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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
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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.

14

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.

Acknowledgements
We would like to thank Dr G. Renger for useful
discussion. AW.R, is supported by the CNRS. W.N. is

supported by the Deutsche Forschungsgemeinschaft.

References

—

Parson, W.W. and Ke, B. (1982) in Photosynthesis: Energy Con-
version by Plants and Bactena (Govindjee, ed.), pp. 331-385,
Academic Press, New York.

Okamura, M.Y., Feher, G. and Nelson, N. (1982) in Photosynthe-
sis: Energy Conversion by Plants and Bacteria {Govindjee, ed),
pp. 195-272, Academic Press, New York.

Wraight, C.A. and Clayton, R.K. {1977) Biochim. Biophys. Acla
333, 246--260.

Rutherford, A.W., Paterson, D.R. and Mullet, J.E. (1981) Biochim.
Biophys. Acta 635, 205-214.

Rutherford, AW, (1987) in Progress in Photosynthesis Research
(Biggins, 1., &d.}, Vol. 1, pp. 277-283, Martinus Nijhofl, Dordrecht.
Evans, M.C.W., Atkinson, Y.E. and Ford, R.C. (1985} Biochim.
Biophys. Acta 806, 247-254.

Nugent, LH.A., Diner, B.A. and Evans, M.CW. (1981) FEBS
Lett. 124, 241-244. }
Atkinson, Y.E. and Evans, M.C'W. (1983) FEBS Ietf: 159,
141-144.

Mathis, P. and Rutherford, A.W. (1987) in New Comprehensive
Biochemistry: Photosynthesis (Amesz J, ed.), pp. 63-96, Elsevier,
Amsterdam.

=)

w

&

w

-8

~1

o0

-



10 Trebst, A. (1986) Z. Maturforsch. 4ic, 240245,

11 Michel, H. and Deisenhofer, J. (1988) Biochernistry 27, 1-7.

12 Okamura, M.Y ., Isaacsor, R.A. and Feher, G. (1977) Biophys. J.
17, 49a.

Okamura, M.Y,, Isaacson, R.A, and Feher, G. (1979) Biochim.
Biophys. Acta 546, 394-417.

Rutherford, A W., Heathcote, P. and Evans, M.\CW_ (1579) Bio-
chem. J. 182, 515-523.

Rutherford, AW., Zimmermann, J.L. and Mathis, P, (1584)
Advances 1 Photosynthesis Research (Sybesma, C. ed.), Vol. 1,
pp. 4d5-448, Martinus Nijhotf, Dordrecht.

Rutherford, A.W. and Zimmermann, J.L. (1984) Biochim. Bio-
phys, Acta 767, 168-175.

Rutherford, A W., Mathis, P. and Van Mieghem, F. {1988) Table
ronde Roussel-Uclaf No 63: Structure, function and molecular
mechanisms in photosystem 11, p. 22, Inst. Scientifique Roussel,
Paris.

Berthold, D.A., Babcock, G.T. and Yocum, C.F. (1981) FEBS
Lett. 134, 231-234.

Ford, R.C. and Evans, M.C.W. (1983) FEBS Lett. 160, 159-164.
Dutton, P.L. (1971} Biochim. Biophys, Acta 226, 63-80.
Takabashi, Y., Hansscn, ., Malhis, P. and Satoh, K. (1987)
Biochim. Biophys. Acla 793, 49-59%.

Kramer, H. and Mathis, P. (1$80) Biochim, Biophys. Acta 593,
319-329.

Vermaas, W.F.J, and Rutherford, AW. (1984) FEBS Lew. 175,
243-248.

Klimov, V.V., Dolan, E. and Ke, B. (1980) FEBS Leu, 112,
97-100.

Klimov, V.-¥., Allakherdiev, S.I., Demeler, S. and Krasnovskii
(1980} Dokl. Akad. Nauk. 249, 227-230.

Rutherford, AW., Mullet, I.E. and Crofts, A.R. (1981) FEBS Lett.
123, 235-237.

13

14

1

L

16

1

-1

1

o

2
21

=

22

23

24

2

o

17

21
28
29
30
31
2
33
34
35
6
37
38

39

4

-

42

Thurnaver, M.C,, Katz, L), and Norris, L.R. (1975) Proc. Natl.
Acad. Sci. USA 72, 3270-3274.

Rutherford, A.W., Satoh, K. and Mathis, P. (1983) Biophys. J. 41,
40a.

Den Blanken, H.J., Hoff, AJ, Jongenelis, A PJM. and Diner,
B.A. (1983) FEBS Lett. 157, 21-27.

Diner, B.A., De Vitry, C. and Popot, J.L. {1988) Biochim, Biophys.
Acta 934, 47-54,

Naaba, O. and Satoh, K. (1987) Proc. Natl. Acad. Sci. USA 84,
109-112.

Schatz, G.H., Brock, H. and Holzwarth, A.R. (1988) Biophys. L
54, 397-405.

Schlodder, E. and Brettel, K. (1988) Biochim, Bicphys. Acta 933,
22-34.

Eckers, H.J.. Renger, G., Bemarding, J., Faunst, P, Eichler, H.J,
and Salk, J (1987) Biochim. Biophys. Acta 893, 208-218.

Schatz, G.H. and Holzwarth, A.R. {1986) Photosynth. Res. 10,
309-318.

Van Gorkom, H.I. (1985) Photosynth. Res. §, 97-112.

Trissl, H.-W. and Leibl, W. (1989) FEBS Lett, 244, 85-88.
Hansson, G., Duranton, J. and Mathis, P. (1988) Riochim, Bio-
phys, Acta 932, 91-96,

QOkamura, MY, Satoh, K, Isaacson, R.A. and Feher, G. (1987) in
Progress in Photosynthesis Research (Biggins, X, ed.), Vol. 1, pp.
379-381, Martinus Nijhoff, Dordrecht.

Andersson, B, Virgin, I and Styring, 8. {198%) in Highlights of
Modern Biochemistry (Kotyk, A., Skoda, J., Taces, V. and Kostka,
V., eds), pp. 923-932, V.S.P. International Science Publishers,
Zeist.

Klimov, V.V., Shuvalov, V.A. and Heber, U. (1985) Biochim.
Biophys. Acta 80%, 345-350.

Vermaas, W.F.J. and Govindjee (1982) Biochim. Biophys, Acta
680, 202209,




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-




TABLE I

Analysis of the fluorescence decay data (summary from several experimenis) of PS II membranes, before and after dithionite / benzyl viclogen

treatment of membranes and of repxidised membranes

Fluorescence decay components are given in ns and the relative amplitude is given as a percentage in brackets; estimated errors are given. Values
for the relative fluorescence yieids are given in arbitrary units (see Materiafs and Methods for procedure).

Sample Additions Fluorescence decay components Rel. yield
Before dithicnite /benzyl viologen A Q05 mM 4.14+063 0.33+6.04 32+1 19
\reatment ferricyanide (73410} (27+5) (0.04 +0.02)
B 4 mM 0.60+0.1 1.4+0.3 33+1 133
dithionite (25+ 10} (68 +10) 7+3)
Dithionite /benzyl viologen treated C4mM 0.22+0.04 0.6010.1 2045 Tl+2 77
dithionite {69+ 1) 18+ 4 8+2) (5+1)
Reoxidised after dithionite /benzyl D0.05 mM 0.011¢.03 0.354+0.05 1.1£03 5612 21
viologen treatment ferricyanide (641 10) 35+7 (1£0.3) 0.0310.0D

ness of the fit was the x° value. The quality of the fits
was also judged from a plot of the distribution of
weighted residuals (experimental minus calculated
counts per channel). In some cases, short components
(0.1-40 ps) were found, with lifetimes and relative
amplitudes that were not reproducible. The relative
amplitudes and lifetimes of the remaining components
were reproducible within the errors given in Tables 1
and II. Therefore, only the latter components are con-
sidered in our discussion of the fluorescence decay
kinetics. Values for the relative fluorescence yield were
calculated by Za;7;, (a; is the relative amplitude of
component i in percent and , its lifetime in ns). The
values for the relative fluorescence yield (Tables T and
I}, corresponded with those obtained from fluores-
cence measurements under continucus illumination
(Table III). Thus, the values for the relative yield,
calculated from the decay kinetics can be taken as
being proportional to the fluorescence yield.

For fluorescence measurements under continuous
illumination, a home-built apparatus was used. The

TABLE II

onset of the exciting light (expanded He-Ne laserlight,
633 nm) was accomplished by the opening of an electri-
cal shutter (opening time faster than 1 ms). Detection
was around 687 nm {monochromator) using a photo-
multiplier (320} and an analogue-to-digital conversion
card.

Results

PS H-enriched membranes

PS 1l membranes were pretreated with dithionite
and benzyl viologen as described in Materials and
Methods, in order to obtain reaction centres with Q,
doubly reduced [9]. This was checked by EPR at liquid
helivm temperature by measuring the decrease of the
Q;Fe?* signal and the increase of the light-inducible
reaction centre tripiet signal. The triplet signal was
small at the start of the treatment and a large Q;Fe®*
signal was observed (Fig. la). The incubations were
ended after the triplet EPR signal had reached its
maximal level and the QFe?* signal had decreased

Analysis of the fluorescence decay data {summary from several experiments} of PS Il core complexes, before and after dithionite / benzyl viologen

treatment

Fluorescence decay components are given in ns and the relative amplitude is given as a percentage in brackets; estimated errors are given. Values
for the relative fluorescence yiedd are given in arbitrary units (see Materials and Methods for procedure).

Sample Additions Fluorescence decay components Rel. yield
Before dithionite /benzyl viclogen A 005 mM 0.06+0.02 0.25+0.04 0.68+0.1 311 13
{reatment ferricyanide (734 10} {2245) (311} 02101
B 4 mM 0.1+0.03 051+0.1 15404 49+1 90
dithionite (32+6) {(36+7) 26+5) 6+2)
" Dithionite /benzy! viclogen treated C4mM 0.07510.02 0321004 13+03 7142 66
dithionite (50410} (3216 (133 1)
D (.65 mM 0.1+0.03 0374005 1.2+03 5.9+2 28
ferticyanide {65+ 10) (3016) 4+1) 1+0.3)
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TABLE 111

Vaiues for the fluorescence yield, measured under continuous iilumina-
tion: irr PS Il membranes and P§S I core complexes

The sample conditions were similar to those used in the fluorescence

decay measur The flug vield is given in arbitrary
wnits.
Sample Additions Fluorescence vield
membranes  core
complexes
Before dithionite /
benzyl viologen A' 0.05mM
treatment ferricyanide 18 26
B 4mM
dithionite 149 146
Dithionite /benzyl € 4mM
viologen treated dithionite 73 72
D*® (.05 mM
ferricyanide 27 46

* Values are those measured at the onset of the illumination.

bevond detection (Fig 1b, see also Ref 9). Samples
pretreated in this way are referred to as ‘dithionite /
benzyl viologen-trcated samples’ throughout the text.
They were kept under reducing conditions unless oth-
erwise mentioned. For the fluorescence decay mea-
surements, we also prepared PS II membranes in the
two other redox states of Q,: with Q, oxidised and

24

|

I N T ' L1 I R S )
360 400 a0 300 340 380
fiakd (mT) fiekd (mT)

Fig. 1. Q Fe®* and reaction centre triplet signals from PS If-en-
riched membranes {4 mg Chl/ml} after different redox treatments;
average of two experiments. (a) Spectra recorded 15 min after the
addition of 40 mM dithionite; {b) after approximately 4 h incubation
in the presence of 40 mM dithionite and 0.1 mM benzyl viologen in
the dark at 20°C; (c} after subsequentially washing the sample in
buffer, 5 mM ferricyanide, buffer{2x); 15 min before freezing the
sample, 40 mM dithionite was added. EPR conditions for the
Qa Fe?* spectra: tempetature, 4.7 K; microwave power, 32 mW,;
mictowave frequency, 9.44 GHez; modulation amplitude, 25 G. The
triplet spectra ase difference spectra (light on minus tight off); the
EPR conditions are the same as for Qj Fe?* except that the
microwave power was 63 uW.
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a chi’ = 1.85

0 5

10

time (ns)
Fig. 2. Fluorescence decay (pormalised} in PS Tl-enriched mem-
branes. Weighted residual plots are also shown (upper traces). (a)
0.05 mM ferricyanide present in the measuring cuvette; (b) 4 mM
dithionite present; (c) sample, treated as described in the legend to
Fig. 1b; the dithionite concentration in the cuvette was 4 mM. The
number of counts in the peak channel was: {a) 29 000; {b) 41 000;

(c) 22 000,

with Q, singly reduced (see Materials and Methods for
details on the experimental conditions).

Typical fluorescence decay curves for the three types
of samples are shown in Fig. 2 for PS Il membranes.
Comparing traces A (Q, oxidised) and B (Q, singly
reduced) reveals that upan reducing Q, with one ¢lec-
tron, the fluorescence lifetime increases drastically.
This is characteristic for PS II (sece Refs. 20 and 21 for
reviews on fluorescence of PS 11). When Q, is doubly
reduced (trace C), there is an initial fast decay, similar
to that in oxidised samples. However, there is also a
very slow component present, slower than that of sam-
ples with singly reduced Q,.

To obtain more gquantitative information on the
flvarescence decay kinetics, we fitted the decay curves
to a multi-exponential decay function {see Materials




and Methods for details on the fitting procedure). The
results are shown in Table I (A, B and C). Fitting of
the curves vielded three (Q, oxidised and singly re-
duced) or four (Q, doubly reduced) components. As
shown in the weighted residual plots of Fig 2, the fitted
curves agree well with the experimental curves. In
samples with oxidised Q,, relatively high values for x°
were found, due to a lower signal to noise ratio, The
lower signal to noise ratic was caused by the relatively
low fluorescence vield angd also the low excitation in-
tensity used for samples with oxidised Q, (see Materi-
als and Methods). The results of the analyses of the
decay kinetics were reproducable within the errors
given in Table 1.

The data of Tabie 1A, B, C confirm the qualitative
impressions from Fig. 2. When Q, is oxidised, the
kinetics are dominated by a fast component of approx.
140 ps. Singly reducing Q, results in an increased
flucrescence yield. This is caused by the lengthening of
the fluorescence lifetime of the components and a shift
in the distibution to slower components, of which a
component with a lifetime of approx. 1.4 ns is domi-
nant. These observations are in agreement with reports
in the literature on similar preparations [4,8,22].

In samples with Q, doubly reduced, the fluores-
cence yield is also higher than that in samples with Q,
oxidised, but it is only half that of samples with Q,
singly reduced (see also Table IHB, C). There is a short
component of 220 ps with high relative amplitude,
which is similar to the 140 ps component found when
Q, is oxidised. A similar component with high relative
amplitude together with an irreversible decrease in
fluorescence vield has been observed previously after
strong illumination in the presence of dithionite [4]
(see also Ref. 23). It has been shown recently that such
conditions indeed generate reaction centres with Q,
doubly reduced [9]. Finally, there is an unusuaily long
component of 7.1 ns present when Q, is doubly re-
duced, which is absent when Q, is in the semiquinone
form. Since the time window used was 10 ns, the value
for the slow component is an approximate value. How-
ever, it is clearly slower than that in samples with singly
reduced Q, (see Fig. 2a,b). Slow (25-35 ns) fluores-
cence decay components, similar to the lifetime of the
primary radical pair, have been observed before, in
D1/D2/cyt 5-559 particles which contain no Q, [24-
26).

In order to check whether the appearance of the 7.1
ns component was reversible, dithionite / benzyl violo-
gen-treated samples were reoxidised by washing with
ferricyanide (see Materials and Methods). Table ID
summarises the fluorescence decay kinetics of the reox-
idised samples. The decay kinetics and the relative
fluorescence yield were similar to those of samples that
had not been treated with dithionite and benzyl violo-
gen (Table IA). The amplitudes of decay components
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of 1 ns or longer were small (approx. 1%). Generally,
the kinectics were more similar to those of oxidised
samples not treated with dithionite and benzyl viclogen
(Table 1A). This indicates that the double reduction of
Q, is reversible when the sample is reoxidised and that
slow components, observed in samples with dithionite
present are not due to the presence of disconnected
antenna,

EPR measurements were also carried out on reoxi-
dised samples, in order to test whether the state
QxFe®* could be made again in its normal form [18]
by re-adding dithionite. We found that only in a small
proportion of the sample could this state be formed (in
approximately 10%, comparing Fig, 1a and ¢). At the
same time, there was a significant reaction-centre
triplet signal detectable (Fig. 1c¢), although it was
smaller than in samples with all the Q, doubly re-
duced. This indicates that in most of the reaction
centres in this preparation, Q, is immediately doubly
reduced upon dithionite addition. This is probably due
to an irreversible conformational change that in turn
results in a destabilised Q state.

PS I core complexes

The experiments described above were repeated
with a different type of PS 1l preparation, which is
designated ‘core complex’. In this preparation there is
a solubilisation step involved, for which the detergent
octylglucopyranoside was used [17). The core com-
plexes are devoid of the major PS 1T light-harvesting
protein, LHC I1, and have approx. 70 chlorophyils per
reaction centre [17]. The dithionite/benzyl viologen
treatment for the double reduction of Q, was similar
to that described for PS II membranes. However, we
noted that in this preparation, the yield of the reaction
centre triplet was already significant at the beginning
of the treatment (approx. 30% of the maximum obtain-
able level, data not shown). This suggests that in part
of the reaction centres double reduction is essentially
instantaneous when dithionite is added.

The results of the fluorescence lifetime measure-
ments on the PS 1I core complexes are shown in Fig. 3.
The traces show a number of features which are similar
to those indicated for PS II membranes (Fig. 2): trace
C (Q, doubly reduced) shows a fast initial decay, as
does trace A (Q, oxidised) and there is a slow compo-
nent in trace C that seems slower than that in trace B
(Q,, singly reduced). However, the difference between
the traces before and after dithionite / benzyl viologen
treatment (Fig. 3h,c) is less pronounced than for the
case of membranes (Fig. 2b,c).

The decay curves of core complexes were fitted
using the same procedure as for membranes (Table
11A,B,C). The results for samples with Q,, oxidised and
Q, singly reduced agree with recent data obtained
from a similar preparation [27). A more quantitative
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Weighted residual plots arc also shown (upper traces). Sample
conditions were as described in the legend to Fig. 2. The number of
counts in the peak channel was: (a) 61 000; (b) 50 000; (c) 16 000.

comparison between the results from membranes and
core complexes can be made when Table I (A,B,C) and
Table II (A,B,C) are compared. This reveals one major
difference: the presence of a fast component (100 ps)
in core complexes with dithionite added in order to
singly reduce Q,, {Table IIB), comparcd to membranes,
in which the fastest component has a lifetime of 600 ps
under these conditions (Table IB). In core complexes,
fast components (of the order of 100 ps) are present
both before (Table 1IB) and after (Table 11C) dithion-
ite /benzyl viologen treatment. This accounts for the
fact that in core complexes, the traces before (Fig. 3b)
and after (Fig. 3c) dithionite/benzyl viologen treat-
ment are more alike than they are in membrane sam-
ples.

Dithiogite / benzyl viologen-treated core complex
samples were tested for the reversibility of the pres-
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ence of slow components by measuring them also in
the presence of 0.05 mM ferricvanide. The slow com-
ponents (1.3 ns and 7.1 ns) observed under reducing
conditions decreased considerably in relative ampli-
tude in the presence of ferricyanide.

