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Formation and flash-dependent oscillation of the S,-state multiline EPR signal in
an oxygen-evolving Photosystem-I1 preparation lacking the three extrinsic
proteins in the oxygen-evolving system

Stenbjorn Styring *°, Mitsue Miyao ¢ and A. William Rutherford ®

“ Service de Biophysique, Département de Biologie, Centre d’Etudes Nucleaires de Saclay, Saclay and® Laboratoire de
Photosynthése, CNRS, 91190 Gif-sur-Yvette (France) and ¢ Naiional Institute for Basic Biology, Myodaiji, Okazaki 444

(Japan)

(Received 14 July 1986)

Key words: Photosystem II; ESR; S,-state; Oxygen evolution; (Spinach chloroplast)

In PS-Il-enriched membranes lacking the three extrinsic water-soluble proteins in the oxygen-evolving
system (18, 24 and 33 kDa), but still evolving oxygen to some extent, the formation of the muitiline EPR
signal originating from the S,-state is dependent on the concentration of C17. In 200 mM C1~ the multiline
signal was observed after the first flash and oscillated with the flash number with a period of four. At 20 mM
Cl~ no signal could be observed in this material. These results suggest that the extrinsic proteins are not
necessary for multiline signal formation and that complete advancement through the S-states can occur in

their absence when sufficient C1~ is present.

Introduction

Photosystem II is a membrane-bound multi-
component enzyme that catalyzes the reduction of
plastoquinone and the light-driven oxidation of
H,O to O, in plants, algae and cyanobacteria. The
molecular organisation of the oxygen-evolving sys-
tem has been extensively studied in recent years,
and biochemical analysis has revealed the impor-
tance of four manganese atoms and three extrinsic
water-soluble proteins (of 33, 24 and 18 kDa,
respectively) in the oxygen evolution [1]. These
extrinsic proteins can be selectively extracted from
PS II by various treatments [1] and it has been
suggested that they play an obligatory role in
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4-morpholineethanesulfonic acid; PPBQ, phenylbenzoquinone.
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oxygen evolution [2,3]. However, it is now clear
that, under optimal ionic conditions, oxygen
evolution can still proceed (at least to some ex-
tent) in the absence of these proteins [4,5]. In-
stead, the role of the extrinsic proteins seems to be
to increase the affinity for C1~ and Ca’*, and
these ions are essential for oxygen evolution [1].
The presence of the 24 kDa protein provides a
high-affinity site for Ca?* [6]. The 18 and 24 kDa
proteins lower the Cl™ requirement for optimal
oxygen evolution from 30 mM in their absence to
less than 1 mM in their presence {7}, while re-
moval of the 33 kDa protein drastically changes
the Cl™ requirement of the system and, in its
absence, as much as 200 mM Cl™is necessary for
maximal oxygen evolution {7,8].

Four successive charge separations in the PS II
reaction center create the oxidizing equivalents
which are necessary for the formation of one
molecule of oxygen from two molecules of water
(for a recent review, see Ref. 9). These positive

0005-2728 /87 /303.50 © 1987 Elsevier Science Publishers B.V. (Biomedical Division)



charges are stored, possibly on the manganese
cluster in the oxygen-evolving system, which exists
in five intermediary oxidation states: Sy,-S, [10].
The chemistry of the S-states remains in many
respects a matter of speculation. One probe to the
structure of the S,-state and to the S-state turnover
is an unusual multiline EPR signal which originates
from the S,-state [11-14]. Power saturation studies
[15], computer simulations of the signal shape [16]
and comparisons to model systems [3] have pro-
vided evidence that the signal originates from a
cluster of two or possibly four manganese atoms
in a mixed-valent state. So far the multiline signal
has been reported from all oxygen-producing
materials that have been investigated, while many
treatments that inhibit oxygen evolution also in-
hibit the formation of the multiline signal [3].

A number of studies have correlated the re-
moval of the extrinsic proteins with inability to
form the multiline signal from the S,-state
[3,17-20]). However, as with many studies of
oxygen evolution it seems likely that these results
are due to the use of nonoptimal concentrations of
Cl~ and/or Ca2*, since removal of the extrinsic
proteins results in much lowered affinity for these
ions (for a discussion, see Refs. 21 and 22). Des-
pite this, it was claimed in a recent study of the
role of Cl~ and the extrinsic proteins in the
oxygen-evolving system that the 33 kDa protein
was required for formation of the multiline signal
[17.

