. In addition the relevance of these observations to the lesions involved
in photoinhibition is pointed out.

Introduction further forward electron transfer is blocked by removal
or reduction of the subsequent electron acceptor, a
In the reaction centre of purple photosynthetic quinone molecule (Q,), spin dephasing followed by

bacteria the first detectable radical pair formed after charge recombination takes place resulting in the for-
excitation by light is P*BPh ™. P, the primary electron mation of a triptet state of P. The vield of formation of
doneor, is a special pair of bacteriochlorophyll molecules the triplet state of P is close to 100% at liquid helium
and BPh, the primary electron acceptor, is a temperature {3]. At ambient temperature other recom-

bacteriopheophytin molecule (reviewed in Refs. 1, 2). If bination pathways occur and the triplet yield is only
approx. 15% [1).

In Photosystem II (PS II), similar photochemistry is
thought to take place [4] (reviewed in Ref. 5). However,

On leave from the Department of Molecular Physics, Agricultural a number of observations have led to suggestions that

University, Wageningen, The Netherlands.

Abbreviations: BPh, bacteriopheophytin; Mes, 4-morpholineethane- PS 11 differs significantly from purple bacteria with
sulphonic acid; P, the primary electron denor in purple bacterial regard te the number and nature of the electron accep-
reaction centres; P680, the primary electron donor in Photosystem [1; tors {(e.g., Ref. 6). In a detailed study of the triplet EPR
P, th_]’hy““t;lps 11 Phatosystem ]“3[3';' the f’l‘:l quincne electron signal it was shown that the triplet signal was very small
accspiar; Qp, the second quinane elec plor. until the potential was decreased to below — 350 mV
Correspondence: A.W. Rutherford, Département de Biologie, Centre {6]. In the 33-;“3 V_"ork it was shown that Q,, measured
d'Etudes Nucléaires de Saclay, 91191 Gif-sur-Yvetie, France. as the Q. Fe“~ signal at g~ 1.85 [7], was fully formed
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at much higher potentials [6]. The non-correlation of
triplet formation with the Q, /Qy transition led to the
suggestion that an extra component, U, was present
which functioned as an electron acceptor in PS II
between Ph and Q,, [6,8].

There is plenty of precedence for ‘extra acceptors’ in
this photosystem (reviewed in Ref. 9), yet the weight of
evidence, both spectroscopic [5,9] and biochemical
[10,11}, pointing to a close analogy with the bacterial
reaction centre led us to look for other explanations for
this eifect.

The quinone in the Q, site in the reaction centres of
PS II and purple bacteria shows redox chemistry which
is very different from that of quinones in solution. The
quinone is tightly bound to the protcin and under
normal circumstances undergoes a single electron reduc-
tion forming the semiquinone. In purple bacteria it was
shown that, in the presence of reducing conditions and
an efficient electron donor, illumination at room tem-
perature resulted in the low quantum yield reduction of
Q4 to form the fully reduced quinol [12,13]. This second
reduction of Q, can be achieved by chemical reductants
in the dark in a slow, quasi-irreversible reaction [14].
Normal Q, function could be reestablished only after
the system was fully reoxidized [14]. This behaviour
may be rationalized as follows: upon double reduction,
QH, is lost from the site; upon raising the potential,
QH, in solution undergoes a two-electron oxidation
forming the fully oxidized quinone which can then
rebind in the Q,, site.

In PS II, a similar light-driven double reduction of
Q4 has been reported [15,16]. In this work we tested the
idea that double reducticn of Q, could influence the
yield of PS II reaction centre triplet formation.

A preliminary report of these results has appeared
elsewhere [17].

Materials and Methods

PS II-enriched thylakoid membrane fragments were
prepared from spinach as described earlier [18] using
the modifications in Ref. 19. In some experiments, the
membranes were washed with Tris before use. Mem-
branes (0.5 mg chlorophyll /ml) were exposed to room
light for 30 min at 0°C in the presence of 0.8 M Tris
(pH 8.2)/1 mM EDTA /1 mM EGTA. The Tris-treated
membranes were pelleted and washed once in a buffer
containing 50 mM Mops (pH 7.0)/10 mM NaCl/$
mM MgCl, and resuspended in the buffer used for
redox titrations (50 mM Mops (pH 7.0)/10 mM NaCl/5
mM MgCl,/30% ethylene glycol/1 mM EDTA). EPR
samples {about 250 ul) were in calibrated quartz tubes
(3 mm internal diameter). For time-course experiments,
incubations were done in the EPR tube at room temper-
ature in darkness. At a given time, the incubation was
stopped by freezing the samples, the spectra were

11

recorded, the sample thawed and the incubation allowed
to continue at room temperature. It was demonstrated
that multiple freeze—thaw cycles under these conditions
had no noticeable effect on the EPR signals monitored.