Discussion

PS-1f membranes

Fluorescence measurements with short time resofu-
tion have been used extensively to study the primary
photochemical reactions in PS II. A large variety of
preparations has been used and the fluorescence kinet-
ics have been found to be significantly dependent on
the type of preparation and the organism used and
probably alsc on the measuring system used (see Refs.
20 and 21 for recent reviews). Qur results on samples
with Q,, singly reduced and Q, oxidised are in agree-
ment with previous work on similar preparations {e.g.
Refs. 4, 8 and 22. They are also in agreement with
results from intact chloroplasts and green algae (see
Refs, 20 and 21), except that we did not have contribu-
tions from PS 1. We will focus in the following on the
doubly reduced redox state of (,, which has not been
investigated before using picosecond fluorescence mea-
surements, and compare its flucrescence decay kinetics
with those of the oxidised and singly reduced states of
QA~

We will analyse our results, assuming that the fluo-
rescence decay kinetics of PS II are trap-limited (see
c.g. Refs. 6 and 28, aiso Ref. 29, and Refs. 20 and 21
for comparisons with other concepts). In line with
those studies, we assume that the excitation energy
equilibrates over the antenna system, including P-680,
within a few picoseconds {faster than the time resolu-
tion of our measuring system). The lifctime and ampli-
tude of the fastest decay component thus reflect the
trapping of the equilibrated excited state into the pri-
mary radical pair state. The lifetime and the amplitude
of the fastest decay component are to a large extent
responstble for the initial part of the fluorescence
decay curve. Therefore, we assume that the initial
decay observed in the fluorescence decay curve (Fig.
2), reflects the formation of the primary radical pair.

Comparing different redox states of Q, in the same
kind of PS II preparation will reveal influences of the
Q, state on primary photochemistry. When the traces
A (Q, oxidised) and B (Q, singly reduced) of Fig, 2
are compared, a much faster initial decay is observed
in the oxidised situation. Similar observations have
been explained previously by a decreased yield of
charge separation when Q, is reduced, assuming trap-
limited fluorescence decay kinetics [6,28]. A net repul-
sive electrostatic interaction between Q and the radi-
cal pair was thought responsible for this reduced vield
[6,10].




Comparing traces B and C of Fig. 1 reveals that the
initial decay in trace C {Q, doubly reduced) is faster
than that in trace B (Q, singly reduced). Assuming
trap-limited decay kinetics, this indicates a higher rate
of charge separation (resulting in a higher yield) when
Q, is doubly reduced, compared to reaction centres
with Q, singly reduced. This was proposed before in a
study on the triplet yield in relation to the redox state
of Q, [9] In the latter study, a negligible triplet yield
was found in reaction centres with Q, singly reduced
at liquid helium temperature and a drastic increase in
triplet vield {close to 100%) was observed when Q,, was
subsequently doubly reduced [9]. In a purely electro-
static model in which charges at the Q, site directly
influence the yield of the primary radical pair [6,10),
the high rate of charge separation in the doubly re-
duced state implies that the negative charge at the Q,
site is neutralised. To explain this, we suggest that Q,
undergoes protonation upon double reduction forming
the quinol, as was suggested before [9).

If double reduction of Q, involves a protonation
resulting in the electrically neutral quinol, the electro-
static repulsion between Q, and the radical pair is
absent and the vield of charge separation is probably
similar to that of reaction centres with Q, oxidised.
This seems indeed the case from Table I: the lifetime
and the relative amplitude of the fastest decay compo-
nent are similar when comparing samples with Q,
oxidised (140 ps, 73%, Table 1A) and Q, doubly re-
duced (220 ps, 69% Table IC).

It should be pointed out that the data might also be
explained by conformational changes triggered by the
Q, redox state [9]. The electrostatic model discussed
above and models invoking conformational changes are
not necessarily mutually exclusive.

Apart from the similarities in the fastest decay com-
ponent of oxidised and doubly reduced reaction cen-
tres mentioned above, the other decay components are
different from each other. The most obvious difference
is the presence of a component of approx. 7 ns with
significant amplitude in samples with Q, doubly re-
duced, whereas components longer than 1 ns are negli-
gible in samples with Q,, oxidised. We stress that decay
components in the range of 1-10 ns always disap-
peared upon reoxidation of samples (see Tables 1D
and 1ID). Thus, they are not the result of disconnected
anfenna. It is more likely that the presence of the 7 ns
component in samples with doubly reduced Q, is
related to the longer lived radical pair in these sam-
ples, In the axidised state, the second component ob-
served has a lifetime of 330 ps, which is in the range of
values reported for the lifetime of the primary radical
pait under those conditions [10,30-32],

Comparing samples with Q, singly and doubly re-
duced (Table 1B,C), it is seen that in samples with Q4
doubly reduced (dithionite/benzyl viologen-treated),
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four components were found. In the case of singly
reduced Q,, three components were found which is in
agreement with earlier work (see Refs. 20 and 21 for
reviews). It is possible that the 2 ns component (8%) in
dithionite / benzyl viologen-treated samples (Table IC)
is due to a small fraction of reaction centres with Q,
still singly reduced but not detectable by EPR, in which
case the doubly reduced state may also be charac-
terised by three decay components. The presence of a
7 ns component when Q, is doubly reduced, compared
to 3 ns for the singly reduced state, indicates that the
lifetime of the radical pair is longer in the doubly
reduced state. However, the relation between the fluo-
rescence decay kinetics and the lifetime of the primary
radical pair is complex, and it is not straightforward to
determine it from the fluorescence decay. For a ho-
mogenous sample, neglecting singlet-triplet mixing, the
kinetics of the radical pair are described by an expres-
sion in which all of the exponential fluorescence decay
components and their relative amplitudes appear (see
Refs. 6, 8 and 19, for example). In the most simple
model, in which there are forward and reverse reac-
tions between two states (the excited state and the
singiet primary radical pair state), only two decay com-
ponents are present [6], Here (see also Ref, 22), the
situation is more complex because there are at least
three decay components in samples with Q, singly or
doubly reduced. The presence of three or more PS 11
fluorescence decay components in green algae has been
described assuming PS Il-w/8 heterogeneity [33]. Al-
though we used PS II membranes [15] that were pre-
pared from the grana which consist only of PS I-a, we
can not rule out that cur samples are heterogenous as
regards the primary photochemical reactions. Thus,
heterogeneity may explain the fact that three or more
com . oncais are found in PS 11 membranes. However,
in the case of doubly reduced Q,, the fluorescence
decay kinetics are probably influenced by the singlet-
triplet mixing of the primary radical pair, the decay of
which is then described by a Stochastic Liouville Equa-
tion [34]. Therefore, analysing the fluorescence decay
kinetics as a sum of discrete, exponential, decay com-
ponents is probably approximate and a rigorous mathe-
matical analysis is hampered. Also, sample heterogene-
ity may give rise to a distribution of lifetimes, rather
than discrete decay components. This is the case if the
values for the rate constants of the primary reactions
are gradually distributed around some average value.
Nevertheless, there are some other indications, from
flash absorption measurements, that the radical pair
lives longer when Q, is doubly reduced, compared to
the singly reduced state. (1) Strong illumination in the
presence of dithionite (now known to result in double
reduction of Q,, [9]), gave an increase in the lifetime of
the radical pair up to 15 ns [4]. (2) Comparison of
different PS Il preparations led to the suggestion that




the the vield of charge separation and also the lifetime
of the primary radical pair increase when Q, is doubly
reduced [5,9].

P8 IT core complexes

Above, using the fluorescence decay curves of PS 11
membranes (Fig. 2), we have compared the yields of
charge separation in samples with different states of
the Q, acceptor system, assuming trap-limited fluores-
cence decay. The same features as seen in PS 1N
membranes (Fig. 2} are, to a somewhat lesser extent,
present in PS 1I core complexes (Fig. 3): the initial
decay of samples with Q, oxidised and doubly reduced
is faster than that of samples with Q, singly reduced.
We will now in some more detail compare the results
from PS 11 membranes and PS II core complexes as
shown in the Tables IA,B,C and 1IA,B,C.

The core complexes were obtained from the mem-
branes by a detergent solubilisation step, which results
in a smaller antenna size (approximately 70 chioro-
phylls per reaction centre [17]). For trap-limited fluo-
rescence decay, the rate of trapping is dependent on
the antenna size [6): decreasing the antenna size in-
creases the free energy of the excited state relative to
the primary radical pair state and hence the rate of
trapping increases. This is illustrated for example un-
der oxidised conditions: the fast component in core
complexes is shorter (60 ps, Table IIA) compared to
membranes (140 ps, Table IA),

There is a more striking difference between core
complexes and membranes obvious in samples with
singly reduced by addition of dithionite {Tables IB and
1IB). In corg complexes there is an additional 100 ps
component present which is absent in PS II mem-
branes. Such a component was also found in samples
with Q, doubly reduced (Table IIC). 1t is thus likely
that the 100 ps component found in core complexes in
the presence of dithionite reflects a significant percent-
age of reaction centres in the doubly reduced state.
This corresponds to the observation made by EPR,
that double reduction of Q, in core complexes occurs
immediately upon dithicnite addition in a fraction (ap-
prox. 30%) of the reaction centres. The data thus
suggest that in core complexes the Q, site has been
modified to the extent that double reduction of Q, can
occur rapidly when dithionite is added, Thus, a sample
with part of the Q, population in the singly reduced
state and part in the doubly reduced state is obtained.
Accordingly, the primary photochemistry and the fluo-
rescence kinetics are heterogenous.

It was suggested before [9] that the intactness of the
Q, site decreases gradually with the severity of deter-
gent treatments applied (usually in order to purify the
reaction centre). This could be the factor {(apart from
antenna size effects) that was responsible for the dif-
ferences in the vield of charge separation and the
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radical pair lifetime, reported for different prepara-
tions [5] In particular, the stability of Q; may de-
crease, going from intact membrane preparations to-
wards small reaction centre preparations. The Q state
may be less stabilised in these preparations due to
detergent-induced conformational changes (see the sit-
nation in purple bacteria after removal of Fe?* [35,36])
and an increased accessibility to dithionite. Therefore,
we propose that dithionite, added with the aim of
singly reducing Q,, will at least partly doubly reduce
Q, in these preparations. This would give rise to a
higher yield of charge separation and probably a longer
radical pair lifetime than expected for a sample with all
its Q,, singly reduced. Double reduction of Q, can also
occur in membrane preparations, if the sample is illu-
minated or incubated in the presence of dithionite [9].
The amount of double reduced Q, is thus dependent
on several factors, which are often not well controlled,
It may also depend on the type of organism used.

The presence of different amounts of doubly re-
duced Q, may explain part of the controversy in the
literature on the vield of charge separation and the
lifetime of the primary radical pair in reaction centres
with Q, thought to be singly reduced (see e.g. Refs.
5-7 and 10 for measurements on PS 11 samples with
antenna sizes of 60-100 chlorophylls). In fact, in some
cases, two phases were resolved in the radical pair
decay [5,7]; the slow phase found (10 or more nanosec-
onds) probably reflects the radical pair lifetime in the
fraction of reaction centres with Q, doubly reduced.
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Chapter 5

The influence of the non-heme iron on the reversibility of the Qp double
reduction in Photosystem II

The reversibility of the double reduction of Qa in the reaction centre of
Photosystem II was investigated in detail, using low-temperature EPR spectro-
scopy. It was found that in a fraction of reaction centres the properties of the
semiquinone-iron acceptor complex (QAF92+) were modified irreversibly after
double reduction of Qa: 1} this fraction was found to be more susceptible to
double reduction of its Qa by dithionite or ascorbate; 2} it did not form the
QA‘F‘e2+ state upon low temperature illumination; 3) its (non-heme) Fe2* could
not be oxidised, using ferricyanide, to give the usual (EPR detectable) Fe3+
state. From these observations, it is suggested that a loss of Fe?* from the
QAF32+ site is at the origin of the irreversibility. Preliminary iron-reconstitution
experiments showed a somewhat increased degree of reversibility.

Introduction

In previous work, the double reducticn of the quinone electron acceptor Qa
in the Photosystem II {PSI) reaction centre has been shown to significantly
influence primary reaction centre photochemistry [1-3] (see Refs. [4-6] for
reviews on the primary reaction centre photochemistry of PSII).

In Ref. {l1], such an influence was reported on the properties of the
reaction centre triplet state, a state which can be formed after the primary
charge separation reaction (see [7] for a review on the reaction centre triplet
state). A dramatic increase of the amplitude of the reaction centre triplet EPR
signal was observed at cryogenic temperatures, upon double reduction of Qp [1].
Recent low temperature flash abserbance measurements [3] have indicated that
this is due to an increase in the lifetime of the triplet, from microseconds if
Qp is singly reduced to milliseconds if Qa is doubly reduced.

In the low-temperature optical work an influence of the double reduction of
QA was also found on the lifetime of the pair of radicals which is formed after
the primary charge separation (the primary radical pair, see [4-6]). In addition,
time-resolved fluorescence measurements at ambient temperature [2] indicated
that the rate of charge separation as well as the lifetime of the primary radical
pair increase upon double reduction of Qpa. This is supported by flash absorption
measurements at ambient temperature [8,9).

The exact mechanism(s) relating the redox state of Qp to the radical pair
and triplet kinetics is (are) not clear at present. The primary radical pair state
has been proposed to be influenced by electrostatic [10] and magnetic {at least
in purple bacteria [11-14]) interactions with the semiguinone-iron complex (see
alsa {1-3]). Changes in these interactions may be involved in the mechanism by
which the Qp state influences the primary radical pair state. Such interactions
may also explain the dependence of the lifetime of the reaction centre triplet
state on the redox state of Qa (see [3]}. With respect to a possible electrostatic
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influence on the triplet lifetime, we mention that a significant influence of an
external electric field on the triplet lifetime has been reported in purple
bacteria [15]. Finally, based on in vitro work (e.g. [16]}, it is unlikely that the
triplet lifetime is directly influenced to @& large extent by conformational
changes associated with the double reduction of Qp. However, such influences on
the rates of formation and decay of the primary radical pair can not be ruled
out (see [1-3]).

The reversibility of the Qpa double reduction has also been checked pre-
viously [2]. It was found that only in a small part of the reaction centres,
reversibility is to the extent that the characteristic (formate-enhanced) QA’Fe2+
EPR signal (see [17]) is formed in its original state again, by dithionite addition,
Nevertheless, time-resolved fluorescence measurements at ambient redox poten-
tials, indicated a higher degree of reversibility [2]. The observations were
explained by the Qp site being destabilised in most of the reaction centres, not
affecting its function at ambient potential, yet resulting in Qa being more
susceptible to double reduction by dithionite [2].

In this work, the reversibility of the Qp double reduction was investigated
in more detail.

Materials and Methods

PSll-enriched thylakoid membrane fragments were prepared from spinach as
described earlier [18] using the modifications in Ref. [19). Samples with doubly
reduced Qp [1,20] were prepared as described in Ref. [2], by incubation at room
temperature in the dark, using 20 mM sodium dithionite and 100 uM benzyl
viologen. Samples subjected to a complete double reduction and reoxidation
cycle, in the following denoted as reversed samples, were prepared from the
samples with Qp doubly reduced as described in Ref. [2], (by washing out the
dithionite with argon flushed buffer, followed by reoxidation with 5 mM ferri-
cyanide, which was subsequently removed by washing).

Part of the reversed samples were used for treatment with FeCls. The
samples were diluted in a buffer containing 50 mM Mes (pH 5.5), 300 mM su-
crose and 10 mM NaCl, centrifuged and resuspended under argon in the same
buffer, which previously had been made anaerobic by flushing with argon. Then,
10 mM FeClys was added in near darkness under argon and the sample was incu-
bated under these conditions for approximately two hours at room temperature.
The chlorophyll concentration during the incubation was approximately 0.1 mg/ml.
After the incubation, the sample was washed twice in the pH 5.5 buffer {argon
flushed) and then twice in an (argon flushed) buffer containing 50 mM Mops (pH
7.0}, 300 mM sucrose, 1 mM EDTA, 10 mM NaCl and 3 mM MgCls.

All experiments were done both on a control sample and on a reversed or
FeCly-treated sample and calibrated EPR tubes were used. Samples were kept in
the dark or near darkness unless otherwise stated. Before transferring them into
the EPR tubes, samples were diluted into the pH 7.0 buffer {see above) to which
200 mM sodium formate had been added and were then concentrated to a chlo-
rophyll concentration of 2 mg/ml, by centrifugation and resuspension in the pH
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7.0-formate buffer. The chlorophyll concentrations were measured again at the
end of the experiment.

For illumination of the samples at 198 K, the EPR tubes were submerged in
a COg/ethanol bath. In incubation experiments, a control sample and a reversed
or FeClp-treated sample were treated (frozen, thawed or incubated} pairwise in
order to minimise differences in incubation conditions such as incubation-
temperature.

EPR spectra were recorded using a Bruker 200 X-band spectrometer fitted
with an Oxford Instruments cryostat and temperature control system. In order to
record spectra during illumination and for illuminations outside the EPR cavity,
an 800 W tungsten projector was used. The light was filtered through 2 cm
water and three Calflex (Balzers) heat filters.

Results and Discussion

Samples were treated with dithionite and benzyl viologen to completely
doubly reduce all Qs and then reoxidised by washing them in ferricyanide. After
the treatment with ferricyanide, the (reversed) sample was brought back to
ambient redox potential by washing it several times in buffer (see Materials and
Methods).

At ambient redox potential, no triplet EPR signal was detected in the
reversed sample nor in the control sample (not shown). This is what is usually
observed in PSH preparations with an intact Q4 present (see [1,21]). It is an
indication that Qa functions normally in the reversed sample, at least at
ambient potential. Another indication for a functional Qp site at ambient
potential in reversed samples has come from time resolved fluorescence measure-
ments [2],

Chemical generation of Q4 Fe®*

Despite the similar bebaviour at ambient redox potentials, addition of
ascorbate and subsequent incubation clearly showed that there is a difference
between the reversed sample and the control sample. This is seen in Fig. la.
The (small) QA'Fe2+ signal that is present under these redox conditions, is not
the same size in the two samples, being bigger in the control sample. More
significantly, a large triplet signal is seen in the reversed sample, whereas the
control sample does not have a detectable triplet signal.

Similar observations were made in the presence of dithionite (Fig. 1b, Table
IA). The signal size of the QA'Fe2"' signal is smaller in the reversed sample (25-
30% of that in the control sample) and the triplet signal is considerably larger
in the reversed sample. The size of the triplet signal in the reversed sample,
induced by dithionite alone (after 1.5 hr incubation), was further increased by
the addition of benzyl viologen, which also resulted in the complete dis-
appearance of the QA'F‘ez+ signal. In line with Ref. [1], these results indicate
that 25-30% of the reaction centres in the reversed sample exhibit a QA'F'132+
signal of normal size and shape, but no triplet signal. Triplet signals can only be
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Fig. 1. Qo Fe2* and reaction centre triplet signals from PSII-enriched membranes (2 mg
Chi/ml) after different redox treatments (see text for details). The labelling of the traces is as
follows: ¢, control sample; r, reversed sample. {a} Spectra recorded 1 hr after the addition of
10 mM ascorbate; {b) the same samples as in a) after an addition of 20 mM dithionite and an
incubation of 1.5 hr (trace "r + bv" is recorded in the reversed sample after the subsequent
addition of 100 pM benzyl viologen and an incubation of 2 hr), EPR conditions for the Qp~
Fes* spectra: temperature, 4.2 K; microwave power, 32 mW; microwave frequency, 9.44
GHz; modulation amplitude, 25 G. The triplet spectra were recorded under illumination; the
EPR conditions were the same as for the QA'Fez* spectra except that the microwave power
was 63 pW.

generated from these reaction centres after double reduction of Qa, with a
concomitant disappearance of the QpF e2+ signal.