In this communication we have attempted to
resolve some of the anomalous EPR observations
and to bring them in line with the current knowl-
edge of the function of the extrinsic proteins and
Cl™. We demonstrate that in the absence of the
three water-soluble proteins the S,-state exhibits
an essentially normal multiline EPR signal, which
oscillates with a period of 4 with the maximum
amplitude after the first flash. It is also shown
that the absence of the multiline signal reported
by Imaoka et al. [17] is due to insufficient C1~ in
their study.

Materials and Methods
PS-II-enriched membranes were prepared from

spinach chloroplasts according to Kuwabara and
Murata [23]). These membranes showed an
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oxygen-evolving activity in 10 mM Cl~ of 440
pmol O,/mg Chl per h with 0.3 mM PPBQ as
electron acceptor. These membranes (hereafter
called ‘intact material’) were treated with either 1
M NaCl or 2.6 M urea in combination with 0.2 M
NaCl. The treatment with 1 M NaCl specifically
removes the 18 and 24 kDa proteins from PS II
(the material is called ‘NaCl-washed’) [23], while
the treatment with urea + NaCl removes all three
extrinsic proteins while the Mn-atoms are still
bound to the PS II centers (this material is called
‘urea + NaCl-treated’) [8]. Less than 5% of the 33
kDa protein remained bound to the membranes as
judged from Coomassie brilliant blue staining of
SDS-polyacrylamide gels using purified 33 kDa
protein an as internal standard. These prepara-
tions showed oxygen-evolving activity of 350 pmol
O,/mg Chl per h for NaCl-washed membranes
(measured in 10 mM Ca’* and 20 mM CI~) and
170 pmol O,/mg Chl per h for urea+ NaCl-
treated membranes (measured at 10 mM Ca?*
and 200 mM Cl7). The urea + NaCl-treated mem-
branes showed no oxygen evolution when mea-
sured in 20 mM Cl~. Purification of the 33 kDa
protein and reconstitution of the urea + NaCl-
treated membranes with the purified protein was
performed as described in Ref. 24. The activity of
this material (called ‘urea + NaCl-treated + 33
kDa’) was 253 pmol O,/mg Chl per h. The pre-
parations were frozen in liquid nitrogen and could
be stored for several months at — 80°C. The buffer
used throughout the study was 20 mM Mes-NaOH
at pH 6.5 containing 300 mM sucrose, 10 mM
CaCl,, 30% ethylene glycol (v/v/v) and varied
concentrations of C1~ (added as NaCl). Ca?* was
present at 10 mM in all experiments to saturate
the requirement for this ion [1].

EPR samples in calibrated quartz tubes were
dark-adapted for 10 min at 20°C before being
illuminated at 4°C with saturating flashes [14]
from a Nd-YAG laser (15 ns, 100 mJ, 530 nm).
The time between flashes in a flash-train was 1 s.
In most experiments the samples were given a
preflash, after which they were allowed to relax at
20°C in absolute darkness. After 10 min, 20 mM
PPBQ in dimethylsulfoxide was added as an
acceptor to a final concentration of 0.5 mM. After
addition of PPBQ the sample was illuminated with
the required number of flashes. The illuminated
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samples were rapidly frozen at 200 K and subse-
quently stored at 77 K. EPR spectra were re-
corded at liquid-helium temperatures with a Bruker
ER-200t-X-band EPR spectrometer or a Bruker
ER200D-SRC spectrometer, equipped with an Ox-
ford Instruments cryostat. A Tracor-Northern
1710A apparatus was used for subtraction of spec-
tra. All sample handling was performed in near
darkness.