Redox titrations of Tris-washed samples (about 5 mg
chlorophyll /ml) were performed in near darkness at
20° C essentially as described by Dutton [20]. The fol-
lowing redox mediators were used: phenyl-p-benzo-
quinone, indigo tetrasulphonate, indigo disulphonate,
2,6-dichlorophenol indophenol, Methylene blue, anthro-
quinone 2-sulphonate, anthroquinone 2,6-disulphonate,
Saphranine T and Neutral red, all at 30 pM; in addition,
benzyl viologen and methyl viologen were present at 20
uM.

Samples for flash absorption kinetic studies were
transfered from EPR tube to the optical cuvette under
argon. Except for the chlorophyll concentration (2.9 mg
chlorophyll/ ml for EPR and 50 or 100 pg chlorophyll/
ml for absorption measurements) and the benzyl violo-
gen concentration (34 pM for EPR and 0.7 uM or 1.4
#M for absorption) the other conditions (buffer,
cryoprotectant, temperature) were identical for both
kinds of measurement (see legends).

White light from an 800 W tungsten projector was
used for illuminating samples after passing through 2
cm of water and two calflex heat filters (Balzers). For
room temperature illuminations { = 7000 pkE-m~2.571)
samples were maintained at 20°C in a water-bath.
When illuminated in the EPR cavity the intensity was
=~ 16000 pE-m 2-57! at the cavity window. EPR
spectra were recorded using a Bruker 200 X-band spec-
trometer fitted with an Oxford Instruments cryostat and
temperature control system.

Absorption measurements were made using a flash
kinetic spectrophotometer described earlier [21], except
that the detector was a PIN 10 photo-diode equipped
with 2 1 MHz bandwidth amplifier. Some measure-
ments were also made using a different spectrophotom-
eter as described previously [22]. Samples were cooled
to close to liquid N, or liquid He temperature using
S.M.C. cryostats.

Results

To obtain reproducible conditions for low-tempera-
ture illumination experiments, relatively dilute samples
(3 mg Chl/ml) were used frozen in 30% ethylene glycol.
To obtain measureable EPR signals from Q;Fe?* un-
der these conditions sodium formate was added, since
this results in a greater than 1{-fold increase in the EPR
signal at g=1.85 [23] probably due to binding of this
chemical directly to the iron [5). When such samples
were reduced by sodium dithionite they exhibited easily
detectable EPR signals at g=1.85 typical of the for-
mate-modified Q4 Fe®" (Fig. 1c). No detectable triplet
EFPR signal could be observed in these samples when
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Fig. 1. The influence of room temperature illumination on dithionite-reduced PS-11-enriched thylakoid membranes monitored by EPR. The samples
(3 mg chloraphyll /ml) were in 25 mM Mes (pH 6.5)/0.3 M sucrose,/10 mM NaCl/5 mM CaCl, /30% ethylene glycol/1 mM EDTA /40 mM
dithionite. Spectra a and c were recorded in a sample incubated in the dark for 20 min after dithionite addition. Spectra b and d were recorded in
the same sample but after thawing and a total of 12 min (i.e., six periods of 2 min to avoid sample heating} illumination at 20 °C followed by dark
adaptation for 25 min. Triplet spectra {a and b) were recorded under illumination (solid lines), dotted lines show dark spectra, EPR conditions:
temperature, 4.2 K; microwave power, 35 dB (63 gW); microwave frequency, 5.44 GHz; modulation amplitude, 22 G; gain 2-10% Q, Fe2* (c and
d)} were recorded in the dark with EPR instrument settings as for the triplet except that the temperature was 4.7 K, mictowave pawer, 8 dB (32
mW) and the gain 2-10%,

continuows illumination was provided at liquid helium
temperature (Fig. la). Room temperature illumination
of dithionite reduced PS II results in the trapping of
Ph™ [24] and the loss of the QFe®* signal [15,16)
presumably due to its double reduction. The trapped
Ph~ exhibits a 13 G wide free radical EPR signal at
g =2.0033 [24]). Dark adaptation of such a sample re-
sults in the slow detrapping of the Ph™ radical, as this
highly reducing species (E,, = —600 mV [25,26]) equi-
librates with the environment (not shown), The Q; Fe?*
EPR signal is not regenerated by this treatment (Fig.
1d). Mllumination at 4 K of PS II pretreated in this way
results in the formation on an easily detectable triplet
EFR signal (Fig. 1b) with the polarization pattern typi-
cal of its formation by radical-pair recombination (see
[27)).