In Ref, [2], an explanation was proposed for the relatively low QpFe
signal and high triplet signal in the presence of dithionite in the reversed
sample. The explanation was that a large fraction of the reaction centres in the
reversed sample is modified (as a result of the double reduction-reoxidation
cycle) to the extent that Qp is more easily doubly reduced by dithionite {2].
Thus, the high triplet signal in the presence of only ascorbate indicates that Qp
is partly doubly reduced under these conditions in the reversed sample. Ascor-
bate-induced formation of semiguinone Qa as a free radical signal at around
g = 2 was not observed by EPR, which is consistent with the idea of double
reduction by ascorbate.

From the observations under reducing conditions, clearly the reversibility is
found to be less than 100 %. Nevertheless, a fraction of the reaction centres
{25% -30%) in the reversed samples behaves identically to the control sample: its

2+
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QA—FB2+ signal has the usual form [17], it is relatively stable in the presence of
dithionite (see Table IA) and it does not give rise to an EPR triplet signal
{(benzyl viologen addition was needed to reach the maximum triplet amplitude).
The latter observation is an indication that the Qpa double reduction-induced
increase in triplet lifetime [3] is reversible. This is probably also the case for
the other changes in the kinetics of primary reaction centre photochemistry
observed upon double reduction of Qp (see Introduction, [1-3]). The lack of
reversibility seems to be attributable to a modification of the properties of the
QAFe2+ acceptor complex as a result of the double reduction-reoxidation cycle.
In this respect, we mention that some evidence has been reported [31] for a
lowered binding affinity of Qp after it having been in the doubly reduced state,
which is also indicative of modifications at the QA"F'e2+ site.

In the present work the percentage of reversibility, as monitored with the
dithionite-induced QA'Fe2+ formation, is somewhat higher than that in Ref. [2].
It is owr experience that the degree of reversibility is dependent on the
conditions used for the double reduction, such as the incubation time in the
presence of dithionite and benzyl viologen (see also [1,20,22]). Also the conditions
during reoxidation may play a role.

Formation of QA’Feg* by low temperature illumination

The apparently normal functioning of Qa in reversed samples at ambient
redox potentials was further investigated in an experiment in which the forma-
tion of the QA'Fe2+ state by low temperature photoreduction was checked. Both
a control and a reversed sample were illuminated at 200 K for 4 min and Fig. 2
shows the results. The amplitude of the Qp~
FeZ* gignal in the reversed sample was mea-
sured to be 25-30% of that of the control
sample (see Table IA), This indicates that low
temperature charge separation is inhibited in a
part of the reversed sample. It is supported
by the fact that photoinduced EPR signals b
from the electron donor side such as the Sg
multiline signal, signals from cytochrome b-

559*, Chl* {reviewed in [23]} and possibly tyr a
D' [24], were smaller than those in the con- o 4
trol sample (not shown).. 280 400
The electron donation rates at low tem-
perature might be different in control and field (mT)

reversed samples due to the different treat-
ments. If electron donation in the reversed
sample were slow, the 25-30% difference be-
tween control and reversed sample observed
after 4 min illumination at 200 K could be
due to this instead of being due to modifica-
tion of the Qp site. However, we also mea-
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Fig. 2. QA Fe2* signals recorded
after 4 min illumination at 198 K.
0.5 mM PPBQ was added prior to
freezing. Spectra before_illumina-
tion showed no Qp "Fes” signals.
(a} Control sample; (b) reversed
sample. EPR conditions were as
described for Fig. 1.



sured the response to the illumination time at 200 K in both samples and it was
found to be similar in the two samples (not shown). Thus, the value of 25-30 %
is not thought to be an underestimation due to a slower low temperature elec-
tron donation rate in the reversed sample,

The value of 25-30% found in the 200 K illumination experiment is close to
the percentage of reversibility as measured by chemical reduction {see above and
Table IA). Most likely, the reaction centres incapable of QA'F‘e2+ formation
under illumination at 200 K, are also those which have an increased suscepti-
bility to chemical double reduction of Qp. Nevertheless, at ambient temperature
and redox potential, Q4 seems to be functionally active [2].

Oxidation of the non-heme iron

It is possible, in PSII, to oxidise the non-heme iron to its ferric form {Fed*)
by dark incubation in the presence of ferricyanide (reviewed in [25]). The
presence of Fe3* can be detected by EPR as signals at around g = 8 and g =
5.5 (see [23]). Fig. 3a shows the EPR spectrum in this field region for the
control sample incubated with ferricyanide. There is indeed a broad signal
present at g = 8 and possibly also at around g = 5.5, but they are hard to
distinguish from other background signals due to impurities in the sample. Fed*
can be rereduced to Fe2+ by illuminating the sample at ambient or cryogenic
temperatures and the best way to see the EPR signals from the PSII Fe3* is in
a dark-minus-light spectrum, Fig. 3c: two peaks are visible, at g = 8 and g = 5.6
respectively.

In addition to the QA'F‘e2+ photoreduction experiments, we performed
experiments to check whether Fed* can act as an electron acceptor in the
reversed sample. Fig. 3b shows the spectrum from the reversed sample plus
ferricyanide, before illumination. A signal at g = 8, similar to that in the
control (Fig. 3a) is not seen. There is also no trace of a signal at g = 5.6. As in
the control sample, baseline problems are greatly diminished in a dark-minus-
light spectrum (Fig. 3d). Consistent with their absence in the spectrum before
illumination, no significant signals at g = 8 or g = 5.6 are observed in the dark-
minus-light spectrum. Apparently, the extent of iron oxidation is very small in
the reversed sample,

The absence of an oxidisable iron in the reversed sample is an observation
which may explain the lack of reversibility found in the present work and Ref.
[2). In purple bacteria it is known that if the iron is absent, Qo may be
functionally active but is doubly reduced upon dithionite addition [26]. By
analogy, the fact that our reversed PSIl samples are more susceptible to double
reduction of Qa upon dithionite or ascorbate addition may be explained by the
absence of the iron. Thus the loss of the iron could be the irreversible
modification occurring during the double reduction-reoxidation cycle leading to
lack of reversibility. Because of the dependence of reversibility after double
reduction of Qa on the incubation time under reducing conditions (see above),
the loss of the iron might be described by a relatively slow process which cen
only take place in the presence of doubly reduced Qa. The sequence of events
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in the present set of experiments (sub-
sequent double reduction, reoxidation and
a rereduction treatments) may then be sum-
marised as fallows: 1) double reduction
{(and double protonation [1,2]) of QA in an
b intact PSII membrane sample induced by
g=8.0 dithionite and benzyl viologen; 2) loss of
the iron from its binding site due to a
changed conformation in the presence of
| doubly reduced Qp; 3) reoxidation of Qp
C induced by ferricyanide, resulting in a
functionally active Qp site at room tem-
d perature, but an inhibited low-temperature
photoreduction in those reaction centres
from which the iron was lost; 4} double

S ——————— reduction of Qg induced by dithionite or
80 120 ascorbate (with no need for benzyl vio-
field (mT) logen to be present), in the reaction cen-

. . . tres lacking the iron.
Fig. 3. EPR spectra in the low-field It should b inted hat based
region. The samples were incubated t should be pointed out that based on

in the presence of 4 mM ferricyanide the above data, we cannot rule out the
for approximately 1 hr prior to free- possibility that the iron in fact remains
zing. (a) Control sample before illu- bound to the PSH reaction centre, but has
mination; (b) reversed sample before e . L . R
illumination; (¢) control sample, modified properties giving rise to either a
difference spectrum {before illumina- reduced oxidisability or a modified (broad-
tion minus after illumination); (d) er) Fe3* EPR signal, which is more diffi-
reversed sample, difference spectrum cult to detect. In any case, a conforma-
as in ¢), EPR conditions were as de- .
scribed for QA‘FeZ" spectra (see Fig. tional change, occurring upon double reduc-
1) except that the madulation ampli- tion {and protonation [1,2]) of Qa, is most
tude was 32 G. likely the trigger for the changed proper-
ties of the iron. To what extent the same
conformational change may also be res-
ponsible for the changed kinetics of charge separation and lifetime of the
primary radical pair [1-3], remains to be clarified.

A simultaneous loss of oxidisability of the iron and the loss of ability to
form QA'Fe2+ has also been cbserved in recent photoinhibition-type experiments
[27). This is an indication that also under the particular photoinhibitory
conditions used in Ref, [27] (aerobic, both in the presence and absence of an
artificial electron acceptor), double reduction of Qp could be an intermediate
step, preceding a modification of the properties of the iron (possibly its loss
from the site}. It has been suggested before that double reduction of Qp occurs
under photoinhibitory conditions [1] and this has been the subject of several
subsequent studies {(e.g. [22,28]). It is worth pointing out that the modification
(possibly absence) of the iron after double reduction and subsequent reoxidation
of Q4 may be related to the block in electron transfer from Qp to Qp, ob-
served in some types of photoinhibition experiments (see e.g. [29]).
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Table I, the reversibility of the double reduction as measured by the size of the QA'Fez‘r
signal, induced chemically or photochemically. The ascorbate {asc.) concentration was 10 mM
and the dithionite (dith.) concentration was approximately 20 mM.

A, reversed sample B, reversed, FeCly treated,
vs, a control sample sample vs. a control sample
control reversed sample control reversed sample
incubation or
illumination {rel, {rel, (% of (rek. (rel. (% of
conditions units) units) control) units) units) control)
1 hr asec.
incubation 799 208 26 - - -
2.5 min dith.
incubation 1773 565 32 - - -
4 min dith,
incubation - - - 1658 549 33
8.5 min dith.
incubation 2021 531 26 - - -
0.5 hr dith,
incubation 1868 527 28 - - -
1 hr dith,
incubation - - ~ 2317 919 40
1.5 hr dith.
incubation 1966 512 26 - - -
13min 5K
illumination 600 158 26 - - -
4 min 198 K
illumination 1232 324 26 - - -
8 min 198 K
illumination - - - 1363 559 4]

Finally, it should be mentioned that loss of the quinone from the Qa site
has been suggested to occur after double reduction of Qp [1,30,31]. Although in
Ref. [31], some evidence is presented that the binding affinity for Qa can be
smaller after it has been in the doubly reduced state (see above), direct
evidence for the loss of Qa from the binding site is lacking. In fact, the
fluorescence measurements in Ref. {2] indicate that at least after the treatment
used in this reference (dark-incubation with dithionite and benzyl viologen), Qa
is functionally active at ambient redox potential.,
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Treatment of reversed samples with excess FeCly

The possibility that the iron leaves its binding site if Qp is in the doubly
reduced state led to the following preliminary experiments, in which we tried to
improve reversibility by adding excess FeCly to the ferricyanide treated
{reversed) sample. The sample (from the same batch of which the results are
shown in Figs. 1-3 and Table IA) was incubated in the dark, under argon for 2
hrs in the presence of 10 mM FeCls which was subsequently removed by exten-
sive washing (see Materials and Methods for more details).

The degree of reversibility of this sample was tested in the same way as
before, by measuring the QA'Fez*' EPR signal in the presence of dithionite or
after 198 K illumination and precise comparison to a control sample. The
experimment of photoreduction of the preoxidised non-heme iron could not be
performed in this sample, because the baseline in the low field region showed
large signals from unspecifically bound iron, which could not be removed by the
washing.

The results of the Qa Fe“” measurements are summarised in Table IB, It
can be seen that the percentage of reversibility increased to approximately 40%.
The fact that reversibility is increased by adding excess FeClp to the sample
supports our suggestion made above, that the iron was initially lost in part of
the sample. However, further experiments are needed to fully prove the loss of
the iron. If iron loss is indeed occurring after double reduction of Qp, this
would mean that this procedure would constitute a new selective method for
removal of the ijron from the reaction centre. Furthermore, no attempt has been
made to optimise the procedure of FeCls treatment. The reversibility of 40%
may be further improved by adjusting the conditions (such as incubation time,
temperature, pH etc.). Since iron loss possibly occurs in the doubly reduced state
of Qp, @ useful approach may be to add the FeCls under reducing conditions as
well. Finally, based on the present work, procedures may be developed for
replacement of the iron by other metals {as has been done in purple bacteria
[32)).

2+
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Chapter 6

A chlorophyli tilted 30° relative to the membrane
in the Photosystem II reaction centre
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2 Department of Molecidar Physics, Agricultural University, Wageningen (The Netheriands) and ? Department of Biology,
Faculry of Science, Okayama University, Okayama (Tapan)
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The orientation properties of the reaction centre triplet in Photosystem II {PS II) were determined, A high triplet
vield was generated in PS II membranes by double reduction of the primary guinone electron acceptor Q,. It is
deduced that the triplet state is localised on a chlorophyll, the tetrapyrrolic plane of which is tilted at 30° to the
membrane. A similar orientation was found in D1 /D2 /cyt »-559 particles demonstrating that the triplet is
confined to the reaction centre, Optical work in the literature has been interpreted as indicating that the triplet is
localised on a monomeric chlorophyll and that, in the singlet state, P680 consists of this molecule weakly conpled to
a second chlorophyll. The weakness of the coupling, compared to the coupling in the special pair of purple bacteria,
allows PGB0 to be considered as a monomer. Taking the optical data into account, we propose that P680 is a
chlorophyll molecule oriented at 30° to the membrane. This result is discussed in terms of the structural analogy
between PS 1I and the reaction centre of purple bacteria. A model is favored in which P680 is a chlorophyll,
structurally analogous to one of the monomeric hacteriochlorophylls of the bacterial reaction centre. In addition,
the orientation data indicate that this chlorophyll is rotated by 45° in its ring plane compared to the monomeric
bacteriochlorophylls in the reaction centre of Rhodopseudomonas viridis.

Introduction nents over the L M heterodimer was shown (reviewed
in Refs. 1, 2).

The reaction centre of purple bacteria consists of After excitation of the reaction centre with light, a
three subunits, H, L and M. The primary photo- radical pair is formed within a few picoseconds: the
chemical reactions take place in the L and M subunits positive charge is distributed over a pair of bacterio-
that form a heterodimer. They bind several pigments: chlorophylls known as the special pair and the negative
four bacteriochlorophylls, two bacteriopheophytins, two charge is located on a bacteriopheophytin on the L
quinones and additionally one iron atom. Most species side of the reaction centre. In reaction centres where
alsa bind a carotencid molecule. The crystal structure the quinone acceptor Q, is present, electron transfer
of the reaction centre from Rhodopseudomonas viridis from the bactcriopheophytin anion to Q, occurs in 200
and Rhodobacter sphaeroides have been resolved and ps. When this electron transfer step is blocked, spin
an almost symmetrical distribution of these compo- dephasing and then charge recombination of the radi-

cal pair can occur, transiently forming a triplet state on
the special pair of bacteriochlorophylls (reviewed in

Ref. 3).
Abbreviations: Q,, the first quinone electron acceptor; PS II, Photo- The special pair is located on the symmetry axis of
system 11; P680, the primary electron donor in PS 13; PS 1, Photosys- the reaction cenire; the two bacteriochlorophyils have
tem I; Chl, chlorophyll; Behl, bacteriochlorophyll. their ring planes almost parallel to this symmetry axis,
Comrespondence: AW. Rutherford, Section de Bioénergétique, which means that they are perpc_:ndlcular' to the mem-
Département de Biologie Cellulaire et Moléculaire, CE Saclay, 91191 brane. There are two monomeric bacteriochlorophylls
Gif-sur-Yvette Cedex, France. that are located between the special pair and the
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bacteriopheophytins, on each side of the symmetry
axis. From its position, it seems likely that the monomer
on the L side is involved in the electron transfer [1,2];
whether or not it acts as a true electron acceptor is still
under debate [4,5].

On the basis of spectroscopic data, there are thought
to be many similarities in structure and function be-
tween purple bacteria and PS Il {reviewed in Refs.
6-8). Based on the similarities of amino acid sequences
between D and D, in PS IT and the L and M subunits
in bacteria, 2 specific folding model for the PS Il
reaction centre was proposed [9-11]). The proposal that
D, and D; make up the reaction centre was supported
by some bicchemical evidence (e.g. [12]), but was estab-
lished by the isolation of a PS Il reaction centre core
made up of only D|, D,, ¢ytochrome 5-559 {13]. The
validity of the folding model was established by site-di-
rected mutagenesis experiments [14,15].

From amino acid sequence comparisons it is clear
that the histidines that are the axial ligands to the
bacteriochlorophylls of the special pair in purple bacte-
ria, are conserved in PS 11 [9,10]. It thus seems proba-
bie that there is at least a structural equivalent of the
bacterial special pair in PS 11 It is not clear, however,
whether structural equivalents of the monomeric bac-
teriochlorophylls exist in PS II. In purple bacteria
these have histidine residues as axial ligands, cach of
which is located at the end of a helix that is parallel to
the membrane {the so called CD helix) [1], but these
histidines are absent in PS 11 [9,10]. However, in Rb.
capsularus, these histidines have been replaced by sev-
eral other amino acids using site-directed mutagenesis.
A preliminary analysis of these mutants indicated that
axial histidines are not required for binding of the
monomeric bacteriochlorophylls to the reaction centre
(reviewed in Ref. 16). Therefore, the fact that his-
tidines in the predicted CD helix of PS II are absent,
does not argue against the presence in PS II of
monomeric chlorophylis, which are structurally analo-
gous to those in the bacterial reaction centre. More-
aver, the existence of a monomeric chlorophyll on the
active side of the reaction centre might be predicted on
theoretical grounds, based on the rate of electron
transfer [17].

From orientation studies of the PS II triplet EPR
signal, it was concluded that the triplet at liquid helium
temperatures is localised on a chlorophyll molecule,
the ring plane of which is oriented approximately par-
aliel to the membrane [18,19]. This is one of the most
striking spectroscopic differences between PS 11 and
purple bacterial reaction centres, since, in the latter,
the triplet resides on the pair of bacteriochlorophylls
which are perpendicular to the membrane [20,21]. Also,
in all other types of photosynthetic reaction centres, PS
I, green sulphur bacteria and heliobacteria, the triplet
is localised on (bacteriokhlorophylls which are perpen-
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dicular to the membrane plane, as in purple bacteria
[22-24]. It was possible to interpret the orientation
data on the triplet of PS 1I in the context of a strict
structural analogy between PS Il and purple bacteria
by assuming that, in PS 11, the triplet is localised on a
structural equivalent of one of the monomeric bac-
teriochlorophylls. In this model the triplet was envis-
aged either (1) as being transferred from P680 to this
chiorophyll monomer [6] or (Z) the monomer could be
P680 itself [25].

The original orientation experiments were done with
preparations in which Q, was prereduced to block
further electron transfer after charge separation [18,19].
It is now known, however, that the presence of Q,
almost completely suppresses triplet formation in PS TI
[26]. By doubly reducing Q,, the triplet yicld can be
increased drastically. This effect was attributed to a
low yield of the primary radical pair when Q) is
present, due to a repulsive coulombic interaction be-
tween this radical pair and Q [26] (see also Refs. 27,
28). When Q,, is doubly reduced, it presumably loses
its negative charge by protonation, resulting in an
increase of the triplet vield. Similarly, complete re-
moval of Q, results in a high triplet yield as seen in
the D, /D, /cyt b-559 preparation [29]. Since the con-
ditions under which the triplet can be generated are
better understood, we are now able to make oriented
PS 11 samples having triplet signals with a much greater
intensity than in earlier work. Two types of prepara-
tions with increased triplet yield were used: PS II
membranes with Q, doubly reduced [26] and a reac-
tion centre preparation with Q, absent {13]. Thus, we
were able to obtain much more precise orientation
data on the reaction centre triplet.