Results and Discussion

In Fig. 1A is shown the high-field part of the
multiline signal obtained from the urea + NaCl-
treated material illuminated with various numbers
of flashes (for the complete spectrum, see Fig.
3C). The multiline signal was formed after the
first flash. From the amplitude of the three well-
defined lines at high field we estimate that the
amplitude of the signal after one flash in the
urea + NaCl-treated PS-II-centers was approx.
50% of the multiline signal formed after one flash
in the intact material (Fig. 1B). The formation of
the multiline signal was dependent on the flash
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number. The signal amplitude was maximal after
the first and fifth flashes. Thus it oscillated with a
period of 4 and reflects the S,-state. The oscilla-
tion pattern (Fig. 1A, right) is similar to that
observed in the intact material (Fig. 1B, right) and
to that earlier observed in PS-Ii-enriched mem-
branes [14,18] prepared according to Berthold et
al. [25].

It was sometimes observed that in the urea +
NaCl-treated membranes the first flash resulted in
simultaneous formation of the multiline signal and
an increased amount of EPR-Signal 11 ., (S 1I)).
This signal is thought to be due to a cationic
quinone radical on the donor side in PS II [26]
which, when present in its reduced form, can
donate an electron to the S,-state [27], thus reduc-
ing the yield of any multiline signal formed. S II
formation on the first flash indicates that it was
present in the reduced form in the dark in this
material. This is not normally the case in PS-11-en-
riched membranes. However, because of its sensi-
tivity to light the urea + NaCl-treated material
was prepared under very low light conditions [8]
which might have allowed some decay of S 11 in
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Fig. 1. Flash-dependent oscillation of the muitiline EPR signal from the S,-state. (A) Urea+ NaCl-treated membranes; (B) intact
membranes. The high-field part of the EPR spectra is shown for samples given a preflash and, 10 min thereafter, a different number
of flashes as described in the text. The concentration of the membranes was 2.9 mg Chl/ml and 2.7 mg Chl/ml in (A) and (B),
respectively. The respective concentrations of C1~ were 200 and 20 mM. The amplitude of the multiline signal as a function of the
number of flashes given is shown at the right side. The amplitude was calculated from the added amplitudes of the three easily
distinguished high-field peaks marked with asterisks in the figure. Microwave frequency, 9.43 GHz; temperature, 8 K; modulation
amplitude, 3.2 mT; microwave power, 32 mW; spectrometer gain, 4-10°.



the dark. The simultaneous formation of the mul-
tiline signal and S II_, would result in strong damp-
ing of the flash-dependent oscillation of the multi-
line signal. To avoid this, we used one preflash to
oxidise S II.. This preflash also resulted in the
formation of some muitiline signal. It has recently
been shown [28], that the S,-state has a half-time
for the deactivation of 2.5 min in the dark at 20°C
in the urea + NaCl-treated material, and thus 10
min dark adaptation after the preflash was needed
to allow essentially complete deactivation of the
S,-state. S II, remained oxidized during this time.
The preflash treatment was used in all experi-
ments. It should be noted that the Mn cluster in
the urea + NaCl-treated membranes is more labile
than in the intact membranes. This results in some
loss of manganese from the membranes which
gives an EPR-spectrum from nonfunctional Mn?*
which overlaps the multiline spectrum around g =
2. Lines originating from this Mn** are for exam-
ple seen in the spectrum after zero flash in Fig.
1A, It seems likely that the loss of manganese
atoms from the PS II centers in the urea + NaCl-
treated membranes at least partly explains the
lower amount of the multiline signal observed in
this material.

Thus it is possible to obtain high yields of an
oscillating multiline signal from a PS-II-prepara-
tion lacking the three water-soluble proteins. This
result is clearly different from those obtained by
Imaoka et al. [17] who were unable to observe the
multiline signal from the S,-state in PS-1I-enriched
membranes washed with 1 M CaCl,. This material
lacks the three extrinsic, water-soluble proteins of
33, 24 and 18 kDa and is known to evolve oxygen
only at elevated concentrations of C1~ [5]. It is
thus very similar to the urea + NaCl-treated mem-
branes used in our study [4]. However, their ex-
periments were performed at 20 mM Cl1~, which is
too low to allow oxygen evolution from PS-II
centers lacking the three water-soluble proteins.
This suggests that it was not the absence of the 33
kDa protein that was directly responsible for the
inability to form the multiline signal (in contrast
to the suggestion by Imaoka et al. [17]). Instead,
this inability can probably be explained by the
low concentration of Cl~ used.