Fig. 1 shows that when the Q Fe?* signal is dimin-
ished, the triplet signal greatly increases. To determine
whether these two effects are linked or whether one or
both are due to non-specific photodamage, other meth-
ods of double reducing the quinone were looked for.
Experiments were performed in which PS II membranes
were incubated with sodium dithionite in darkness at
room lemperature. At various times during the incuba-
tion, samples were frozen to 4 K and the photoinduced
triplet and Q5 Fe?* signals were recorded. A decrease
occurred in the Q5 Fe®* signal by approx. 50% in 5.5 h;
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the photoinduced triplet signal increased with a similar
time dependence (not shown). Due to the very long
incubation times required, we looked for a redox media-
tor that would accelerate the reduction process. Fig. 2a
shows that, in the presence of benzyl viclogen, the
QjFe®* disappeared upon dark incubation with di-
thionite with a 1, ,, of approx. 1 h 20 min. The triplet
signal amplitude increased with a similar time depen-
dence. The close correlation between the loss of the
Q, Fe?” signal and the appearance of the photoinduced
triplet is clearly shown in Fig. 2b.

The behaviour of the QL Fe’" signal and of the
photoinduced triplet signal were investigated under the
controlled conditions of redox titrations. Decreasing the
ambient redox potential inevitably results in the chem-
ical reduction and consequent release of the Mn ions
associated with the oxygen evolving activity of PS IL
The material used in the redox titrations was Tris-
washed to remove the Mn and prevent any slow evolu-
tion of the state of the electron donor side of PS I1
during the course of the experiments.

Fig. 3 shows that the first reduction of Q,Fe?*
forming Q Fe?* (measured in the presence of sodium
formate as the signal at g = 1.85 [23]} occurs with an
E, = —16 mV (obtained by fitting with an » =1 Nernst
curve). The signal from Q3Fe’" disappears at redox
potentials lower than approx. —350 mV. The ap-
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Fig. 2. Dark incubation under reducing conditions in the presence of
benzyl viologen. Sample conditions were the same as in Fig, 1 except
that no CaCl, was present, the EDTA concentration was (.5 mM and
34 gM benzyl viologen was also present. (a) The amplitude of the
triplet EPR signal () and the Q7 Fe?* signal (©) as a function of
dark incubation time. (b) The amplitude of the triplet signal plotted
as o function of the amplitude of the Q5 Fe?* signal in the same
experiment as (a). The signal amplitudes were measured as follows:
Q, Fe?*, the height of the signal measured between the peak maxi-
mum at g =1.85 and the trough al g =1.7; triplet, as the height of the
lowest field line. EPR conditions were as described in Fig. 1 except
that the gain was 8-10* and the modulation amplitude was 25 G.

pearance of the photoinduced triplet corresponds closely
with the loss of the Q;Fe?* signal. Once this redox
transition had occurred, titrations in the oxidizing direc-
tion resulted in no reappearance of the Q, Fe?” signal
and only a minor (approx. 30%) decrease in the triplet
signal amplitude (Fig. 3a, solid triangles). This redox
transition does not follow a Nernst curve, the curve
drawn is hand-fitted to the points, the position of which
varied with the sampling frequency.

As a control for the possible involvement of formate
in the redox characteristics of Q,Fe?*, experiments
were performed in the absence of formate (Fig. 3b). As
expected, the Q; Fe?* signal is much smaller [23] and it
is dominated by a signal centered at g= 1.9 at this pH
[16]. Due to the decrease in signal amplitude the data
are noisier. However, it seems that the first reduction
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Fig. 3. Redox titrations at pH 7.0 of Tris-washed PS II enriched
thylakoid membranes. The amplitude of the triplet (@) and Q; Fe®*
(©) spectra are plotted versus ambient potential, The amplitude of the
triplet when reduced samples were reoxidized (&) are also shown. {(a)
redox titrations in the presence of 200 mM formate. {b) redox
titrations withowt addition of formate. EPR conditions were as in Fig.
1, except that Qz Fe?* in the absence of formate was recorded using
12 G modulation amplitude and 6 dB (40 #W). An estimate of the
error in recording Qz Fe?* arising from the poor signal to noise in
the absence of formate is shown by the error bars for a point in (b).
The amplitude of the split Ph~ EPR signal (X induced by a period
of itflumination at 200 K monitored during the redox titrations is also
shown in (B) EPR conditions were as for Q5 Fe?* in Fig. 1 except
that the medulation amplitude was 16 G.