Materials and Methods

PS 1l-enriched thylakoid membrane fragments were
prepared from spinach as described earlier [30] using
the modifications in Ref. 31. In order to doubly reduce
Q,, the membranes were maintained in the dark for
several hours at a redox potential of approx, — 400 mV,
under argon, in the presence of approx. 2 mM sodium
dithicnite [26). In addition, 5 mM Mops (pH 7.0), 1
mM EDTA and 50 M benzyl viologen [26] were
present. The samples were then spread under argon
onto mylar sheets and dried in an 80% humidity, argon
atmosphere in the dark at 4°C, for approx. 24 h [32].
D, /13, /cyt b-559 particles [13] were tesuspended in
water, directly spread onto mylar sheets and dried in
the same way as the membranes, except that a pyrogal-
fol oxygen trap was present in the drying vessel.

Several of the mylar sheets were put into EPR tubes
and a 70% glycero! solution containing approx. 100
mM sodium dithionite and 200 mM giycine (pH 10}
was added. In some experiments 150 mM Mops (pH




7.0} was used instead of 200 mM glycine. After 5 min
dark incubation, the samples were frozen and spectra
were recorded at different orientations of the mylar
sheets relative to the EPR magnetic field [32]. For the
D, /D, /eyt b-559 particles data were recorded first in
the absence of dithionite. Under these conditions,
identical data for triplet orientation were recorded but
in addition, data on oxidised cytochrome b-359 were
also obtained.

EPR spectra were recorded using a Bruker 200
X-band spectrometer fitted with an Oxford Instru-
ments crvostat and temperature control system. In
order to record spectra during illumination an 800 W
tungsten projector was used. Illumination was per-
formed through the cavity window with the light beam
perpendicular to the magnetic field. Infrared radiation

was diminished by using a 2 cm water filter and three
calflex (Balzers) heat filters.

Results

Oriented PS I membranes with @, doubly reduced

It is possible to doubly reduce Q, in PS II mem-
branes by incubating them under strongly reducing
conditions (see Materials and Methods for details).
The samples, pretreated in this way, were oricnted on
mylar strips as described in Materials and Methods,
The triplet state can be detected under illumination at
liquid helium temperature with EPR [33]. A very in-
tense triplet EPR signal was observed as in Ref. 26,
The triplet spectra (Fig. 1a) showed an AEEAAE
polarisation pattern and [} and £ values of 0.0286
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Fig. 1. {A) Orientation dependence of the light-induced PS II reaction centre triptet EPR signal in PS II membranes with (1, doubly reduced;

the sample was reduced with sodium dithionite (see Materials and Methods for details on sample preparation). The figure shows spectra

recorded close to the orientation maximum for ¢ach of the triplet peaks; the angle between the magnetic field and the plane of the mylar sheets

is indicated for each spectrum. The spectra were recorded during illumination with the following instrument settings: temperature, 4.4 K;

modulation amplitude, 25 G; gain, 1-10°; microwave power, 35 dB (63 uW); microwave frequency, 9.434 GHz, (B) Normalised polar plots of the
otientation dependence of the Z, X and Y triplet peaks, obtained under the conditions outlined under A,




membrane plane

Fip. 2. A schematic drawing (side view) showing the orientation of

the chlorophyll on which the triplet state is localised in PS I1. The

triplet Z axis makes an angle of 60° with the membrane plane, as

reported in this work, and is perpendicular to the ring plane of the

chlorophyll [36). The ring plane, therefore, is oriented at 30° with
respect 10 the membrane.

cm ™! and 0.0044 cm ™! respectively. These are charac-

magnetic field was varied, the amplitudes of the triplet
peaks showed a marked orientation dependence. This
is shown as polar plots in Fig. 1b.

The triplet Z, X and Y peaks showed maxima at
angles of 63°, 30° and 0°, respectively between the
piane of the mylar strips and the magnetic field. The
orientation dependence of the Z peaks was slightly less
well resolved and this may be due to a specific increase
in light penetration of the sample when the beam was
parallel to the mylar strips {i.e., when the strips were
90° to the magnetic field). This would result in a
distortion of the arientation dependence due to an
increased Z peak signal amplitude at this orientation.
The other peaks are essentially unaffected since they
have almost zero intensity at this orientation.

It is also possible to calculate the orientation maxi-
mum of the Z peaks from those of the X and Y peaks,
using the relationship [35):

teristics of the reaction centre triplet of PS 11 [33,34]. Y eos?(90° ~a,) = 1 TN
When the angle between the mylar strips and the i
A B -
Z X Y Y X Z Z
270° 90°
66° L/
0°
( X
W 346°| ... | -
356° o
(‘ Y
l | | | | [ | 1 | | 2 ol
300 320 340 360 380
Field (mT)

180°

Fig. 3. (A} Qrientation dependence of the light-induced P5 Il reaction centre triplet EPR signal in It /D, /eyt b-559 particles, Sample
conditions and instrument settings were as described in the legend to Fig. 1, except that the gain was 5-10*. (B) Normalised polat plots of the
three triplet peaks from D, /D, /eyt 5-559 particies.
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{where «a; is the orientation maximum for respectively
the Z, X and Y peak). This yields an angle of 60°,
which we take as a more accurate value (+3°, esti-
mated error), We conclude that the angles of the
triplet Z, X and Y axes with the plane of the thylakoid
membrane are respectively 60°, 30° and 0°.

The triplet axis system of chlorophylls in vitro has
previously been determined [36]. It was found that the
triplet Z axis is perpendicular to the ring plane for all
types of chlorophylls. Furthermore, we assume that the
triplet is entirely located on a single chlorophyll, based
on the monomeric D value (33,34), the triplet minus
singlet spectrum [29,34,37,38] and the weakness of the
coupling between the pigments in the PS II reaction
centre [38—40). Thus, we deduce that the ring plane of
this chlorophyll is tilted at an angle of 30° relative to
the plane of the membrane (see Fig. 2).

Oriented D, /D, / cyt b-5359 particles

Due to the absence of G, in these particles, the
triplet vield is high without preincubation under reduc-
ing conditions [29,41] (see Ref. 26). The samples were
oriented on mylar strips in the same way as the PS 11
membranes (see above) and EPR spectra of the triplet
state were taken during illumination at liquid helium
temperature, Essentially the same spectral features as
in PS II membranes were observed (Fig. 3a). Fig. 3b
shows polar plots of the Z, X and Y peaks of the triplet
in oriented D, /D, /cvt b-559 particles. Due to the fact
that the particles were extracted from the membrane,
the samples showed a less defined orientation depen-
dence compared to PS Il membranes. The orientation
dependence of EPR signals from the oxidised cy-
tochrome 5-359 in these samples (not shown) was as in
PS II membranes [18], confirming that the particles
were oriented with the symmetry axis of the reaction
centre perpendicuiar to the mylar plane. Despite the
lower quality of the data, it is still observable that the
orientation maximum for the Z peak deviates 20°-30°
from 90 °. This is consistent with the triplet residing on
a chlorophyll molecule that is tilted approx. 30° out of
the plane of the mylar, as found for oriented mem-
branes.

Discussion

The data presented here confirm the earlier obser-
vations [18,19] that the reaction centre triplet of PS II
has a different orientation compared to all other
photosynthetic reaction centres. An orientation paral-
lel to the membrane was reported for the ring plane of
the chlorophyll on which the triplet was located, but
the signal-to-noise in the earlier work was insufficient
to allow this interpretation to be very precise. In the
present study, the pretreatment of the sample allowed
the triplet yield to increase by orders of magnitude.
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The signal to noise is correspondingly improved and it
is now clcar that the ring plane of the chlorophyll on
which the reaction centre triplet is localised is tilted
30° out of the membrane plane.

The observation that the orientation dependence of
the triplet in the isolated PS Il reaction centre
(D, /D, /cyt b-559) is the same as that in the unfrac-
tionated membranes, is a clear indication that the
triplet resides on the same reaction centre chlorophyll
molecule in both preparations. Furthermore, it is evi-
dent that the components involved in the primary
reactions in the D, /D, /eyt b-559 preparation [13] are
relatively intact.

In other types of photosynthetic reaction centres,
the triplet state is localised on the primary electron
donor. The triplet minus singlet spectrum [29,34,37,38],
indicates that this is also the case in PS I It was
argued in Refs. 34, 37 and 38 that P68C comprises two
excitonically coupled chlorophylls in the singlet state,
but that the triplet was localised on only one of the
chlorophylls (for a recent review of spectroscopy on
P680 see Refl. 42). However, it is important to note
here that all of the estimations in the literature for
possible excitonic coupling between PS II reaction cen-
tre pigments {e.g., 40 cm ™ [38], 142 em~! [39] or 110
cm™~’ [40]) are low compared to estimations for the
coupling within the bacteriai special pair (in the range
of 600-1500 cm ! [43,44]. In addition, the absence of
a significant Stark effect, in contrast to the situation in
purple bacteria [45,46)], indicates that there are no
contributions of charge transfer-states to the excited
state [45]. Compared to the situation in the purple
bacterial centre, these observations can be taken as
indicating that all the pigments in the PS II reaction
centre are essentially monomeric. Thus, P680 can be
considered as a monomer, although weakly coupled
with one or more nearby chromophores. The close
rescmblance between the P680" minus P680 spectrum
and the *P680 minus P680 spectrum [38] suggests that
the triplet state and the positive charge are both lo-
calised on the same chlorophyll. If this is the case, this
chlorophyil can be considered to be P680 and from the
present work, it is oriented at 30° with respect to the
membrane planc.

How then should this result be considered in light of
the expected structural analogy between PS II and the
purple bacterial reaction centre? If, as seems appropti-
ate, we attempt to apply the analogy as strictly as
possible, further useful insights on the nature of P680
can be gained. In the following we discuss two different
models for the organisation of the P680 region in PS I1,
in which a major criterion is the maintenance of the
structural analogy.

In the first model, two chlorophylls, which are struc-
tural analogues to the bacteriochlorophyll special pair,
are present in PS II (as suggested by their conserved



histidines), but one of these is oriented at 30° rather
than 90° to the membrane plane. Such an arrange-
ment could result in a weaker coupling between the
two chlorophylls, giving rise to essentially monomeric
properties.  However, different tilts of the chro-
mophores of the PS II reaction centre, compared to
their purple bacterial counterparts, inevitably imply
differences in the protein folding. This seems unlikely
in the region where the bacterial special pair is bound,
because there, the homology between D, and D, and
the L. and M subunits is rather high.

In an alternative model, which was suggested carlier
[25], P680 is a chlorophyll molecule structurally equiva-
lent to one of the bacteriochlorophyll monomers of the
bacterial reaction centre; two chlorophylls, which are
structural analogues to the bacterial special pair, are
present in PS I, but they are not the primary electron
donor. This model is attractive since a 30 ° tilt of P80,
apparent from the present worl, is exactly that seen for
the bacteriochlorophyll monomers [1] (see Table I). It
is envisaged that the organisation of the chromophores
(their positions and the tilts of their ring planes) and
the folding of the protein in PS Il are essentially the
same as in the purple bacterial reaction centre, al-
though different functional roles for some of the chro-
mophores are imagined.

Table 1 shows orientation data for the monomeric
bacteriochlorophylls, taken from the crystal structure
of Rps. viridis [1], compared to orientation data for the
chlorophyil on which the triplet is localised in PS 11 It
can be deduced that the triplet X and Y axes are
rotated * approx. 45° clockwise or 135° counterclock-
wise within the ring plane, when compared to the
directions of the optical transition moments of the
bacterial monomers (for chlorophylls, the X and Y
triplet axes correspond to the Q, and Q, transitions
respectively [36]). The most straightforward interpreta-
tion for this is that a structural difference is present,
involving a rotation of the chlorophyll ring in PS 1I
compared to purple bacteria, while maintaining the
30° tilt of the ring plane. Such a rotational difference
is not in contradiction with a close structural analogy
between PS II and the purple bacterial reaction centre
since it is not likely to have a large impact on the
protein folding. It would only require replacement of
amino acids in PS 11 that have close interactions with
the chlorophyll and possibly slight modifications due to
the phytyl chain taking a different position in the
protein compared to purple bacteria. The proposed
in-plane rotation could contribute to the functional
differences proposed in this model for this chlorophyll,
compared to its bacterial counterpart.

* When observing the reaction centse from the donor side.

42

TABLE 1

Orientation of optical axes (Rps. viridis, monomeric bacteriochioro-
phylls) and triplet axes (PS 1) with respect to the membrane

X-axis Y-axis XY-plane
Rps. viridis,
optical axes of the
monomeric Behls 2
L side 19° 21° 32°
M side 2° 23° 28°
PS 11, triplet axes 30° o° 3g°

* From Ref. 1.

In order to explain the singlet minus triplet spec-
trum {29,34,37,38] in line with this model, we consider
excitonic coupling to occur between a chlorophyll
monomer (structurally analogous to one of the bac-
teriochlorophyll monomers of the bacterial reaction
centre) and one or both of the chlorophylls which are
structurally analogous to the constituents of the bacte-
rial special pair. Couplings of 40 ¢m™! [38], 142 cm ™!
{39] or 110 cm ' [40] are indeed in the range of the
weak couplings which were calculated previously for
the interaction of the bacteriochlorophylls of the spe-
cial pair with the monomeric bacteriochlorophylls in
the purple bacterial reaction centre [43,44]. The esti-
mations of the magnitude of the coupling in the PS 11
reaction centre would also imply that there is only a
small interaction in PS II between the structural equiv-
alents of the bacterial special pair. This could occur
even if the relative position and tilts of the ring planes
are similar in both reaction centres [39] (see also Ref.
47) and thus would not involve major changes of the
protein folding. However, the requirement for the
structural analogue of the bacterial special pair to be
decoupled in PS 11 in this madel, is an ad hoc hypothe-
sis which weakens the model somewhat.

In conclusion, of the two models discussed we favour
the second, in which P680 is a chlorophyll molecule
which is a structural analogue of one of the monomeric
bacteriochlorophylls, because this more closely main-
tains in PS II the basic structural motif of the bacterial
reaction centre.
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Chapter 7

Transient EPR spectroscopy of Photosystem Il reaction centre photochemistry
with nanosecond time resolution

F.J.E. van Mieghem ®P, C.H. Bock €, A.W. Rutherford 2 and D. Stehlik €

2 Section de Bioénergétique, CNRS URA 1290, Département de Biologie Cellulaire et
Moléculaire, CE Saclay, Gif-sur-Yvette (France), ¥ Department of Molecular Physics,
Agricultural University, Wageningen (Netherlandsy and € Fachbereich Physik, Freie
Universitit Berlin, Berlin, (Germany).

Key words: Chlorophyll; Photosynthesis; Primary electron donor; Radical pair state; Triplet
state

The formation of the reaction centre triplet of Photosystem II (PSI} in
oriented PSIl membranes from spinach has been measured using time-resolved
EPR at 4.2 K. This triplet state has its Z axis oriented at an angle of 60° with
respect to the membrane as observed in EPR measurements under continuous
illumination (Van Mieghem, F.J.E.,, Satoh, K. and Rutherford, A.W. (1991)
Biochim. Biophys. Acta 1058, 379-385). We found that the triplet state with the
60° oriented Z axis is formed on an estimated time scale of 300 - 400 ns
following a laser flash, significantly slower than the instrument response-time.
Apart from the contributions from this (reaction centre} triplet state, we also
found short-lived signal components with instrument-limited risetime and decaying
within a microsecond. The time-resolved spectrum of the shortlived contributions
does not fit with that of a reaction centre triplet; its exact origin remains
unclear at present, but it is probably not related to the primary charge
separation in the reaction centre.

Introduction

In the photosystem II (PSI) reaction centre, a {primary} radical pair is
formed following the electron transfer from a chlorophyll a electron donor, P680,
to a pheophytin {see [1,2] for reviews). If subsequent electron transfer to the
{quinone) electron acceptor Qa is blocked, charge recombination cen result in
the formation of the reaction centre triplet state {3].

From EPR measurements on oriented PSIl samples it was concluded that the
reaction centre triplet is located on a chlorophyll which is tilted 30° to the
membrane plane [4] (see also [5,6]). This finding indicates a difference between

Abbreviations: Chl, chloraphyll; EDTA, ethylenediaminetetraacetate; Mops, 4-
morpholinepropanesulphonic acid; P680, the primary electron donor in Photosystem II; PSII,
Photosystem [I; Q4, the first quinone electron acceptor.

Correspondence: A.W, Rutherford, Section de Biogénergétique, CNRS URAI1290, Département
de Biologie Cellulaire et Moléculaire, CE Saclay, 91191, Gif-sur-Yvette Cedex, France.
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PSIl and reaction centres of purple bacteria {and also other types of photo-
synthetic reaction centres [7-9]), in which the triplet is located on chlorophylls
oriented with their ring planes perpendicular to the membrane plane [10,11]. This
difference between purple bacterial reaction centres and PSIl as regards their
triplet orientation has been discussed in detail: it can be fitted with models
[4,12,13] involving a high structural analogy between the two types of reaction
centres, as has been proposed on the basis of spectroscopic similarities (reviewed
in {12-15]), and biochemical similarities (reviewed in [16-18], see also [19]). Thus,
as a possible explanation for the triplet orientation in PSII, it has been proposed
that the PSII triplet is formed by charge recombination on P680, oriented
perpendicular to the membrane, followed by rapid transfer to a 30° oriented
chlorophyll [12]. Note that the reaction centre of purple bacteria contains
bacteriochlorophylls, oriented with their ring planes at 30° to the membrane
[20,21]. In an alternative explanation, P680 itself was thought to be or to
contain a 30° oriented chlorophyll [4-6,13].

The decay of the primary radical pair in PSII has been measured by optical
spectroscopy at temperatures of 20 K and lower and lifetimes in the range of
100 ns to 300 ns have been reported [22-25]. This is within the time resolution,
accessible to modern transient EPR techniques (see [26] for a review). Thus, the
decay of the radical pair, the rise of the reaction centre triplet and a possible
triplet transfer process as proposed in Ref. [I2] are in principle measurable by
transient EPR. In this work, we performed such measurements on oriented PSII
membranes, in particular with the aim of looking for the triplet transfer
proposed in Ref. [12].

Materials and Methods

PSll-enriched thylakoid membrane fragments were prepared as described
earlier [27] using the modifications in Ref. [28], Oriented samples with Qa
doubly reduced were prepared as described in Ref. [4] {see also {29]), by dark
incubation at low redox potential (approximately -400 mV) in the presence of
benzyl viologen, transfer to mylar strips followed by slow drying and subsequent
submersion of the strips in a dithionite/glycerol solution in the EPR tube. A
different (redox) type of oriented samples was also prepared, by drying on mylar
of unreduced sample and subsequent submersion of the mylar in a solution
containing 70% glycerol, approximately 100 mM sodium dithionite, 150 mM Mops
{pH 7.0) and 2 mM EDTA, 5 min dark incubation and freezing. Despite the mil-
der reduction treatment, this sample showed a significant reaction centre triplet
signal [3] under continuous illumination, which is indicative of double reduction
of Qa [30]. This might be due to an increased susceptibility of Qa to double
reduction (see [30,31]} in dried samples, as compared to samples in suspension.
By comparing the triplet amplitude under continuous illumination to that in
{(oriented) samples with all Qp doubly reduced, the fraction of doubly reduced
Qa in the milder treated sample is estimated to be of the order of 50%.

Steady state EPR spectra were recorded using a Bruker 200 X-band spectro-
meter fitted with an Oxford Instruments cryostat and temperature control
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system. To record spectra during illumination, an 800 W tungsten projector was
used. Infrared radiation was diminished by using a 2 cm water filter and three
Calflex (Balzers} heat filters.