To test this we performed an experiment under
comparable conditions (20 mM Cl7) (Fig. 2).
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Urea + NaCl-treated membranes, stored in 200
mM Cl-, were diluted 10 times in a buffer con-
taining 20 mM Cl1-, allowed to equilibrate on ice
for 10 min and then pelleted by centrifugation.
The membranes were resuspended in a buffer
containing 20 mM Cl~ and divided into two sam-
ples. To one was added 2 M NaCl to a final
concentration of 200 mM Cl™ and to the other a
similar volume of 20 mM NaCl. EPR spectra were
recorded after one saturating flash. From Fig. 2A
and B it is clear that high yield of the multiline
signal was observed in the sample containing 200
mM CI7, while no mulitiline signal was observed
at 20 mM Cl1". Thus it seems clear that it is the
concentration of Cl~ that governs the formation
of the multiline signal.

It was therefore tested whether the change in
Cl™ requirement caused by the removal of the 33
kDa protein was reversible with regard to the
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Fig. 2. Effect of the chloride concentration and the 33 kDa
protein on the formation of the multiline EPR signal. (A, B)
Samples of urea+ NaCl-treated membranes prepared as de-
scribed in the text and given one saturating flash in the
presence of 200 mM Cl~ (A) and 20 mM CI~ (B); the
concentration of Chl was identical: 3.0 mg Chl/ml in either
sample. (C) Urea+ NaCl-treated membranes (3.0 mg Chl/ml)
reconstituted with the 33 kDa protein and given one flash in
the presence of 20 mM C1~. Instrumental settings; microwave
frequency, 9.46 GHz; temperature, 8 K; microwave power, 32
mW; modulation amplitude, 2.2 mT; spectrometer gains; 2.5-
103 (A), 4-10° (B) and 4-10° (C).
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formation of the multiline signal. Such a reversi-
bility has been shown for oxygen-evolution (4,17].
In Fig. 2C it is shown that urea + NaCl-treated
membranes which were reconstituted with the 33
kDa protein exhibited appreciable amounts of the
multiline signal after one flash. This experiment
was performed at 20 mM Cl~, which indicates
that rebinding of the 33 kDa protein increased the
Cl™ affinity by more than 10-fold.

NaCl-washed PS-ll-enriched membranes have
a high oxygen-evolving activity at 20 mM C1™ [7]
and a high yield of the multiline signal was ob-
tained after one flash in this material at this
concentration of C1™ (Fig. 3B). The formation of
large amounts of the multiline signal in the ab-
sence of the 24 and 18 kDa proteins is in contrast
to earlier experiments [18,20] which were per-
formed in low (1 mM, Ref. 18) or nonsaturating
(10 mM, Ref. 20) concentrations of Cl~. However,
the result is in agreement with the earlier observa-
tions of the multiline signal in this type of material
in 20 mM C1~ [17,19]. Thus the formation of the
multiline signal is dependent on the concentration
of C17 in the surrounding medium in a manner
similar to the Cl~ dependence of the oxygen
evolution in this material also.

In Fig. 3 are shown the EPR spectra of the
multiline signal formed after one flash in four
different PS-II-enriched materials. The spectra
from the intact material (Fig. 3A) and from the
NaCl-washed material (lacking the 18 and 24 kDa
proteins) (Fig. 3B) are essentially similar. The
peaks are similarly situated and the relative ampli-
tudes of the peaks are comparable. Thus the re-
moval of the two smaller proteins does not lead to
any major changes in the configuration of the Mn
cluster in the S, -state.