step of Q.Fe?* reduction occurs with an E, value
{ —100 mV) lower than that in the presence of formate *.
In addition, a slight decrease in Q,Fe®* signal am-

* The difference in the £, 3, for Q.Fe?*/Q; Fe** in Fig. 3aand b
may indicate a formate-induced megative shift. Vermaas and
Govindjee [42], however, reported that addition of bicarbonate to 4
Eormate-treated thylakoid did not induce a shift in the E,, (Eqgs,
— 145 mV), This apparent discrepancy may be due to the different
comparisons made (i.e., untreated vs. formate-treated here, for-
mate-treated vs. formate-treated plus addition of bicarbonate [42]),
but also might by due to other differences in experimental condi-
tions (pH, material, etc.).




plitude occurs between —200 mV and —300 mV. The
origin of this slight decrease is not clear; however, it
does not seem to be associated with an increase in the
triplet signal. Despite these miner differences, the major
decrease in the Q; Fe?* occurs at low potential and this
corresponds to the appearance of the photoinduced
triplet signal, just as observed in the presence of for-
mate.

In response to a reviewer's comment, in Fig. 3b we
also show the amplitude of the split Ph~ signal (crosses)
over the potential range in which the Q5Fe®" signal
disappears. The signal is generated by illumination at
200 K and arises from an interaction between Ph* and
Q; Fe?* [24]. The signal is lost with the same potential
dependence shown for the loss of Q,Fe®" and the
appearance of the triplet. This result is in apparent
contrast to the report that the split Ph™~ signal decreases
at potentials lower than those reguired for appearance
of the triplet signal [6]. We suggest that the observations
in Ref. 6 might be due to the fact that the data for the
triplet and the split Ph™ were recorded in different
titration experiments. Variations in the apparent redox
dependencies for this tramsition are likely to be ob-
tained from titration to tlitration because the redox
event being monitored is slow and irreversible, Under
such conditions, the form of the *redox curve’ is more
dependent on time (i.e, sampling frequency) than on
the ambient redox potential.

A A B20nm PSI membranes 9K

+ dithicnite
+ benzyl viclogen

Fig. 4. Flash-induced absorption changes at 820 nm at 9 X in sodium
dithionite-reduced PS 1I membranes incubated in the presence and
absence of benzyl viclogen (34 pM). The chlorophyll concentration
was 110 ug per ml in a buffer comprising 50% ethylene glycol /40 mM
sodium dithionite, 7200 mM sodium formate /82 mM Mops (pH 7.0}/
8.4 mM NaCl/42 mM MgCl; /1 mM EDTA. The sample incubated
(about 3 h) in benzyl viologen contained 1.4 uM of this mediator in
the cuvette. The sample in the absence of benzyl viologen was
incubated for about 1 h. The cuvette thickness was 1.1 mm, The traces
are the average of 32 flashes.
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To verify that the amplitude changes of the EPR
triplet signal are a direct reflection of the triplet vield,
experiments were performed using flash absorption
kinetic spectrophotometry. The reaction-centre triplet
vield was measured by its absorption increase at 820 nm
which decays with a #,,, of approx. 0.9 ms at liquid
helium temperature [28,29]. Samples were treated with
sodium dithionite in the presence or absence of benzyl
viologen for different times of incubation in darkness.
The EPR properties of the samples were monitored
pricr to their dilution and use in the absorption experi-
ments. Fig. 4 shows the results of such an experiment. A
small change is seen at 820 nm in the sample incubated
in dithionite alone. Most of this small change decays
rapidly (¢, ,, =50 ps). The origin of this phase is un-
known. A smaller longer-lived phase may represent a
small amount triplet formation as predicted from the
EPR measurement (yield < 20%). In the sample treated
with benzyl viologen, a much bigger absorption change
is seen. This decays with a ¢, ,, of approx. 1.1 ms and is
attributed to the reaction centre triplet. Using the ap-
proximate absorption coefficient for the triplet of 3800
M~!.cm™? [21}, it can be calculated that the triplet
yield in the sample treated with benzyt viologen is close
to 100%, while that with dithionite alone is less than
20%.

Although these yields are rather uncertain due to the
large uncertainty in the P680 triplet absorption coeffi-
cient, their relative values correspond well with the
amplitude of the triplet signal observed by EPR using
the same samples.