Transient flash-induced EPR signals were measured using the experimental
X-band set-up described in detail in Ref. [26]. Transients were recorded until 4
ps after the laser flash with a 10 ns sampling time. The repetition rate of the
laser pulses (532 nm, pulse energies up to 15 m]J) was approximately 10 Hz. The
instrument response time was determined to be approximately 100 ns by mea-
suring the rise of the reaction centre triplet signal in a prereduced Rb.
sphaeroides R~26 chromatophore sample,

Results and Discussion

PSII membranes were treated with dithionite and benzyl viologen in order to
doubly reduce Qpa, which results in an overall slow-down of photochemical
processes in the reaction centre [25]. The membranes were oriented parallel to
strips of mylar and time-resolved EPR measurements were performed. A set of
data was recorded for which the microwave absorption or emission was measured
as a function of both time (after a laser flash) and magnetic field strength. In
addition, the orientation of the membranes relative to the magnetic field was
varied.

Fig. 1 shows some of the transient signals, taken at different fileld positions
and orientation angles @ (the angle between the magnetic field direction and the
plane of the membranes). A general observation was that at two magnetic field
positions, which were at equal distance from the g = 2 field position (325.5 mT
under our conditions), the same transients were found, but with opposite
amplitude. In Fig. 1, only transients of the low field part of the spectrum are
shown. In several traces of Fig. 1, both positive and negative contributions are
present and therefore they must be the composite of at least two transients: a
fast one, being observed at short times after the flash, and a slower transient,
remaining after the fast one has decayed. In Fig. la, ® = 0° and in Fig. 1b, © =
0° and ® = 45°, the fast transient seems to dominate the signal: a rise on a
timescale of approximately 100 ns is seen and a decay back to zero in several
hundreds of nanoseconds {estimated lifetime 600 - 700 ns). In the same way, the
rise and the decay of the slow transient can be estimated from Fig. la, @ = 90°
and Fig. 1d, © = 0°: 300 - 400 ns and a few microseconds respectively. The
observed risetime of 300 - 400 ns is significantly longer than the 100 ns
instrumental response-time {see Materials and Methods).

Spectra, associated with the slow transient, were obtained by signal
integration in the time interval 1 - 2 us after the flash (digital boxcar spectrum)
and also by fitting of the transients with appropriate rise and decay times. Fig.
2 shows spectra at three characteristic orientations, obtained by fitting. These
were similar to boxcar spectra (not shown). The spectra have the characteristics
of reaction centre triplet spectra (see [32] for a review and for a comparison of
shapes of triplet spectra obtained using direct detection and using field
modulation). The [D/ and [E{ values (0.029 em! and 0.0044 cm'l, respectively)
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Fig. 1. Transient flash-induced EPR signals from oriented PSII

a 296.5 mT membranes with Q4 doubly reduced. The angle between the mag-
netic field and the plane of the mylar sheets with oriented sample

90 and the magnetic field strengths are indicated in the figure.
45" Positive signals indicate absorption, negative signals emission of

microwaves. Each trace is the average of 1024 measurements.
Laser-induced background signals were suppressed by subtracting
off-resonance transients. Instrument settings were as follows:
temperature, 4.2 K; microwave power, 10 mW; microwave fre-
quency, 9.12 GHz; laser energy, 15 mJ per pulse.

[

b 302.5mT

907

and orientation dependence were similar to those of the
reaction centre triplet of PSIl, as measured under con-
tinuous illumination [3,4]. Thus, the slow transient is
attributed to the reaction centre triplet and we con-
clude that the rise time of the reaction centre triplet
is in the 300 - 400 ns time range.

Considering the fact that the decay of the pri-
mary radical pair is slowed down in a magnetic field
[33,34], the triplet risetime of 300 - 400 ns agrees
reasonably well with the decay of the primary radical
pair, which has recently been measured optically in the
same type of sample (components of approximately 70
ns and 300 ns were found [25]).

Measurements on samples prepared under milder
reducing conditions, in which a significant fraction of
the reaction centres had singly reduced Qp (approxi-
mately 50%, see Materials and Methods), were also per-
formed. A somewhat faster rise of the reaction centre
triplet was observed in these measurements as com-
pared to samples with all Qp doubly reduced (not
shown), which is once more in line with the optical
measurements in Ref. [25] (in this reference, the decay
of the primary radical pair was found to be faster in samples with Qp singly
reduced as compared to samples with Qg doubly reduced).

The observed decaytimes of the slow transient {see Fig. 1 for samples with
all Q4 doubly reduced), were shorter than those measured optically: in the
samples with all Q4 doubly reduced the triplet lifetime has been measured to be
1 - 10 ms [25,30] (see also [24,35-37]), whereas here, a decay on a microsecond
timescale is measured. This is due to spin-lattice relaxation and microwave-
induced nutation meodulation of the transient EPR signals (see [26]). Due to the
strong influence of these effects on the decaytime of the signals, a direct
comparison of triplet decaytimes between samples with varying amounts of
doubly reduced Qp, as done in the optical work [25], is not possible with the
present data.

From an inspection of several transients as shown in Fig. 1, some general
features of the spectrum associated with the fast transient appear to be as

d 316.5 mT
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follows. It has a negative {emissive)
amplitude on the low field side of the
g = 2 position and a positive (absorp-
tive) amplitude on the high field side,
the separation of extremes (from now
on called "splitting") being of the order
of 45 mT. The amplitude is somewhat
dependent on the orientation of the
membranes in the magnetic field. At
the field position 305.5 mT (Fig. lc},
the fast transient shows the largest
negative amplitude in the trace recor-
ded at an orientation of 90° at 302.5
mT (Fig. 1b), it is the trace taken at
45° and at 296.5 mT (Fig. 1a) it is the
trace at 0°, Thus, the splitting seems
to increase when the orientation of the
membranes is changed from perpendicu-
lar to parallel to the magnetic field.

For the assignment of the fast
transient, we consider the following
possibilities.

1) 1t has been proposed that the
reaction centre triplet of PSII is
formed on the primary donor, which is
oriented perpendicular to the membrane
(in analogy to the known purple bac-
terial reaction centre structure), and
then rapidly moves to a chlorophyll ori-
ented at 30° to the membrane [12] (see
Introduction). In the following, we con-
sider the possibility that the fast tran-
sient, found in the present work, arises
from such a short-lived triplet on the
primary donor, existing prior to the
triplet with millisecond lifetime.

The short-lived triplet would be
expected to have the characteristics of
a chlorophyll reaction centre triplet,
formed via a charge separated state,
therefore having an AFEAAE polarisa-

1 ] 1 1
300 320 340 380
fiold (mT)

Fig. 2. Spectra obtained from measure-
ments similar to those in Fig. 1. The
spectrum was obtained by fitting of the
transients (averages of 256 measurements)
with two decay components and one rise
component, with fixed lifetimes (of 2 ps,
600 ns and 300 ns, respectively), im-
posing equal amplitudes on the 300 ns
rise and 2 ps decay. This amplitude was
plotted as a function of the magnetic
field in the figure. Labels a) to d)
indicate the magnetic field values used in
Fig. 1 a-d respectively. Instrument
conditions and sample conditions were as
in Fig. 1, except that the laser energy was
12.5 mJ per pulse.

tion pattern of the Z, X and Y low field- and the Y, X and Z high field
transitions respectively (A = absorptive; E = emissive, see [32] for a review).
Thus, if the fast transient arose from a reaction centre triplet on the primary
donor, it should have a positive amplitude at the position of its low field Z peak
and a negative amplitude at the position of its high field Z peak. In addition,
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the orientation dependence should be like that in purple bacteria (in which the
triplet is localised on the primary donor, oriented perpendicular to the membrane
[10,11]). This means that the Z peaks are expected to be maximal when the
membranes are oriented parallel to the magnetic field {® = 0°), In Fig. 1 (the
low field side of the g = 2 position) it can be seen that the fast transient is
never positive at an angle ® = 0° Thus, it can be ruled out that the fast
transient arises from an AEEAAE polarised reaction centre triplet localised on a
chlerophyll which is oriented perpendicular to the membrane. Also an EAAEEA
polarisation pattern (if D is negative, see [32]) does not seem applicable to the
fast transient, because it is in fact never positive in any of the transients at
field positions below 325.5 mT (g = 2},

We stress that the present data do not rule out the hypothesis [12] that
triplet transfer from the primary donor to a 30° oriented chlorophyll occurs in
PSIl. A decay of the primary radical pair and rise of the reaction centre triplet
on similar timescales (see above, comparing the results in Ref, [25] with those in
the present work) leaves the possibility open that a very fast triplet transfer
occurs, too fast to be detectable. In any case, the fast transient which we do
detect, is not related to the triplet transfer proposed in Ref. {12] as outlined
above.

2) It is possible that the fast transient arises from an independently
photoexcited component (e.g. a carotenoid or chlorophyll triplet state}, not being
related to the primary charge separation in the reaction centre. Transients,
similar to the fast transient in Fig. 1 were also found in oriented D1D9 particles
(not shown), which indicates that there is at least a partial contribution from
such components in the reaction centre.

3) The possibility that the fast transient arises from the primary radical
pair. This possibility seems unlikely for the following reasons. Firstly, the decay
kinetics of the fast transient appear to be longer (600 - 700 ns) than the rise
kinetics of the reaction centre triplet (300 - 400 ns). Secondly, the global shape
of the spectrum of the fast transient (see above) is not compatible with that of
a radical pair: for a splitting of 45 mT, the radical pair is not expected to be
significantly polarised (see [38}); the amplitude of the spectrum of the fast
transient is probably too large for an unpolarised radical pair (using the polarised
reaction centre triplet spectrum as a standard). In addition, a splitting of 45 mT
is unexpectedly large for a radical pair {compare e.g. with Ref. [38]).

In summary, the spectrum of the fast transient most likely arises from
transient states not specific for reaction centre photochemistry {possibility 2).
The spectrum of the slow transient is attributed to the reaction centre triplet of
which the risetime is estimated to bhe 300 - 400 ns. Finally, we did not obtain
evidence for the intermediate triplet state proposed in Ref. [19].
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Chapter 8

Primary reactions at 20 K in Photosystem ! in relation to the redox state of
Qa: kinetics and absorbance difference spectra around 680 nm

The decay kinetics of the primary radical pasir P*Ph™ in photosystem 1
(PSII} samples (PSll-enriched membranes from spinach) with Qa doubly reduced
have been measured at 20 K by flash absorption spectroscopy in the 680 nm
region. A high radical pair yield was found and the decay could be described
with two lifetimes of 70 ns and 290 ns. When Qp is singly reduced, approxi-
mately the same amount of radical pair is formed but the decay kinetics are
faster: lifetimes of 25 ns and 130 ns were found. When Qp is doubly reduced,
the decay of the reaction centre triplet can be described with lifetimes of 1.5
ms and 4.5 ms. In the presence of singly reduced Qp, these kinetics are re-
placed by microsecond kinetics of similar amplitude (lifetimes of 2.5 us and 20
ps), attributed to the same triplet. Thus, quite unexpectedly, previous EPR
triplet data (Van Mieghem, F.]J.E., Nitschke, W., Mathis, P. and Rutherford, A.W.
{1989) Biochim. Biophys. Acta 977, 207-214.) are now most likely explained by a
dramatic difference in the triplet lifetimes instead of being explained (as
proposed previously in this reference} by an influence of Qp on the yield of
charge separation, the lifetime of the primary radical pair or the rate of triplet
formation. The origin of the short triplet lifetime in the presence of singly
reduced Qa remains unclear.

The absorbance difference spectra attributed to the formation of the
primary radical pair and the reaction centre triplet are not greatly influenced by
the redox state of Qa (singly or doubly reduced). However, the spectra are
considerably different from equivalent spectra obtained from DjDj preparations.
This indicates that one should take care with the interpretation of data obtained
from D)Ds preparations. On the basis of the difference spectra in the present
work it cannot be ruled out that the primary donor in PSII is analogous to that
in purple bacteria, the triplet being rapidly transferred to a PSll-analogue of one
of the monomeric bacteriochlorophylls of the purple bacterial reaction centre.

1. Intreduction

In the photosynthetic reaction centre of purple bacteria, the primary radical
pair P*BPh™ is formed after the light-induced electron transfer from a pair of
bacteriochlorophylls {the primary danor P} to a bacteriopheophytin {(BPh)}, (see
{1,2] for reviews). The electron is subsequently transferred to a quinone molecule
(QA), giving rise to the secondary radical pair P+QA'. If Qa is prereduced or
absent, charge recombination in the pair P*BPh™ can result in the formation of a
triplet state on P {see [3] for a recent review on the triplet state of {(bacterio}-
chlorophylls in vitro and in vive). All of these reactions can occur both at
physiological and at cryogenic temperatures.

In the reaction centre of photosystem I (PSII}, similar photochemistry is
thought to take place {see [4-9] for reviews on electron transfer processes in
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PSII). There are also thought to be structural similarities between the reaction
centres of purple bacteria and PSII (reviewed in [5-7]).

Significant differences between PSIl and purple bacteria have been reported -
as well. An example can be found in Ref. {10}: no triplet could be detected in
spinach PSII membranes by EPR if Qa was prereduced to the semiquinone form;
it was only observable after double reduction of Qa. An explanation was fa-
voured in which the low triplet yield reflected a low yield of charge separation
and possibly a short lifetime of the primary radical pair [10]. The need for an
accurate test of this explanation has become clear from flash absorbance data
which indicated that in PSH from Synechococcus at 77 K, in the presence of
singly reduced Qp, charge separation does occur with high yield {11]. In the
present work then we have performed nanosecond flash absorbance spectroscopy
using samples and conditions (i.e. low temperatures} which were comparable to
those in the EPR work [10].

Other discrepancies which have been proposed to be present between the
reaction centres of purple bacteria and PSII, concern the structure of P and its
surroundings; (see [9] for a recent review). Optical difference spectra of primary
photochemistry in isolated reaction centre preparations (DjD9 preparations),
obtained by (flash) absorbance spectroscopy or ADMR have recently been used in
the analysis of the structure of P (e.g. [12-18]). Here we present optical
difference spectra obtained at 20 K from spinach PSII membranes.

2. Materials and Methods
2.1. Sample preparation

PSII-enriched thylakoid membrane fragments were prepared from spinach as
described eartier [19] using the modifications in Ref. [20} and stored in the dark
at -80° C unti! use. Samples with doubly reduced Qp were prepared as described
in Ref. {21}, by incubation at room temperature in the dark, using 40 mM
sodium dithionite and 100 pM benzy! viologen. These samples were stored under
argon and at -80° C in the dark.

For (transient) absorbance measurements, samples were brought into a
buffer containing 60% glycerol, 20 mM Mops (pH 7.0), 10 mM NaCl, 5 mM
MgCly and 125 mM sucrose and, depending on the type of sample, 20 mM dithio-
nite (Qa singly reduced), 40 mM dithionite (Q4 doubly reduced) or 1 mM ferri-
cyanide {Qa oxidised). The sample with singly reduced Qs was prepared by
mixing sample from a concentrated stock solution, still at ambient redox
potential, with the dithionite-containing buffer under argon, transferring it under
argon into the cuvette, letting it incubate in the dark under argon for approxi-
mately 5 min and then inserting it (sealed) in near darkness into the already
cold optical cryostat. For the sample with doubly reduced Qp, sample from the
already doubly reduced stock (see above) was used; in this case the sample was
not incubated, but immediately cocled down in the cryostat. The sample for the
measurement under oxidising conditions ceme from the stock at ambient poten-
tial, After the addition of ferricyanide, it was inserted into the uncooled
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cryostat and incubated for approximately 1 hr in the cryostat in the dark before
the cryostat was cooled to 20 K.

2.2. Instruments

EPR spectra were recorded using a Bruker 200 X-band spectrometer fitted
with an Oxford Instruments 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 c¢m water and three Calflex {Balzers} heat filters.

Flash absorbance spectroscopy in the 680 nm region was carried out at 20
K in an optical cryostat cooled with helium gas. The sample (approximately (.01
mg Chl/ml) was in a plastic cuvette with optical paths of 10 mm for the mea-
suring light and 4 mm for the excitation light; the temperature of the sample
was measured by a temperature sensor close to the cuvette.

The sample was excited at 532 nm using a frequency doubled Nd:YAG laser
(Quantel) with a pulse width at half-maximum amplitude of 300 ps and pulse
energies up to 20 m] at a repetition rate of 5 Hz. The exciting beam was
expanded resulting in a cross Section at the position of the sample of 2 cm?.

As measuring light source, CW laserdiedes (Toshiba TOLD 9140 and 9215)
were used, fixed in a temperature regulated holder. The emission wavelength of
the laser diode was varied by changing its temperature. The wavelength of the
measuring light was controlled with a monochromator, which had been calibrated
using the 632.8 nm line of a He - Ne laser. The measuring light was focussed
through the cuvette and through interference and cut-off filters {to reduce
fluorescence contributions) on a photodiode (FND 100 from EG&G), the output of
which was amplified (using an IV72A amplifier from the Hahn - Meitner Iastitut,
Berlin) and measured with a transient digitizer {DSA 602A with plug-in 11A72,
from Tektronix). The electronic bandwidth of the detection system was 500 Hz -
100 MHz. In order to minimise actinic effects, the measuring light was pulsed,
using the combination of a chopper and a shutter. The pulse duration thus
obtained was 70 us and the repetition rate was 5 Hz. In order to correct for the
fact that the pulses were not completely squarely shaped, a measurement with-
out excitation was subtracted from an absorbance change measurement. At short
timescales of 1.5 ps duration and less, the measurement without excitation
yielded a virtual straight line with a slope of less than 0.1%.

For measurements on a millisecond timescale, continuous measuring light
was used, but it was attenuated by a factor of approximately 104 as compared
to the nanosecond measurement. The output of the photodiode in a 100 k2 load
resistance was amplified by a Tektronix AM 502 amplifier. The electronic
bandwidth of the detection system was DC - 10 kHz.

For the low temperature flash absorbance experiments in the 500 nm re-
gion, a plexiglass cuvette with a thickness of 2.7 mm was used, placed at an
angle of 45° with respect to the mutually perpendicular exciting and measuring
light beams, The sample concentration was approximately 0.1 mg Chl/m!l. Excita-
tion was at 600 nm with a pulse width at half-maximum amplitude of 7 ns and
pulse energies up to 3 m] and a repetition rate of 2 Hz, using a dye laser with
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rhodamine 600, pumped by a freguency doubled Nd:YAG laser {(YG 780C from
Quantel). A tungsten halogen lamp was used as the measuring light source which
passed through a shutter with an opening time of 15 ms. Interference filters
before and after the sample were used for selecting the measuring wavelength,
A photodiode (S 3204-05 from Hamamatsu) was used for detection. The electro-
nic bandwidth of the detection system was varied according to the timescale of
the measurement by appropriate choice of the load resistance of the photodiode
and the bandwidth of the amplifier (Tektronix AM 502). The fastest possible
response time was determined to be 200 ns by measuring the time response of
light scattering from the laser pulses,

Exponential fitting procedures were performed using a computer program
employing the Marquardt method.

2.3. Correction for light-induced signal loss

When repeated measurements were performed on the same sample, it was
observed that the amplitude of the absorbance changes irreversibly decreased.
This is explained by low quantum yield photoaccumulation of Ph™ under reducing
conditions and of Qp~ under oxidising conditions, due to the measuring and
excitation light (see {(6]). The loss was kept as low as possible by illuminating
the sample only during the measurement.

The light-induced loss of signal was relatively fast at the beginning of a
series of measurements (each consisting of typically 128 or 256 !aser flashes) an
a fresh sample. To minimise the influence of the irreversible loss on the shape
of ahsorbance difference spectra, the only data used were those which were
obtained after the fast initial signal loss had occurred. The following slower
decrease was taken as being monoexponential, dependent on the number of mea-
surements. The rate of this monoexpanential signal loss was estimated by
measuring the absorbance change at some wavelengths several times during the
course of the measurements and comparing them. This rate was then used to
correct for the loss of signal during the series of measurements from which
difference spectra were to be derived. Under reducing conditions, the loss was
estimated to be of the order of (.003 % per laser flash, whereas under oxidising
conditions it was estimated te be approximately 0.01 %. After the correction of
a difference spectrum for the (assumed} monoexponential loss during the mmea-
surements, it was scaled to the very first measurement made. Despite the latter
correction, an overall underestimation of the amplitude of the spectrum remains,
due to expasure of the sample to light before the first measurement (e.g. during
the alignment of the optics).

2.4. Flattening correction
Particle flatiening is the effect that in a suspension of pigment-containing
particles, the absorbance is lower than in the hypothetical case that all pigments

are homogeneously distributed (i.e. as in solution). This is due to the fact that in
a particle, pigments can be shielded from the measuring light by others. The
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effect is therefore most pronounced at the absorbance maxima of the pigments,

In order to correct the amplitude of the absorbance changes measured for
particle flattening (originally described by Duysens [22], see e.g. also [23,24]}, we
followed the procedure described recently in Ref. [25].

2.4.1. The low temperature absorption spectrum

To calculate the flattening correction factor at a certain wavelength, one
firstly needs the absorption at this wavelength, corrected for light scattering
f22]. Since our time resclved absorbance measurements were performed at 20 K,
at several wavelengths, we had to determine the scatter corrected absorbance
spectrum of the sample at this temperature. This was done with a Cary 2300
UV-VIS-NIR spectrophotometer (Varian) equipped with the same cryostat and
temperature control unit as those used in the time resolved measurements. The
monochromator of the spectrophotometer was calibrated using its autocalibration
function and it was also checked using a didymium filter and interference filters.
The latter were in turn calibrated with the same monochromator as used in the
time-resolved experiments in the 680 nm region (see above). Spectra were
recorded in the range 500 nm - 800 nm, with the following instrument settings:
wavelength interval, 1 nm; spectral bandwidth, } nm; time constant, 0.5 5; scan
rate, I nm/s. Furthermore, the beam size-reduction (to 1/3) facility was used.
The cuvette thickness was 2.7 mm. The sample was in the absence of dithionite
and ferricyanide.

The spectrum, corrected for scattering was obtained using the equation [26]:

E' = E(y;) - AlE{yp) - Efy)) n
where
A = [E(mMIE(y2) - Ely)a=r0 (2)

E' is the absorbance after correction for scattering, Elyy) is the absorbance of
the sample with a diffusing plate mounted approximately 1 mm behind the sam-
ple and Elyg} is the absorbance of the sample in the absence of a diffusing
plate. Both E(y1) and E(yg) were determined by subtraction of a measurement on
a cuvette, filled with buffer from a measurement on a cuvette filled with
sample plus buffer. The wavelength independent factor A was determined at
room ternperature, in the absence of the cryostat, using the same relative
positions of cuvette and diffusing plate as at low temperature. This was done at
735 nm, a wavelength (1p) at which the sample has negligible absorbance (see
[25]).

The spectrum, corrected in the way described above, did not have exactly
zero amplitude at 735 nm, but a value of 0.03. This is most likely due to some
lack of reproducibility in placing the sample in the cryostat in the measurements
at low temperature, influencing mainly the level of the baseline in the spectrum:
repeating a measurement at slightly different sample positions showed that there
was some variation in the level of the baseline of the spectrum. This phenome-~
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non is also expected to introduce an uncertainty in the value for A. We stress
that the relative amplitude of absorbance peaks was much less affected by the
sample position {varying only a few percent),

The baseline error (0.03 at 735 nm) was suppressed to some extent by
subtraction of a sufficient percentage of baseline to yield a value of zero at 735
nm, but this does not decrease the error in the factor A. Thus, we estimate the
relative error in the corrected spectrum to be approximately 10%, mainly due to
the uncertainty in the factor A. Fig. la shows the scatter-corrected absorbance
spectrum at 20 K. The curve corresponding to the term A[E(yg) - E{yy)] from
equation (1) (Fig. 1b) has a shape similar to that in Ref. [25].

2.4.2. Brief theoretical description of the flattening effect for spherical particles

The flattening correction factor F for the absorbance of a suspension is
defined as [22]:

F = E(/E' (3)

‘where Eg is the absorbance which the suspension would have if ne flattening
were occurring; E' is known from the absorbance spectrum corrected for scat-
tering, From E', the average transmittance of a particle Tp can be determined
using the equation [22]:

E' = (p/2.303)(1 - T,] o

where p is a parameéter dependent on the particle size (but not on the wave-
length) and proportional to the sample concentration, which can be determined as
described in Ref. {24] (see below). T is related to Eg via a (wavelength
dependent} parameter o (proportional to the optical density for a thin beam
passing through the centre of the particle, see [22]):

Tp =201 - +ap) eXp(-ap)]f'aP2 )
Eg = (2/3)(p/2.303] ap (6)

Equations 3 - 6 can be used to plot the relation between Tp and F by calcu-
lating both of them at different values of ap (Fig. 2a, see also [23-25] ). Thus,
F can be determined graphically from Tp, which in turn can be calculated from
E', if p is known (equation 4).

Also the flattening factor for small absorbance changes (see [23]), Fa, can
be determined in a graphical way. An equation for Fa as a function of Tp can

be obtained by differentiating equations 4 and 6 with respect to ap:

Fa = (4Eg/dap)/(dE'/derp) @

In Fig. 2b, Fp is plotted as a function of T, (see also {23-25]).
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5.0 Fig. 1. {a) Absorption spectrum of PSII-
4.0 - [ enriched membranes (0.05 mg Chl/ml} at

L 20 K, corrected for scattering. The cu-
3.01 f& b vette thickness was 2.7 mm (see the text
204 e i | for more details). (b) The scatter correc-
' i | tion function used to obtain the spec-
1.0 - trum in {(a} {see text). {c) Filled squares:
flattening correction factors used in the
present work for samples with Q4 singly
reduced and oxidised. (d) Squares: flat-
0.7 tening factors used for samples with Q4
doubly reduced.
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2.4.3. Determination of the flattening T
correction factors P
Fig. 2. Flattening correction factors
It was assumed that the particles are as functions of the a;era%e PTI"“‘(’I‘;
. : transmission, see text for details. (a
sphe%'lcal. The pararr_:eter p (see preceding The flattening correction factor for
Section) was determined at room tempera- the absorbance. (b) The flattening
ture as in Ref. [24], by measuring the correction factor for small absorbance
{(scatter corrected) absorbance of the sam- changes.

ple in buffer and ethanol in a peak at 435

nm (the peak is at the same wavelength

under both conditions). For these measurements, the Cary spectrophotometer was
equipped with its cuvette holder, which allowed good reproducibility of sample
positioning. Correction for scattering was done using the same procedure as
described above [26].

It was found that the value of p in samples, treated with dithionite and
benzyl viologen (for measurements under conditions of doubly reduced Qa) was
greater {1.1 for a chlorophyll concentration of 5 pg/ml) than that of samples
which had not been treated in this way {used for measurements under conditions
of Qp oxidised and singly reduced; a value of 0.9 was found for a chlorophyll
concentration of 3 pg/ml in these samples). This means (see [22]} that the
particle size was smaller in the dithionite/benzyl viologen-treated samples.
Consequently, two sets of (wavelength dependent) flattening correction factors
for absorbance changes were derived, using equation 4 and Fig. 2b. Fig. lc shows
the correction factors used for the measurements on samples with Qp singly
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reduced and oxidised; Fig. 1d shows these factors for the measurements on
samples with Qp doubly reduced. The 10% error in the scatter corrected low
temperature absorbance spectrum introduces an uncertainty in the flattening
correction. Thus, the error in the absorbance difference spectra from samples
with Q4 doubly reduced is estimated to be maximal {approximately 15%) at 676
nm (the wavelength where the correction factor was the largest, see Fig. 1d).
The error in the difference spectra from samples with Qa singly reduced or
oxidised is larger (estimated to be 30 % at 676 nm) due to the larger flattening
correction (see Fig. 1c).

3. Results
3.1. Experiments under reducing conditions

PSll-enriched membranes with Qa in the doubly reduced state [10] were
prepared by incubation with dithionite and benzyl viologen, as described in
Materials and Methods. At different times during the incubation, the proportion
of reaction centres with doubly reduced Qa was determined by EPR (see [10]).
The formate-enhanced QA'F32+ signal [27] was maximal at the start of the
incubation and decreased beyond detection after an incubation time of approxi-
mately 1.5 hours at room temperature. During this incubation time, the ampli-
tude of the light-inducible reaction centre triplet signal, measured under
continuous illumination by EPR (see [28]), increased by a factor of approximately
16, in agreement with results in Refs. [10,21]. It was proposed in these
references that the triplet yield is negligible if QA is singly reduced and close
to 100% if it is doubly reduced.

Samples with singly reduced Qp were prepared by addition of dithionite
without benzyl viologen {see Materials and Methods for more details). A small
triplet signal {approximately 10% of that in sampies with Qa doubly reduced}
was seen in these samples by EPR. This can be explained by a fraction of
reaction centres {approximately 10%) being more susceptible to double reduction,
not requiring the presence of the mediator benzyl viclogen {(see [21]}.

3.1.1 Flash-induced absorbance changes in the 680 nm region

Flash-induced absorbance changes were measured at 20 K in samples with
Qp in the doubly reduced state. The wavelength of the measuring light was
varied in approximately 1 nm steps, in the range of 668 nm to 693 nm. For
comparison, samples with Qp singly reduced were also measured at a number of
wavelengths, In Fig. 3, nanosecond absorbance changes (after a virtually
saturating laser flash with an energy of approximately 1.5 m]) are shown for
both types of samples, at three characteristic wavelengths.

The least complicated traces are those at 676 nm (Fig. 3b): in both types
of sample, an almost instantaneous bleaching is seen (on this timescale), which
then decays back to a level slightly above zero in hundreds of nanoseconds.
Clearly, this decay is faster in the sample with Qp singly reduced (trace 2).
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Fig. 3. Absorbance changes in PSII-enriched membranes at 20 K. Difference curves with the
fits in table II are also shown (upper traces). The labeling is as follows: {1) samples with Qp
doubly reduced (0.013 mg Chl/ml); (2) samples with Q4 singly reduced (0.011 mg Chl/mil).
Note that the traces are scaled differently: the left-hand Y-axis is for samples with Qg
doubly reduced (traces 1); the right-hand Y-axis is for samples with Qp singly reduced
(traces 2),

Satisfactory fits were obtained with two decay components plus a constant (see
Table 1). In the sample with Qu singly reduced, approx. equal contributions of a
25 ns and a 130 ns component were found. In the doubly reduced sample, the
decay is dominated by a component of 290 ns (approx. 70%); the second compo-
nent was found to be approx. 70 ns (30%).

The fitting of exponential lifetimes and relative amplitudes in the present
work enables a more quantitative description of the kinetics. We stress that with
the present signal to noise ratio, this description is approximate. With a higher
signal to noise ratio, kinetics might appear to contain more components than
found in our fits or to be governed by a distribution of lifetimes.

Kinetics, similar to those found at 676 nm are also seen at 674 nm (Fig.
3a). At this wavelength, the initial bleaching changes inte a distinct positive
signal. Again, this change is clearly faster in the sample with Qp singly reduced
{trace 2}. In the sample with Qa doubly reduced (trace 1), the positive signal is
essentially constant at the end of the time scale, whereas in the singly reduced
sample (trace 2) it slowly starts to decay, already after approximately 1 us.

At 686 nm (Fig. 3c), a slow decay similar to that found at 674 nm is seen
for the singly reduced sample (trace 2) and a essentially constant signal (at the
end of the timescale) when Qp is doubly reduced (trace 1), but their amplitudes
are opposite to those at 674 nm. Fast kinetics as seen at 674 nm and 676 nm,
although less well-resolved, seem also to be present. A clear difference in these
kinetics between singly and doubly reduced samples, as seen at the other two
wavelengths, is not obvious at 686 nm. The period starting at the moment of the
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Table 1, results of fits. Traces were fitted to a multi-exponential decay function. In some
cases, a non-decaying component (C) was included in the fit. Lifetimes are given and
amplitudes are given in percentage of the total initial amplitude.

State of Qp Wavelength Timewindow used Components C
(nm)

singly ! 676 8 ns - 850 ns 26 ns 130 ns

reduced (54%) (529%) (-6%)
doubly 676 8ns - L6 ps 72 ns 290 ns

reduced (32%) (77%) (-10%)
singly 686 850 ns - 55 ps 2.6 ps 20 us

reduced (57%) (36%) {7%)
doubly 686 110 ps - 8 ms 1.4 ms 4.5 ms

reduced (57%) (43%)

flash until a few nanoseconds afterwards, is
marked by a large spike in both types of sample,

which is not completely shown in Fig. 3c. Subtrac- 8)
tion of the fluorescence contribution (recorded 0.002
without measuring light) removed most of it, but o
not all. We assume that the remaining part re- < oo
flects bleaching and stimulated emission due to g 0,004
singlet excited chlorophylls. In the present work, 0008
we will not further analyse these very fast kinet- 0008
ics.

The slow decay as seen in samples with Qa R N i S
singly reduced at 674 and 686 nm (Fig. 3a,c; tme ma)
traces labeled 2 ), was further investigated on a b)
microsecond timescale, The result at 686 nm is 0.002
shown in Fig. 4b. At least two components were 0
needed for a good fit of the decay (see Table I), L e
one with a lifetime of approximately 2.5 uys (ap- £ npod
proximately 6¢ %), the other with a lifetime of 20 s 008
us (approximately 40 %). 008

The non-decaying component as detected on

the nanosecond timescale in samples with doubly ol 0.02 0.04 a.ca
reduced Qp in Fig. 3, was further investigated on time (me)
a ms timescale, at the same wavelengths as in the Fig. 4. Absorbance changes
nanosecond experiment. In Fig. 4a, the result at at 686 nm in PSIl-enriched
686 nm Is shown. The kinetics at the other wave- membranes (20 K). {a) Sam-
lengths were similar to the one shown in Fig. 4a. g{:’;e d:m[;.}(l)l 3(21?13 %)k:lll;gl; ?;
It can be seen that the amplitude corresponds to Samples with Q4 singly re-
that of the nondecaying component in Fig. 3c. duced, 0.011 mg Chi/ml.
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TABLE 11, comparison of fits at various wavelengths. For samples with Q4 doubly reduced
(A), traces were fitted to the equation:

A(t) = oy exp(-t/t]) + op expl-tf1p) + C (8
where A(t) is the absorbance change at time t after the flash, o; is the relative amplitude of
component i, given in percents of the total initial amplitude and 7; its lifetime. C is 2 non-
decaying component, For samples with Q4 singly reduced, traces were fitted either (B) to the
equation:

At} = e expl-t/t)) + ap exp(-t/tp) + ag expl-t/t3) + C 9
or (C) to the equation:

Alt} = ap exp(-t/tp) + C {10)

A. Qp doubly reduced

Wavelength Timewindow Components
used l 2 C
72 ns, 290 ns, a)foy
(nm) fixed fixed
674 24 ns - 1.7 s 57% 141% 0.4 (-98%)
676 24 ns - 1.7 us 32% 78% 0.4 (-10%)
686 24 ns - 1.7 ps 6% 20% 0.3 (74%)

Wavelength Timewindow Components
used 1 2 3 C
26 ns, 130 ns, aylog
{nm) fixed fixed
674 24 ns - 1.6 ps 174% 193% 0.9 1.0 ps
(-159%)  (-109%)
676 24 ns - 1.6 ps 51% 57% 0.9 560 ns
(-1%) {-6%)
686 24 ns - 1.6 ps 5% 5% 1.0 1.1 ps

This was also the case for the other wavelengths investigated. The decay could
be described by two components of approximately 1.5 ms and 4.5 ms respectively
(see Table I).

In order to extract difference spectra of the states and kinetics involved in
the absorbance changes observed between 667 nm and 693 nm, we proceeded as
follows.

First we checked whether the absorbance changes can be described by the
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Table II (continued)

C. Qp singly reduced

Wavelength Timewindow Companents
(nm) used 1 C
674 850 ns - 6.5 us 3.0 ps

(70%) (30%)

686 850 ns - 6.5 us 2.6 ps
(68%) (32%)

same kinetic compounds at various wavelengths. 1) we tested whether the traces
at 674 nm and 686 nm (Figs. 3a and c) could be fitted with the same rate
constants as found at 676 nm {72 ns and 290 ns for QA doubly reduced; 26 ns
and 130 ns for Qp singly reduced, Table I). Therefore these rate constants were
fixed during the fitting procedure. The first 25 ns after the flash were not
included in the fit to eliminate fast contributions, e.g. from singlet excited
states. The results are shown in Table IIA (Qa doubly reduced) and IIB (Qp
singly reduced). The difference curves between experiments and fits are shown in
the upper traces of Fig. 3 and indeed, it can be seen that the traces can be
fitted well with these rate constants. In addition, the ratio between the
amplitudes of the two fast components was similar at the three wavelengths
(Table IIA,B). 2) For samples with singly reduced Qa, kinetics were compared by
fitting also on a longer (microsecond) timescale. The result is shown in Table
IIC. It can be seen that the kinetics are similar also on this timescale.

Two difference spectra were constructed for each type of sample. Fig. 5a
shows difference spectra associated with the formation of the first detectable
state, existing a few nanoseconds after the flash, not taking into account the
fast contributions attributed to singlet excited states. Filled circles represent
data from samples with Qp singly reduced; circles are data from samples with
QA doubly reduced. Fig. 5b shows difference spectra associated with the state
which decays with microsecond (Qa singly reduced) or millisecond {Qa doubly
reduced) kinetics. Filled circles are data from samples with Qp singly reduced;
circles are data from samples with Qa doubly reduced. More details on the
procedures and corrections used to derive these difference spectra are given in
the Materials and Methods Section and the figure legends to Fig. 5

Both in Fig. 5a and Fig. 5h, it is seen that the difference spectra from
samples with Qa singly reduced are very similar to those from samples with Qp
doubly reduced. This iIndicates that the same states are involved in both types of
sample, but with different kinetics.

Our assignment of the difference spectra and kinetics of samples with Qp
doubly reduced (Fig. 5a and b, circles, and Table I) is as follows. The difference
spectrum associated with the millisecond decay (Fig. 5b, circles) is attributed to
the reaction centre triplet state {i.e. it is the triplet minus singlet spectrum)},
which has been reported to have such a lifetime {29,30] (see also [10]). The
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a ; —— r , Fig. 5. Difference spectra obtained

AA o from the absorbance changes mea-
0 o O @ ° 50 sured between 667 nm and 693

© o e & nm, some of which were shown in

o o .1 fig. 3. The data are corrected for

0.01F L 4 light-induced signal loss and par-

o ticle flattening (see Materials and
. e Methods) and normalised to a con-
centration of 0.0}3 mg Chl/ml.
o %0 Circles represent data from sam-
ples with Qp doubly reduced;
filled circles represent data from
o - samples with Qg singly reduced,
. . | | (a) Spectra of the absorbance
changes present immediately after
0.01 b the flash, obtained by back extra-
® polation of the traces to the mo-
ment of the flash, ignoring the
first data points after the flash (to
) S 6o avoid fast contributions from sin-
P glet excited states). (b} Spectra of
® the millisecond (Qp doubly re-
duced) and microsecond (Qp sing-
s ly reduced) decays. For the case of
%O doubly reduced Qp (circles), it
.
1

-0.02 -

-0.03

o

[=]
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i

| was obtained by measuring the (on
the timescale of fig 3) non-decay-
ing component. For the spectrum
670 680 590 from samples with Q4 singly re-
wavelength (nm) duced (filled circles), the ampli-
tude of the microsecond decay was

obtained by fitting.

kinetics described by the lifetimes of 72 ns and 290 ns (Table I) are attributed
to the decay of the primary radical pair state and the rise of the reaction
centre triplet state. They correspond well to those previously measured in PSII,
for the decay of the primary radical pair (time-resolved absorbance measure-
ments [15,31,32]), for delayed fluorescence [33,34) and for the risetime of the
reaction centre triplet (time-resolved EPR (35]}. Thus, the difference spectrum of
the initial state (Fig. 5a, circles) is attributed to the primary radical pair state
P*Ph™ {i.e. it is the P*Ph™ minus PPh spectrum),

In line with the similarity between the difference spectra obtained from
samples with Qpa singly and doubly reduced (see above), the assignments for
samples with Qp singly reduced are analogous to those for samples with Qp
doubly reduced: the difference spectrum associated with the microsecond decay
(Fig. 5b, filled circles) is attributed to the triplet minus singlet spectrum; the 26
ns/130 ns kinetics are attributed to the decay of the primary radical pair and
the rise of the triplet; the difference spectrum of the initial state (Fig. 5a,
filled circles) is attributed to the P*Ph™ minus PPh spectrum.