Discussion

The earlier observation that the reduction of a com-
ponent at low potential (about — 350 mV) must occur
before the triplet can be generated [6] is verified by the
current work. Here, however, we show that the ability to
photoinduce the triplet correlates with the loss of the
Q;Fe?* signal. Thus, there is no need to invoke the
presence of a new redox component between Ph and
Q,. Instead, the redox transition responsible is pre-
sumed to be the second reduction of the quinone,
forming the fully reduced quinol.

Direct evidence for formation of the quinol is lack-
ing; the argument relics heavily on precedence in the
bacterial reaction centre {12-14] and on reasonable
expectations of quinone chemistry under photochemical
and chemical reduction conditions. In the bacterial sys-
temn the quasi-reversibility of the loss of Q,Fe®™ pro-
vided confidence in this explanation. In PS II, however,
at least in the titration work reported here, we were
unable to see such reversibility, The suggested loss of
the QH, from the site (see Introduction) could be
followed in PS Il by an irreversible change in the Q,
site which prevents rebinding of PQ. This scenario is




not unreasonable, since it is known that the Q, site is
labile in the absence of the quinone [30] (see also Ref.
31). It is of note that a small degree of reversibility of
Q5 Fe** double-reduction in PS IT was reported earlier
in photoreduced samples which were rapidly reoxidized
[15).

The nature of the effect by which Q;Fe’* prevents
triplet formation (or by which its double reduction
induces triplet formation) is not clear. However, some
of the possible explanations are considered below. (1) A
direct effect of Q;Fe?* on the P*Ph™ radical pair
could occur via an electrostatic interaction between Q,
and Ph~. This would make the P680* Ph~ radical pair a
higher energy state, displacing the equilibrium,
*P630Ph « P680* Ph, to the left. These effects could
result in the radical pair having a smaller yield and
possibly a shorter lifetime, hence the triplet vield would
be greatly diminished. (2) A direct magnetic effect of
QnFe** on the radical pair could influence spin de-
phasing, favouring singlet radical-pair recombination.
Both of these direct effects would be removed by the
second reduction of Q,. The electrostatic effect could
be lost due to the protonation of the fully reduced form
and its probable simultaneous detachment from the Q,
site. The magnetic effect would be lost because the
quinol is diamagnetic. (3) Indirect effects, due to sec-
ondary events associated with the second reduction of
Q.. could influence P680* Ph™~ radical pair yield, life-
time and back-reaction pathway. Such secondary events
include, for example, protonations, conformational
changes perhaps associated with debinding of the quinol
from the Q, site.

From considerations of the literature we favour the
first of these explanations. A direct electrostatic effect
of Q, on the P630* Ph™ radical pair has been invoked
recently to explain ps/ns fluorescence and absorption
data [32,33] (see also Ref. 34). A lower yield of
P680* Ph™ radical-pair formation was observed in closed
PS II reaction centres (i.e.,, when Q, is present) com-
pared to open PS II reaction centres (i.e., when Q, is
present). An interaction between Q, and P680*Ph~
was estimated to increase the free energy of the radical
pair by 50 mV [32]. It is reasonable to propose that
when Q, is double-reduced or absent, the free energy of
the P680* Ph~ radical pair could resemble that in open
centres. Fig. 5 shows a simplified schematic representa-
tion of the influence of the redox state of Q4 on the free
energy level of P680*Ph™ and is an extension of the
model of Schatz et al. [32).

It is also worth pointing out that the ‘jammed’ state
is likely to be a lower fluorescent state that the closed
state. Experiments correlating the EPR changes with
fluorescence changes are required before the extent of
the quenching can be estimated.

The kinetics of P680* Ph~ radical pair formation in
PS 11 membranes have already been studied under
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Fig. 5. Simplified schemes of the fres energy levels of the states
involved in the primary photochemistry of PS 1T with different radox
states of Q, (Q). The .three states (a} open, (b) closed and {(c)
‘jammed’, correspond to Q, being oxidized, semireduced and fully
reduced (or absent), respectively. Absorption of a photon of light in
the (a) open and (c} ‘jammed’ conditions results in a high quantum
yield of charge separation. In case (a) this leads to charge stabilization
by electron transfer from Pht to Q.. Tn case {¢) this leads to triplet
formation. Absorption of light in the (b} closed condition gives rise to
a very low yield of charge separation and the enerpy is wasted as
prompt fluorescence. In addition, the antenna size is thought to
influence the vield of charge separation [32,35,36). Sce the text for
further details.

conditions which correspond to those of Fig. 1, ie., the
closed and ‘jammed’ states in Fig. 5 [34]). The phenom-
ena observed could be interpreted in two ways: either
the radical pair lifetime increased from less than 500 ps
to 3 ns or the quantum yield of charge separation
greatly increased upon preillumination and dark adap-
tation, a treatment now known to result in the loss of
Q. Fe?*. Both of these explanations would be con-
sistent with our observation of the appearance of the
photoinduced triplet in the preilluminated sample. The
explanation involving an increase in the quantum yield
fits better with the scheme in Fig. 5 and with the models
of Schatz et al. [32] and Schlodder and Brettel [33].