This assignment is summarised in Table III. It can be seen that both the
primary radical pair state and the triplet are significantly shorterlived when Qp
is singly reduced, as compared to the doubly reduced state. With respect to the
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short triplet lifetime when Qp is singly reduced, we recall that under those
conditions, in Ref. [10], a microsecond decay component was seen at 820 nm,
although it was not assigned to the triplet state at that time. We also mention
that in time-resolved EPR measurements {35], the triplet risetime was found to
increase upon double reduction of Qa.

Finally, we mention that the shapes of kinetic traces as shown in Figs. 3
and 4 were independent of the degree of saturation of the exciting laser flashes
(up to an energy of approximately 2 m] per pulse). An estimation of the effec-
tive absorbance cross-section at 532 nm (see [36]) from the saturation behaviour
of the sabsorbance changes, yielded a value of approximately 20 A2, This is
consistent with the absorption changes arising from a reaction centre surrounded
by a few hundred antenna chlorophylls (the effective absorbance cross-section of
chlorophyll & and b at 532 nm can be estimated to be approximately 0.1 AZ (see
[37]).

3.1.2. Flash-induced absorbance changes in the 520 nm region

A possible explanation for the shorter lifetime of the reaction centre triplet
in reaction centres with singly reduced Qp could be that it is quenched by a
carotenoid molecule, involving triplet transfer. This would give rise to a
carotenoid triplet state. Indeed, the reaction centre of PSII has been reported to
contain one or two carotenoid molecules {reviewed in [38]). Quenching of the
reaction centre triplet by a specific carotenoid is known to occur in some types
of carotenoid-containing purple bacterial reaction centres at temperatures above
35 K {(see [39] for a review). In an attempt to check whether the reaction
centre triplet in PSII is quenched by carotenoid when Qp is singly reduced,
preliminary experiments were performed in the 500-550 nm region, where the
formation of carotenocid triplets can be seen as a strong absorbance increase {see
(31D.

Fig. 6 shows absorbance changes on a microsecond time scale at 520 nm
for both types of sample, at similar excitation conditions, scaled to the same
sample concentration and corrected for particle flattening. In the singly reduced
sample (Fig. 6a), an initial absorbance increase is seen, which decays in tens of
microseconds. Both its kinetics and its spectrum (maximum at 520 nm, not
shown) corresponded to those of a carotenoid triplet (see {311). In the doubly
reduced sample {(Fig. 6b), a similar kinetic component is present, indicative of
carotenoid triplet states. However, there is an additional nondecaying phase
present. We attribute it to the (chloraphyll} reaction centre triplet, which is
known to absorb in the same wavelength region [31]. Measurements on a longer
timescale (not shown) indeed revealed a decay on a millisecond timescale, similar
to that measured at 686 nm, which is indicative of the reaction centre triplet in
doubly reduced samples (see Section 3.1.1 and Refs, [10,29,30]). Also the fact
that a nondecaying phase is absent when Qg is singly reduced corresponds to the
observations at 686 nm, at which wavelength virtually no phase with millisecond
decay was found in this type of sample. Nevertheless, we do expect the (chloro-
phyll} reaction centre triplet to contribute to the kinetics at 520 nm, but with
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the faster decay components, found in the singly reduced sample: approximately
25 us and 20 us. However, these are in fact not very different from the
carotenoid triplet decay time (see [31]) and this probably makes it indistinguish-
able from carotencid triplets {in terms of decay characteristics).

The carotenoid triplet found in the sample with Qa doubly reduced, most
likely arises from the antenna. The same amount might be expected when Qp is
singly reduced, however, the signal is larger in Fig. 6a (singly reduced Qa). The
additional signal (as compared to the doubly reduced sample) could arise from a
carotenoid reaction centre triplet, formed after triplet transfer from the
chlorophyll reaction centre triplet. According te the difference in signal size
between traces of Fig. 6a and b, the contribution of a possible reaction centre
carotenoid triplet can not be much larger in amplitude than that of the non
decaying phase in Fig. 6b. However, in this wavelength region, the differential
extinction coefficient of triplet carotenoid formation is thought to be at least
six times that of triplet chlorophy]]l formation (see [31]). Hence, the additional
amount of carotencid triplet when Qp is singly reduced, seems to be well below
the amount of reaction centre triplet in the sample with Qa doubly reduced.

In fact, an explanation for the different carotencid triplet amplitudes in
samples with Qpa singly and doubly reduced can also be found in differences in
the amount of excited states in the antenna. In Ref. [40), a close correlation
was demonstrated, at room temperature, between the fluorescence intensity (a
measure of the amount of excited states} and the amount of carotencid triplet
formed. The fluorescence yield (at room temperature} has indeed been shown to
be lower if Qp is doubly reduced [21}.

Comparative experiments at higher time resolution {200 ns response time,
see Materials and Methods) were also carried out. If a carotenold triplet is
generated by quenching of the chlorophyll reaction centre triplet when Qp is
singly reduced, the fast kinetics at 520 nm are expected to be different
compared to samples with QA doubly reduced
{rise kinetics on a microsecond time scale might
be expected if Qa Is singly reduced). However,

no significant differences in the rise kinetics o:::
were found (not shown). They appeared to be ' X
instrument-limited in both types of sample. < O
Blocking the primary reaction centre photo- i 0.001 b
chemistry (including reaction centre triplet for- 0.0005
mation) in the sample with Qp singly reduced 0
by photoreduction of Ph (reviewed in [6]), did 0.0005
not result in significantly changed rise kinetics TR e (?ﬁ: o08 aa
either.

In summary, there is no convincing evi- Fig. 6. Absorbance changes at
dence from these measurements that the short 520 nm in PSIl-enriched mem-

lifetime of the reactlon centre triplet in sam- branes (0.09 mg Chl/ml} at 20
K, corrected for particle flat-

ples with QA singly reduced is due to quenching tening. (2) Samples with Qp
by carotenoid. Based on the extinction coeffi- singly reduced; (b) samples with
cients in Ref. {31], we consider such a quench- Qp doubly reduced,
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ing mechanism as rather unlikely. 2) 677 nm
0.002

3.2. Measurements under oxidising conditions )
« -0.002

In order to obtain the low-temperature dif- g
ference spectrum associated with P*Qa~ forma- © 0004
tion (the P*Qp~ minus PQp spectrum), absorb- 0.008
ance changes were measured on a millisecond
timescale, under oxidising conditions (see Mate- R BARAF SRR ey
rials and Methods for details on the sample b) 681 nm
conditions}. Fig. 7 shows some characteristic 0004
traces, taken at 677 nm, 681 nm and 685 nm. 0.003
The decay with an estimated half-time of 3 ms < oo
corresponds to that found earlier at low tem- E:
perature for the charge recombination of P*Qp~ 3 oo
(see [41] and references cited therein). Fig. 8, o
trace ¢ shows the difference spectrum of the
absorbance change after correction for particle A T T T 5 20
flattening and light-induced signal loss (see o0 c) 685 nm

Materials and Methods). The resolution of two
negative peaks {at 676 nm and 685 nm) and one
positive peak (at 681 nm) was not reported in
earlier work [42,43] with lower spectral resolu-
tion. Qur spectrum is similar to that recently

doita A
&
8

obtained at 77 K from Synechococcus [44]. -0.002
4. Discussion 00033 [1 1 48 20
time (ms)
4.1. Kinetics Fig. 7. Absorbance changes in
PSlI-enriched membranes with
As shown in the results Section, it is pos- QtAZ 00’;(idi59d {0.012 mg Chl/ml)
a .

sible to ascribe the absorbance changes in the
680 nm region, in samples with Qp singly or
doubly reduced, to two seguential states, the
first formed within a few nanoseconds, the second formed from the first, cn a
slower timescale {hundreds of nanoseconds). The first state is attributed to the
primary radical pair, the second to the reaction centre triplet state. This
assignment is summarised in Table III.

4.1.1. Formation of the primary radical pair

From the amplitudes of the P*Ph™ minus PPh spectra in Fig. Sa, it appears
that the amount of radical pair a few nanoseconds after a flash, is similar in
samples with Qp singly and doubly reduced. Thus, the suggestion made in Ref.
[10] that at low temperature, the yield of radical pair formation is much lower
if Qp is singly reduced than when it is doubly reduced, is ruled out.
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The fact that the amplitudes of the P*Ph™ minus PPh spectra are similar
does not necessarily mean that the rate constant of charge separation is similar
in the two types of sample: the yield of the primary radical pair would be close
to 100 %, independent of the rate of charge separation, if other decay pathways
from the excited state were much slower, In addition, the amount of radical pair
measured after the flash rises to maximum within 8 few nanoseconds, before a
decay (hundreds of nanoseconds) can become important. Therefore, possible
variations (dependent on the Qp redox state) in the risetime of the radical pair
will not influence the maximum in the amount of radical pair measured. Thus,
from our measurements we have no information on the risetime. Such infor-
mation may be obtained by directly measuring the rise of the radical pair state
or the decay of the excited state. For such measurements a higher time resolu-
tion than that used here is required.

4.1.2. Decay of the primary radical pair;
formation of the reaction centre triplet state

Different kinetics are observed for the decay of the primary radical pair
state and the rise of the reaction centre triplet state, when comparing samples
with Qa singly and doubly reduced. They are slower in samples with Qa doubly
reduced (see Table II), The radical pair decay is expected to depend on the rate
constants of charge recombination to triplet and singlet states of P (see [45-47]
for recent reviews on these reactions and singlet-triplet conversion in the radical
pair state). One or more of these recombination processes must be slowed down
upon double reduction of QA.

Results from fluorescence and absorbance measurements at ambient tem-
perature have been explained by an electrostatic influence of the negative
charge in the Qa~ state on the kinetics of charge separation [48]. It has been
proposed that in the doubly reduced state, this charge is neutralised due to
protonation and in this way, the higher rate of charge separation could be
explained [21]. Such an electrostatic influence could also cause charge re-
combination rates to singlet and triplet states of P to be slower in samples with
Qpa doubly reduced as compared to singly reduced (see {21,49] for indications at
room temperature). Thus, electro-
statics may explain the difference in
radical pair decay time observed
here at low temperature.
--------------------------- It should be pointed out that

decay _time of  decay time of conformational effects, in relation to
state the primary the reaction .
of Qa radical pair centre triplet the Qp redox state might influence
--------------------------------------- the charge recombination rate as
singly well, There are indeed some indica-
reduced 26 ns/ 130 ns 2.6 us / 20 ps tions that conformational changes
doubly occur upon double reduction of Qp
reduced 72ns/290ns 1.4 ms/ 4.5 ms [50]. In addition, magnetic interac-
"""""""""""""""""""""""" tions of the semiquinone-iron com-

Table III, summary of the assignments
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plex with the radical pair state (e.g., these interactions may transmit the
magnetic relaxation from the iron) can influence the process of singlet-triplet
conversion in the radical pair state. Such influences from the semiquinone-iren
on the radical pair state have for example been proposed in Refs. [51-54] for
purple bacteria, to explain changes observed in the properties of the triplet in
relation to the state of the semiquinone-iron complex.

4.1.3. The yield and the decay of the reaction centre triplet state

In the assignment summarised in Table IIi, the {(chlorophyll) reaction centre
triplet state decays on a millisecond timescale in samples with Qa doubly
reduced, whereas in samples with singly reduced Qp, a much faster decay is
observed, on a timescale of several microseconds (Table I). From the amplitudes
of the T-S spectrum (Fig. 5b}), it can be concluded that the yield of formation
of the triplet state is similar in both types of sample. Thus the low amplitude
of the reaction centre triplet in samples with Qp singly reduced, as monitored
by EPR under continuous illumination, is not due to a low yield of triplet
formation as suggested before {10}, but due to a shortened triplet lifetime.

The gquestion remains why the lifetime of the reaction centre triplet state
is short when Qp is singly reduced. Quenching by carotencid is probably not the
reason (see Section 3.1.2). Explanations may be found in a magnetic interaction
of the triplet state with the semiquinone-iron complex. This would be surprising
in view of the large distance of the latter from the primary donor site.

We mention that significant differences in reaction centre triplet lifetimes
have been found in purple bacteria, when samples with singly and doubly reduced
QA were compared [51,53,56]; however, these differences were absent at cryo-
genic temperatures [55] and the effect was not as dramatic as that observed
here. Also a significant influence of an external electric field on the triplet
lifetime has been reported in purple bacteria [57].

Clearly, further work (e.g. studies of the dependence of the radical pair and
triplet kinetics on temperature and the presence of a magnetic or an electric
field) is required for a better understanding of the phenomena observed in the
present work,

4.2. The difference spectra in the 680 nm region
4.2.1. The bleached areas

The area under the triplet minus singlet curve in Fig. 8a is estimated to be
approximately four times smaller than that of the P*Ph”™ minus PPh spectrum,
Fig. 8b (note that both are measured from the same kinetic traces, in the same
sample, which reduces the possible error in this comparison). After correction of
this factor for the yield of triplet formation from the radical pair, it may help
to decide whether the positive charge in the P* state is localised on a single
chlorophyll or delocalised over two chiorophylls. For the situation in which both
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the positive charge and the triplet are localised on a single chlorophyll and being
formed with the same yield, one would expect a factor of approximately 1.4
{reduction of pheophytin z in vitro, results in a loss of oscillator strength in the
Qy region which is approximately 0.4 times the loss associated with triplet or
cation formation on a chiorophyll a molecule, see [58-601}, This factor would be
larger (theoretically 2.4) if the positive charge of P* were delocalised over two
chlorophylls on an optical timescale (the triplet being localised on one
chlorophyll, see Section 4.2.2.).

The yields of triplet and radical pair formation at 20 K were estimated
from measurements at 820 nm (samples with Qp doubly reduced). The absorbance
change due to triplet formation was measured using an excitation energy, which
was close to saturating for the contributions from the primary radical pair. The
absorbance change due to triplet formation was corrected for a small contribu-
tion from antenna chlorophyll triplets as determined by comparison of radical
pair and triplet contributions at lower and higher excitation energies. The triplet
yield thus found was 50 %, using an extinction coefficient of 3800 Ml cmm
(see [31)) and assuming that there are 220 - 230 chlorophylls per reaction centre
in our preparation. The radical pair yield was estimated to be close to 100 %
under the same excitation conditions using an extinction coefficient at 820 nm
of 12400 M™! cm! (see [31D). Thus, the factor between the areas under the
difference spectra for radical pair and triplet formation, corrected for the
relative yields, is estimated to be approximately 2. This is almost midway
between the values expected for a localised and a delocalised cation (1.4 and
2.4, respectively, see above).

We also compared the areas of the P*Ph™ minus PPh and P*QA” minus PQp
spectra (Fig. 8b and c) to that of chlorophyll 2 in vitro in the Qy region (see
e.g. Ref. [61] for in vitro spectra). We assumed that there were 220-230
chlorophylls per reaction centre. Thus a bleaching area per reaction centre
corresponding to the oscillator strength of 2.2 Chl a was found in the P*Ph~
minus PPh spectrum, which gives approximately 1.8 Chl & per reaction centre
after subtraction of the contribution due to bleaching of pheophytin a (0.4, see
[59,60}). A value of 1.0 bieached Chl a per reaction centre was found for the
P*Qa"~ minus PQa spectrum (Qa is not thought to contribute to the absorbance
in the red region). This large difference may be due to inaccuracies in the
flattening correction and the correction for light-induced signal loss during the
acquisition of the difference spectra (see Materials and Methods).

In summary, with the present accuracy, the comparisons of the bleached
areas do not yield an unambiguous conclusion with respect to the question of a
monomeric or dimeric cation. Improved precision {e.g. by reducing particle size
and therewith the uncertainty due to the flattening correction) may allow a
clear conclusion in the future.

4.2.2. The triplet minus singlet spectrum
Of the difference spectra obtained in the present work (Fig. 8}, the triplet

minus singlet (T-5) spectrum is probably the easiest to interpret, because
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electrochromic bandshifts can be assumed to be absent. The main features of the
spectrum are a bleaching near 685 nm and an absorbance increase near 675 nm,
the latter being relatively smaller in amplitude. In addition, a small trough
around 678 nim and a small peak arcound 680 nmn seemn to be present.

The monomeric zero-fleld splitting parameters, D and E [28,29], and also
LD-ADMR data [17] indicate that the triplet state is localised on a single
chlorophyll {at least on an EPR time-scale}. A dimeric triplet, delocalised over
two parallel chlorophylls with parallel optical transition moments caonot strictly
be ruled out on the basis of the D and E values and Ref. [17]; however, given
the fact that no strong excitonic couplings are observed in the PSII reaction
centre (see [15,62,63]}, we think that the latter possibility is rather unlikely.

The fact that there is a positive band in the T-S spectrum (at 675 nm, Fig.
8a), shows that in the singlet state, the chlorophyll on which the triplet is
localised is coupled to at least one other pigment. This can be understood in the
following way: upon triplet formation the excitonic coupling is broken and those
pigments which were involved in the coupling change their absorption maximum,
giving rise to bandshift-like features in the T-S spectrum.

The T-5 spectrum is the resultant of suchb bandshifts and the bleaching of
the chlorophyll on which the triplet is localised (in the Qy region, the triplet
state of chlorophyll a absorbs much less than the singlet state, see Ref. [58]).
From the wavelength of maximum bleaching in Fig. 8a, this chlorophyll is
thought to absorb significantly at 685 nm.

The small features at 678 nm and 680 nm are indications that more than
one absorption bhand is shifted upon triplet formation. This indicates that the
coupling involves more than two pigments (including the pigment on which the
triplet is localised).

For a comparison of the low temperature T-S spectrum obtained by us with
those from the literature, we will focus on Refs. [15-17]. Refs. [18,29] are less
suited, because the spectra in these Refs. were detected at only one microwave
frequency. This represents a ({rather arbitrary) selection of one population of
reaction centres from a heterogeneous group {(as argued in Refs. [17,29]).

In Refs. [15-17], DyDg preparations were used. Comparing the spectra from
these Refs. {summarised in [17]) to those from PSIl membranes (Fig, 8a), it is
seen that the general shapes are similar. The main difference is found in the
wavelength of maximum bleaching (685 nm in membrane preparations, 680 nm in
D;Do preparations); in addition, the bleaching band is broader in DyDy prepara-
tions, The positive band is relatively smaller in amplitude and is slightly shifted
to the blue in DyDo preparations, but this is possibly due to it being closer to
the bleaching band and to the greater broadness of the bleaching band. The
broadening indicates that the DjDg preparation is more heterogeneous in terms
of pigment-pigment and pigment-protein interactions (see e.g. [16,17]}). In fact,
one of the T-S spectra in Ref. [17] {the one recorded at 715 MHz) is more
similar to that in membranes (Fig. Ba). Possibly, a ‘fraction of the reaction
centres in the DD preparation has properties similar to those in mermbranes.
The shift of the bleaching band towards the positive band in the DyD9 prepara-
tion, could be explained by a smaller excitonic coupling or by a different
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environmental shift.