In purple bacteria, schemes similar to those in Fig. 5
can be drawn; however, in all three states the free
energy level of P*BPh~ would be low enough to result
in a 100% quantum yield of charge separation. What
then could be the origin of the difference in the energet-



ics (and thus the photochemistry) seen when comparing
PS II and purple bacteria under conditions where Q, is
present?

The first factor to be considered is the postulated
electrostatic interaction between Q, and P680°Ph~.
Even if it s assumed that the chromophores occupy
identical relative positions in both reaction centres,
differences in amino acid residues in the region of the
Ph and Q, could result in a local dielectric that favours
the electrostatic interactions between the two negatively
charged species in PS II. Very recently, exactly such a
diminished dielectric in PS II was postulated from
photovoltage measurements [37].

Secondly, the intrinsic redox potentials of the com-
ponents in PS II could make the free energy difference
between *P and P630°Ph™ in the open state smaller
than the corresponding value in the purple bacteria
reaction centre. Thus the influence of Q~ on P680"Ph~
could be more marked in PS II, even if the electrostatic
interaction in both kinds of reaction centre were the
same.

Thirdly, the presence of a large number of antenna
chlorophylls in PS 1I, many of which have long-wave-
length maxima close in energy to P680, makes P620 a
very ‘shallow trap’ [32,35,36]. An equilibrium distribu-
tion towards the excited state rather than the radical
pair is favoured by increasing the size of the antenna:
*[Chl], P680Ph «> [Chl], *P680Ph «» [Chl],P680"Ph .

A combination of a larger electrostatic effect of Q,
on P630°Ph~ in PS 11 and the influence of the antenna
on the yield of charge separation may best describe the
situation observed in PS II. Studies of the P680 " Ph~
yield and lifetime have been performed using a range of
PS 1II preparations with varying antenna sizes. Increases
in the radical-pair lifetime and yield were observed as
the antenna size decreased [38], in accordance with the
shallow trap theory [35]. However, the correlation was
far from perfect and it was concluded that antenna size
was not the only factor influencing the equilibriurm. It
now seems likely that the additional factor is the pres-
ence of Qj Fe’*. It is also clear that, at least under our
conditions, this is the dominant factor influencing the
energetics of the radical pair.

It was reported earlier that harsh detergent treat-
ments result in marked increases in the amplitude of the
triplet EPR signal [28]. It now seems likely that this is
due to a detergent-induced loss of the Q; Fe?* complex
and also perhaps to the diminution of the functional
antenna size. A survey of several different PS II pre-
parations seems to confirm the existence of an inverse
relationship between the triplet state and the Q Fe?™
signal. PS Il-enriched membranes show little or no
triplet under conditions in which a large Q Fe®™ signal
is observable (e.g., Fig. 1). In the smallest PS 11 prepara-
tions, Q,Fe?* is lacking and the triplet is easily seen
[39]). A range of different core preparations, which can
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be classed between these two extremes, show inter-
mediate properties, ie., variable amounts of triplet [4,8}
and Q. Fe’” (e.g., Ref. 8 and AW.R., unpublished
data). According to the current work and the literature
discussed above, the presence of the triplet in such
preparations could reflect two additive effects: the de-
gree of Q. Fe’* destroyed by the detergent treatment
and the size of the functional antenna. The relative
influence of cach one of these effecis is difficult to
judge. In this regard, it will be extremely useful to look
at the triplet yield in ID1,/DD2 preparations which still
maintain Q, when (if) such a preparation is isolated.

It has been recently reported that the dithionite-redu-
cable Q,Fe?" signal is lost simultancously with PS 11
¢lectron transfer during photoinhibition of PS II with
strong light [40]. Since Ph~ photoaccumulation has been
demonstrated under strong light in the absence of chem-
ical reductants [41), it was predictable that Q,Fe?"
double-reduction should occur under these conditions.
We can now propose that the changes in primary photo-
chemistry due to QFe?* double-reduction which are
reported here (i.e., increased triplet yield, probably in-
creased P680* Ph™ yield and possibly lifetime) are likely
to be found in photoinhibited material. In addition,
since we have observed that the double-reduction of Q4
is an irreversible process, we suggest that this event
could be the primary lesion which results in an irreversi-
ble electron transfer block in PS II during photoinhibi-
tion.
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Chapter 4

The influence of the double reduction of Q, on the fluorescence
decay kinetics of Photosystem 11
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The acceptor Q, of PS II was doubly reduced by treatment of PS [l-enriched membranes {(200-300 chlorophylls per PS
Il-reaction centre) with dithionite and benzyl viologen. After double reduction of Q,, two major differences appeared in the
fluorescence decay kinetics (at 4°C), as compared to the situation with all Q,, singly reduced: (1) a dominant fast phase {lifetime
approx. 200 ps) was observed, similar to that in samples with Q, oxidised; (2} a slow phase with a lifetime of approx. 7 ns was
abserved, which disappeared upon reoxidation of the sample. The fluorescence yield was approximately half of that of samples
with singly reduced Q. The fast phase is interpreted as being indicative of a high efficiency of charge separation due to the
absence of a negatively charged Q. This is explained by the double protonation of doubly reduced Q, giving rise to the
electrically neutral quinol, Similar obsetvations were made in a core complex preparation (60-80 chlorophylls per reaction
centre). This preparation involves a detergent solubilisation step and data from both EPR and fluorescence indicated that it was
more susceptible to double reduction of Q, by dithionite (as compared to PS II membranes). The possibility that this is a general
phenomenon in detergent solubilised PS [ preparations is discussed.

Introduction It is now generally accepted that prereducing Q, to
its singly reduced semiguinone form decreases the yield
The reaction centre of PS 11 is generally considered of charge separation (see e.g. Refs. 4-9). However,
to be similar in all green plants, algae and cyano- there is some disagreement with regard to what extent
bacteria and also to be closely related to the reaction this occurs. The lower yield of charge separation in
centre of photosynthetic purple bacteria (see Ref. 1 for reaction centres with QO present, compared to that of
a review), It is connected to an antenna system that reaction centres with Q, oxidised, has been explained
captures the light and transfers the encrgy to the by a net repulsive electrostatic interaction between Q,
primary electron donor P, which is located in the and the primary radica! pair [6,10].
reaction centre and consists of one or more chiorophyll When the primary radical pair P*Phe ™ is formed,
a molecules. Electron transfer can then occur from P and if it lives long enough to allow dephasing of the
to a nearby pheophytin g, the primary acceptor Phe. electron spins, charge recombination to the molecular
Thus, the primary radical pair is formed. This charge triplet state of P can occur [11]. These conditions can
separation is subsequently stabilised by electron trans- be reached when Q, is absent [12] or doubly reduced
fer to Q,, a plastoquinone (see Refs. 2 and 3 for [9). When Q,, is singly reduced, no triplet state can be
reviews on electron transfer processes in PS I1). detected [9]. As the most straightforward expianation

for this observation, it was suggested in Ref. 9 that the
yield of the primary radical pair in PS Il reaction

Abbreviations: Chl, chlorophyll; EDTA, elhylenediaminetetraac- centres with QA present, 1§ very lO‘W, due to the

etate; Mes, morpholineethanesulphonic acid; Mops, 4-morpholine- electrostatic effect, as proposed in Refs. 6 and 10.
propanesulphonic acid; P, the primary electron donor in Photosys- Double reduction of Qa, followed by a double proto-
tem II; Phe, pheophytin; PS 11, Photosystem 11; Q,,, the first quinone nation neutralises the negative charge at the site of Q,
electron acceptor. and the formation of the primary radical pair is no
Correspondence: FJ.E. van Mieghem, Section de Bioénergétique, ](’_“ger EIEC"OStaliC.ally: inhibited [9]_' The [I‘ip.[El yie[_d ?S
Département de Biologie Cellulaire et Moléculaire, CE Saclay. $1191 high, because the lifetime of the primary radical pair is
Gif-sur-Yvette Cedex, France. sufficiently long for triplet formation.
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In this work we test the hypothesis that the double
reduction of Q, modulates the yield of the primary
radical pair and hence the vield of the triplet, For this,
we looked at the rate of charge separation, using
picosecond fluorescence measurements. It was sug-
gested earlier that the double reduction of 3, may be
responsible for fluorescence guenching in PS 11 [9,13).

We used two types of PS II preparations from
spinach, differing in their antenna size. The reduction
of the antenna size is usually achieved by detergent
treatment, which may affect the intactness of the ac-
ceptor side [9].

A preliminary report of these results has appeared
clsewhere [14].