4.2.3. Comparison of the P*Q4~ minus PQa
difference spectrum with the T-S spectrum

Absorbance difference measurements at room temperature and also low
temperature measurements on DyDo preparations have always yielded bleaching
maxima at 680 nm both upon triplet formation and upon P* formation (see e.g.
i14-17,31,64]). Therefore, it has often been assumed that the triplet and positive
charge (in the P* state) are localised on the same pigment. However, here we
show (Fig. 8a,c) that at low temperature in a PSIl membrane preparation, the
bleaching maxima are at completely different wavelengths {see also [44]): in the
P*QA' minus PQa spectrum, the main bleaching is at around 676 nm, whereas in
the T-S spectrum it is at 683 nm. At room temperature this difference may be
masked due to band broadening. Knowing the low temperature data (Fig. 8a,c
and Ref. [44)) it is much less certain that the triplet and the positive charge
are localised on the same pigment. This is only possible if the P'Qa~ minus
PQa spectrum is the result of a (strong) electrochromic redshift centred around
680 nm superimposed over a bleaching near 685 nm (due to the disappearance of
P absorption). Such a redshift would give a positive contribution above 680 nm
and partly compensate the bleaching of P near 685 nm, explaining the relatively
small bleaching at 685 nm in the P*Qa~ minus PQp spectrum; the negative band

Fig. 8. Absorbance difference
spectra from PSII-enriched mem-
branes, corrected for light-induced
signal loss and particle flattening
(see Materials and Methods) and
normalised to a chlorophyll con-
centration of 0.013 mg/mlL (a)
Broken line, filled circles: the
triplet minus singlet spectrum
from samples with Q4 doubly re-
duced {the data points are identical
to those in Fig. 5b {circles). (h)
Dotted line, circles: the P*Ph™ mi-
nus PPh spectrum from samples
with Q4 doubly reduced (the data
points are identical to those in Fig,
Sa (circles). (c) Solid line, squares:
T T T i —T the P"Qa " minus PQp spectrum,

AA N P obtained from the Aabsorbance
=g changes measured in samples with

Q4 oxidised, some of which were
shown in Fig. 7. The initial ampli-
-0.01 - tude (without taking into account
the initial spike from singlet ex-
d cited state contributions} is plotted,
0.02 | ! L ! {d} Difference hetween (b) and (c¢),
670 680 680 corresponding to the Ph™Q 4 minus

wavelength (nm) PhQp ~ spectrum,

0.01

AA

-0.01

-0.02

-0.03
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of the redshift would be at around 676 nm.,

Localisation of the triplet and the positive charge on different pigments is
possible if the triplet moves to the other chlorophyll after being formed by
charge recombination on P (see [5]). From the kinetics presented in Section 3,
there is no evidence for such a triplet transfer but it may be too fast to be
detectable (see also [35]). In summary, the question where exactly P absorbs at
low temperature and whether or not the triplet is localised on P, remains open.

4.2.4. Comparison of the P*Ph™ minus PPh
spectrum with the P*Qa~ mimus PQa spectrum

Comparison of the P*Ph™ minus PPh and the P*Qa~ minus PQp difference
spectra should give an iIndication of the absorbance spectrum of Ph, although
differences in electrochromic bandshifts may complicate the analysis. Figs. 8b,c
show that the two spectra have quite similar shapes: in both of them there are
negative peaks at around 676 nm and 685 nm and a positive peak at around 681
nm. The main difference between the spectra is seen in the region above 680
nm, where the P*Ph™ minus PPh spectrum seems to have an additional bleaching,
superimposed over the P+QA’ minus PQa spectrum. This could be explained by
the bleaching of Ph in the P*Ph™ minus PPh spectrum, with a maximum in the
680-685 nm region. This corresponds to the value of around 685 nm found at
room temperature upon illumination in the presence of dithionite in similar
preparations (e.g. [43,85], see also [64]). Thus, there does not seem to be a
drastic difference between the P*Ph™ minus PPh and the P*Qa~ minus PQp dif-
ference spectra with regard to the contributions of electrochromic bandshifts, In
other words, the P* minus P spectrum is not greatly dependent on whether the
electron is on Ph or on Q. The global spectral similarity between the states
P'Ph” and P*Qa~ is in fact also the case in purple bacteria (see for example
[66,67]; see [1,2] for reviews on difference spectra obtained in purple bacteria),
It seems that electrochromic bandshifts are relatively insensitive to the exact
location of the charged groups as long as the electric field is more or less
aligned with the electron transfer chain. In this respect we mention that the
Chi*Qp~ minus ChlQa spectrum, measured by Visser [68] upon stable oxidation
of a chlorophyll (donor to P}, is rather similar to our P*Qa~ minus FQp spec-
trum. This indicates that also upon formation of the state Chl*QA', a similar
bandshift is involved. In addition, the absorption maximum of this oxidisable
chlorophyll cannot be very different from that of P,

4.2.5. Comparison of the P'Ph™ minus PPh spectrum
in PSII membranes with that in DyD2 preparations.

In DyDy particles [15], the P*Ph™ minus PPh spectrum Is quite different
from that reported here for PSIl membranes (Fig. 8b): we observed two negative
peaks at around 677 nm and 685 nm, whereas in the work on the D1D¢ prepara-
tion {15], only one negative peak was found at 680 nm.

From a comparison of the T-S and the P*Ph™ minus PPh spectra, Ph was
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thought to absorb around 676 nm in Ref. [15]: around this wavelength, the P*Ph”
minus PPh spectrum had a greater bleaching than the T-S spectrum, In our work
the difference around 676 nm between T-S and P*Ph™ minus PPh spectra is much
more pronounced, appearing as a separate bleaching band. As outlined in Section
4.2.3, we do not attribute the bleaching at 676 nm to Ph, because it is also
present in the P*Qa~ minus PQp spectrum.

Our explanation of the fact that the P*Ph~ minus PPh spectrum in PSII
membranes is different from that in D;D9 preparations is as follows. First we
note that in the DyDg preparation used in Ref. [15], the Ph™ minus Ph spectrum
obtained by phototrapping has its bleaching at approximately 680 nm [16]. In
other work on Dy Ds preparations including ADMR and holeburning studies, simi-
lar pheophytin bleaching spectra have been found [13,17,69]. However, in
membranes, the bleaching in the Ph™ minus Ph spectrum is at 685 nm [43,65].
On the basis of differential LD measurements, the Ph™ minus Ph spectrum is in
fact thought to be composed of the bleaching due to Ph™ formation and the
blueshift of another pigment [13,70]. The Ph bleaching is thought to be close to
680 nm in both DiD9 and membrane preparations. The difference in Ph™ minus
Ph spectra, comparing DiDs and membrane preparations, is the shift: in D;Dg
preparations the shift is thought to affect a pigment close to 680 nm [13],
whereas in the work on the membrane-type preparation [70], this pigment is
thought to he absorbing close to 685 opm. Most likely the same shift is also
contributing to P*Ph™ minus PPh spectra (see {64]). It is clear that for the case
of the DD2 preparation, this shift, the bleaching of Ph and a negative peak
around 676 nm in the P* minus P spectrum will overlap and probably result in a
single negative peak at 680 nm, whereas in the case of membrane preparations,
the features remain spectrally separated. In addition, a general band-broadening
as is indicated by the broadening observed in the T-5 spectrum of DyDg prepara-
tions (see Section 4.2.1) may contribute to the loss of spectral resolution in the
DyDso preparation.

Returning briefly to the LD (Ph™ minus Ph) spectra in Refs. [13,70]:
apparently, the pigment affected by the blueshift absorbs at around 680 nm in
DyD9 preparations [13] and around 685 nm in membrane preparations [70]. This
behaviour is identical to that observed for the chlorophyll on which the triplet is
localised as outlined in Section 4.2.1 (comparing Fig. 8c to Refs. [15-17]). Thus,
it might be that the pigment affected by the blue shift in Ph™ minus Ph spectra
(13,64,70] is the same as the chlorophyll on which the triplet is localised
{oriented at 30° to the membrane [71]). The LD of the shifted pigment in PSII is
in agreement with that of a chlorophyll making a small angle to the membrane
[13,70]. In Ref. {64], it was argued that the pigment affected by the blueshift
could not be P, because it was also thought to be present under conditions that
P is oxidised. As outlined in Section 4.2.3., the triplet is not necessarily
localised on P. Finally, we mention that the Ph™Qp minus PhQa~ spectrum ob-
tained from our data (Fig. 8d) can be interpreted as consisting of a bleaching at
680 nm and a blueshift of a pigment absorbing around 685 nm, which is in
agreement with Ref. [70].
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4.2.6. The analogy between the resaction centres of PSII and purple bacteria

A npumber of spectroscopic observations, made in DjDs preparations have
led to the suggestion that the primary donor of PSII is structurally different
from that in purple bacteria (see e.g. [12,17,71,72], reviewed in [9]). In Ref. [71]
it was for example proposed that P is a chlorophyll oriented at 30° to the
membrane. This proposal was based on low-temperature absorbance difference
spectra from a D)Dg preparation [15], which indicated that the positive charge
and the triplet were localised on the same (30° oriented [71]} chiorophyll,
However, in the present work, we show that difference spectra, associated with
the primary photochemistry in the DjD2 preparation, are considerably different
from those of more intact membrane preparations. This indicates that one should
take care with the interpretation of data obtained from DD preparations. The
question now arises whether also data from more intact PSII membrane prepara-
tions point to differences between the two types of reaction centres.

In optical difference spectra from purple bacteria associated with P*
formation, BPh~ formation or Qa~ formation, blueshifts are always seen of one
or both of the monomeric bacteriochlorophylls (see, e.g.[66,67,73,74] and [1,2] for
reviews). These are oriented at angles of approximately 30° to the membrane
plane [75,76]). It is possible to interpret the spectra in Fig. 8b,c and d in a
similar way if a blueshift is assumed to be present arcund 683 nm. From the T-
S spectrum (Fig. 8a), and the orientation of the triplet [71] there is indeed a
chlorophyll absorbing around that wavelength, oriented at 30° to the membrane
plane (as outlined in Section 4.3.3, the triplet is not necessarily localised on P).
The LD of the blueshifted pigment in Ph™ minus Ph spectra has been measured
[70] (see also [13]) and it is consistent with an orientation of this pigment of
30°. Thus, the difference spectra in the present work do not rule out a reaction
centre structure of PSII similar to that in purple bacteria (with P being
equivalent to the special pair of purple bacteria). The triplet state would have
to be rapidly transferred from P to an equivalent of one of the monomeric
bacteriochlorophylls of the purple bacterial reaction centre (see [5]}. Further
experiments are needed to obtain more structural information on the PSH
reaction centre in order to allow a closer comparison to purple bacteria. For
this, measurements on preparations which are as intact as membrane preparations
are preferable.

Time-resolved LD measurements as well as (LD)-ADMR, might be possible
on the preparation used in the present work. Using these techniques, the
orientations of the transition dipole moments of shifted or bleached bands can be
measured with respect to the membrane (LD} or with respect to the (known 71])
axes of the triplet state (LD-ADMR). One could for example think of comparing
the orientations of the positive band at 675 nm in the T-§ spectrum and the
bleaching at 676 nm in the P* minus P spectrum, to see whether they arise
from the same pigment{s). It could also be verified whether the bleaching at 685
nm in the T-S spectrum has the same orientation as the postulated blue shifted
band around 683 nm in the P+QA' minus PQp spectrum, which should be the
case if both arise from the chlorophyll on which the triplet is localised. In
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addition to the orientation information, a better separation of overlapping bands
might be achieved using orientation selective techniques such as LD and LD-
ADMR.

Another useful preparation for further experiments may be that from Syne-

chococcus [77] which has a smaller antenna size than spinach PSIl membranes,
and from which results similar to ours have been obtained [44,78).

In general, use of samples with doubly reduced QA may have advantages,

because of the slower kinetics, without drastic changes of the spectral proper-

ties,
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Summary

In this Thesis, a number of spectroscopic measurements are presented on
Photosystem II (PSH} preparations from spinach, which provide some new in-
formation on the PSII reaction centre structure and function.

The experimental part of this thesis is preceded by a general introduction
{Chapter 1) and a brief overview of methods and techniques used {Chapter 2).

In Chapter 3, a low temperature Electron Paramagnetic Resonance (EPR)
study on PSll-enriched membranes is presented. The redox dependencies of the
light-inducible signals from the spin-polariced reaction centre triplet state and
signals from the semiguinone-iron (QA'Fe2+} acceptor complex were studied. It
was found that the reaction centre triplet signal was only seen after the Qa~
Fe2* signal had disappeared on double reduction of Qa.

"In Chapter 4, a time-resolved fluorescence study at ambient temperature is
presented on samples in which Qa was oxidised, singly reduced or doubly re-
duced. Two types of preparations were used: PSH-enriched membranes (with large
antenna size} and PSIl core complexes (partly stripped of antenna). The results
indicated that the effective rate of charge separation was larger when Qp was
oxidised or doubly reduced than when it was singly reduced. In addition, it was
found that the lifetime of the primary radical pair state increases when going
from the singly reduced state of Qa to the doubly reduced state. The dif-
ferences between the two types of preparation and the reversibility of the
double reduction of Qa were also Investigated.

In Chapter 5, a more detailed EPR study of the reversibility of the double
reduction of Qp in PSll-enriched membranes is presented. Only a small degree of
reversibility was found. In addition, the non-heme iron was found to be ir-
reversibly modified (possibly lost} upon double reduction of Qa, which may
explain the lack of reversibility.

In Chapter 6, the orientation dependence of the reaction centre triplet EPR
signal was determined in oriented samples. Both PSH-enriched membranes and
DiD9 reaction centre preparations were used. The reaction centre triplet state
was found to be localised on a reaction centre chlorophyll of which the tetra-
pyrrolic plane is oriented at 30° to the membrane plane.

In Chapter 7, time-resolved EPR experiments on oriented samples (PSIl-
enriched membranes) are described. Thus, the risetime of the reaction centre
triplet state was estimated to be of the order of 300 - 400 ns.

In Chapter 8, low temperature flash-induced absorbance difference measure-
ments are presented on PSII enriched membranes under several redox conditions,
including those having Qp singly or doubly reduced. These experiments provided
an unexpected explanation for the absence of a detectable EPR triplet signal
when Qp is singly reduced (see above): the lifetime is too short to give a
measurable signal under continuous illumination. Furthermore, the lifetime of the
primary radical pair state was found to increase when going from the singly
reduced state of Qp to the doubly reduced state. Finally, low temperature
absorbance difference spectra are presented and analysed. These were found to
be significantly different from difference spectra in the literature obtained using
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D1Dg preparations. It was concluded that presently available DjDp preparations
are considerably modified on the donor side compared to PSll-enriched membrane
preparations.
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Samenvatting

In dit proefschrift worden spectroscopische metingen aan fotosysteem II
(PSII) preparaten van spinazie beschreven, die nieuwe informatie over de
structuur en het functioneren van het PSIl reactiecentrum hebben opgeleverd.

Het experimentele gedeelte van het proefschrift wordt vooraf gegaan door
een algemene introductie (hoofdstuk 1) en een overzicht van de gebruikte
methoden en technieken (hoofdstuk 2).

Hoofdstuk 3 behandelt electron paramagnetische resonantie (EPR) metingen
aan PSIl membraanfragmenten bij lage temperaturen. Het ging bij deze metingen
om EPR signalen afkomstig van de gepolariseerde triplettoestand van het reactie-
centrum dat tijdens belichting wordt gevormd en van het chinon-ijzer acceptor-
complex (QA'F‘e2+) en de manier waarop deze signalen afhangen van de redoxpo-
tentiaal. Gevonden werd dat het tripletsignaal van het reactiecentrum alleen te
zien was als het QA'F(-‘:Z+ signaal verdwenen was als gevolg van de dubbele
reductie vaa Qp.

Hoofdstuk 4 behandelt tijdsopgeloste fluorescentiemetingen bij 4° C aan PSII
samples met geoxideerd, enkel gereduceerd of dubbel gereduceerd Qa. Er werden
twee soorten PSI preparaat gebruikt: PSII membraanfragmenten (met een groot
antennesysteem) en PSIH core complexen (met een relatief kleiner antennesys-
teem). De resultaten van de metingen geven aan dat in samples met Qp geoxi-
deerd en dubbel gereduceerd de ladingsscheiding sneller verloopt dan in samples
met Qp enkel gereduceerd. Verder zijn er aanwijzingen gevonden dat de levens-
dour van het primaire radicaalpaar toeneemt als enkel gereduceerd Qp wordt
omgezet in dubbel gereduceerd Qp. Ook de verschillen tussen de twee socorten
preparaat zijn onderzocht en tot slot is de mate van reversibiliteit van de
dubbele reductie van Qp bepaald.

De reversibiliteit van de dubbele reductie van Qa vormt het hoofdonderwerp
van hoofdstuk 5. In deze meer gedetailleerde studie van PSII membraanfragmen-
ten werd evenals in hoofdstuk 4 slechts een geringe reversibiliteit gevonden. Qok
bleek na dubbele reductie van Qa het Fe?* ijon irreversibel gemodificeerd te
zijn. Zelfs is het mogelijk dat het Fe?* ion na dubbele reductie van Qa uit het
reactiecentrum verdwenen is. Dit verklaart mogelijk waarom de reversibiliteit
van de dubbele reductie van Qp zo gering is.

In hoofdstuk 6 wordt de orientatiegevoeligheid van het EPR signaal afkoms-
tig van de triplettoestand van het reactiecentrum behandeld. Voor deze metingen
werden georienteerde samples gebruikt van zowel PSII membraanfragmenten als
van een DjDg reactiecentrumpreparaat). De conclusie luidt dat het triplet van
het reactiecentrum op een chlorofyl gelocaliseerd is waarvan het tetrapyrroolvlak
een hoek van 30° maakt met het membraenvlak en dat dit chlorofyl zich in het
reactiecentrum bevindt.

Hoofdstuk 7 rapporteert tijdsopgeloste EPR metingen aan georienteerde PSII
membraanfragmenten. Voor de ingroeitijd van het signaal afkomstig van het
triplet van het reactiecentrum werd naar schatting 300 - 400 ns gevonden.

Hoofdstuk 8 beschrijft tijdsopgeloste absorptie metingen bij lage temperatuur
aan PSII membraanfragmenten. Gemeten werd onder andere aan samples met Qa
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enkel en dubbel gereduceerd. De experimenten gaven een onverwachte verklaring
voor de afwezigheid van een detecteerbaar triplet EPR signaal als Qp enkel
gereduceerd is (zie hoofdstuk 3): de levensduur van de triplettoestand van het
reactiecentrum is dan te kort om tijdens continue belichting een meethaar
signaal te kunnen geven. Een ander resultaat was dat de levensduur van het
primaire radicaalpaar bleek toe te nemen als enkel gereduceerd Qp werd omge-
zet in dubbel gereduceerd Qp. Verder worden in dit hoofdstuk absorptie-verschil-
spectra gepresenteerd en geanalyseerd. Deze worden onder andere vergeleken met
die van DjD9 preparaten uit de literatuur. Aanzienlijke verschillen worden
geconstateerd en dit leidt tot de conclusie dat, in vergelijking tot PSII
membraanfragmenten, de huidige generatie DyD9 preparaten een gemodificeerde
donorkant heeft.
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