Materials and Methods

PS Il-enriched thylakoid membrane fragments were
prepared from spinach as described earlier [15] using
the modifications in Ref. 16. PS II core complexes
were prepared according to Ref. 17. In order to obtain
reaction centres with Q, doubly reduced, membrane
fragments were maintained in the dark for several
hours in the presence of approximately 40 mM sodium
dithionite and 100 uM benzyl viologen (sodium
dithionite was added from a 10-fold concentrated stock
solution, also containing 400 mM Mops at pH 7.0) [9].
In addition, 50 mM Mops (pH 7.0), 300 mM sucrose,
200 mM sodium formate, 10 mM NaCl, 5 mM MgCl,
and 1 mM EDTA were present during the incubation.
In experiments in which Q, was reoxidised, the mem-
branes were washed with buffer in order to remove
dithionite and benzyl viologen and the sample was then
suspended in a buffer containing 5 mM ferricyanide
which was subsequently removed by washing.

Core complexes were also treated with sodium
dithionite and benzyl viologen, but this was done in a
buffer containing 50 mM Mes {pH 6.0}, 400 mM su-
crose, 200 mM sodium formate, 10 mM NaCl, 5 mM
CaCl, and 1 mM EDTA.

Incubations with dithionite and benzyl viclogen were
done in EPR tubes in order to enable the monitoring
of the triplet [11] and formate enhanced Q Fe?* (18]
EPR signals during the treatment (sce also Ref. 9).
The incubations were ended after all Q, had been
doubly reduced (i.e., the triplet EPR signal had reached
its maximal level and the QjFe?* signal had de-
creased beyond detection [9]). The samples were stored
under argon and at 77 K in the dark until use.

EPR spectra were recorded using a Bruker 200
X-band spectrometer fitted with an Oxford Instru-
ments cryostat and temperature control system. In
order to record spectra during illumination, an 800 W
tungsten projector was used. The light was filtered
through 2 cm water and three Calflex (Balzers) heat
filters.
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For fluorescence kinetics measurements, samples
were diluted in near darkness into fluorescence cu-
vettes in an argon flushed buffer (4°C), containing 50
mM Mes (pH 6.0), 400 mM sucrose, 10 mM NaCl and
5 mM CaCl,. After dilution, the cuvettes were sealed
and kept in the dark until use. Samples with Q4 doubly
reduced were diluted in buffer, to which 4 mM sodium
dithionite had already been added. Thus, a possible
partial reoxidation of doubly reduced QQ, was avoided.
Q, was singly reduced by the addition of 4 mM
dithionite to a sample that had not been treated with
dithionite and benzyl viologen. The addition was made
shortly before the measurement. For measurements
under conditions of oxidised Q,, the sample was in the
presence of 0.05 mM ferricyanide and the light inten-
sity of the exciting light was diminished to a level at
which the contributions of decay components longer
than one nanosecond were minimal. In particularly in
the case of oxidised core complexes, the lifetimes of
the decay components increased considerably with the
intensity of the excitation light.

Fluorescence kinetic measurements were performed
in 10 X 10 mm anaerobic cuvettes at a concentration of
1-10 pg Chl/ml. During the measurements, the sam-
ples were stirted and maintained at 4°C. The experi-
mental conditions were as described previously [19].
The excitation source was a mode focked Ar ion laser,
wavelength 457.8 nm, the pulse frequency was 596 kHz
and the pulse energy was approximately 2 pJ /cm?. The
time resolution of the multi-channel analyser was 10.2
ps/channel. The pulse width after detection was 200
ps full width at half maximum. To check for a wave-
length dependence of the fluorescence decay kinetics,
the detection wavelength was set at 679, 693 or 707 nm
using Balzers B-40 interference filters. No significant
wavelength dependence was observed. Therefore, sub-
sequent measurements were carried out using a broad-
band (Balzers K70) filter.

The fluorescence decay of a reference compound
(Rose Bengal in methanol, lifetime 0.55 ns) fluorescing
at the same wavelengths as chlorophyll was determined
before and after the measurement of the fluorescence
decay in a PS II sample. The averaged reference was
then used to generate a laser pulse shape using a
deconvelution programme employing Fourier transfor-
mation. The deconvolution parameters were varied and
were considered optimal when the resulting pulse shape
showed minimal oscillations.

The fluorescence decay kinetics were analysed with
the Global Analysis programme of Beechem, Gratton
and Mantulin (Globals Uniimited, Urbana, USA, 1990).
The input file for this programme consisted of the
sample data file and the associated deconvoluted puise
file. The data was weighted with the square root of the
number of counts per channel and fitted to a sum of up
to 6 discrete components, The criterion for the good-