Removal of the 33 kDa protein by the urea +
NaCl-treatment or by CaCl,-washing renders the
Mn cluster more labile and at low concentrations
of C17, two Mn atoms are easily released [5,8].
This suggests that the environment of the Mn
cluster is changed when the 33 kDa protein is
released. Alterations of the Mn cluster are also
revealed by the multiline signal (Fig. 3C). Due to
lower concentration of the multiline signal the
spectrum from the urea + NaCl-treated mem-
branes is weaker, and the presence of nonfunc-
tional manganese complicates the subtraction of
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Fig. 3. Comparison of the multiline EPR signal originating
from the S,-state in PS-II-enriched membranes with different
protein composition. (A) Intact material (3 mg Chl/ml; 20
mM C17); (B) NaCl-washed material (lacking the 18 and 24
kDa proteins) (3 mg Chl/ml; 20 mM C17); (¢) Urea+ NaCl-
treated material (lacking the 18, 24 and 33 kDa proteins) (3 mg
Chi/ml; 200 mM Ci7); (D) Urea+ NaCl-treated material
reconstituted with the 33 kDa protein (lacking the 18 and 24
kDa proteins) (3 mg Chi/ml; 20 mM CI7). The figure shows
the spectra obtained after subtraction of the dark spectrum
from the spectrum recorded after one flash in the same sample.
First the spectrum was recorded after one flash, thereafter the
sample was thawed and allowed to equilibrate at 20°C in
complete darkness. After 10 min the sample was frozen and the
dark spectrum was recorded. This procedure allowed near
complete relaxation of the S;-state, but also resulted in some
release of manganese from the urea+ NaCl-treated membranes
(C). Instrumental settings: modulation amplitude, 1.25 mT;
spectrometer gain, 2.5-10; other settings as in Fig. 2.

the dark-spectrum from the spectrum recorded
after one flash. This is especially prominent on the
low-field side near g =2. Despite these problems
it is clear that some peaks (marked with arrows in
the spectra) are present in positions similar to
those in the intact membranes (Fig. 3A) or in the
reconstituted material (Fig. 3D), while in other
regions (particularly at low-field values) there is
little correspondance with the other spectra. The
changes suggest that removal of the 33 kDa pro-



tein results in a changed coupling between the Mn
atoms giving rise to the multiline signal.

In Fig. 3D is shown the multiline signal ob-
tained with the urea + NaCl-treated membranes
reconstituted with the 33 kDa protein. This spec-
trum is different from the spectrum recorded in
the absence of the 33 kDa protein (Fig. 3C). It is
similar, but not identical, to that recorded for the
NaCl-washed material (Fig. 3B), which has the
same composition in terms of the extrinsic pro-
teins. The slight differences between spectra 3D
and 3B, if significant, could be due to incomplete
restoration of the configuration of the Mn cluster,
even though oxygen evolution was restored to
80%.

Summarizing we conclude that the 33 kDa pro-
tein can be replaced by C1~ for both multiline-sig-
nal formation and oxygen evolution. However, the
absence of this protein modifies the Mn cluster
leading to an altered multiline signal from the
S,-state. C1~ can also replace the 24 and 18 kDa
proteins with respect to oxygen evolution [1] and
multiline formation (Refs. 17 and 19; see also this
work, Fig. 3B) when Ca®" is present. Thus Cl~ is
very important for the formation of the multiline
signal from the S,-state, and it seems clear that
suboptimal concentrations of Cl~ results in inabil-
ity to form the multiline signal in intact [21],
NaCl-washed (Refs. 18 and 19; this work, Fig. 3B)
and urea + NaCl-treated membranes (this work,
Figs. 1A and 2). However, in contrast to earlier
suggestions [17] it is not necessarily the S-S,
transition that is inhibited at very low concentra-
tions of C17. Instead, it was reported recently that
the S;-S,-state transition functions at low Cl~
concentrations forming an S, -state not showing
the multiline signal and that Cl~ depletion in-
hibits the S,-S, transition [21].

Finally, from the observation in this report of
the flash-dependent oscillation of the multiline
signal (Fig. 1A) and from earlier activity measure-
ments [5,8] it is clear that the water-soluble pro-
teins are not necessary for oxygen evolution. Fur-
thermore, the observation of the multiline signal
in the absence of the extrinsic proteins (Fig. 3)
suggests that their presence or absence does not
cause major changes in the mechanism for oxygen
evolution, provided sufficient Cl~ is present in.the
medium.
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After the submission of this manuscript the
formation of the multiline signal after illumination
at 200 K was reported in CaCl,-washed material
lacking the three extrinsic proteins. The formation
of the multiline signal in this material was depen-
dent on the concentration of Ca?*, provided suffi-
cient ClI~ (200 mM) was present in the medium
(Miller, A.-F., De Paula, J.C. and Brudvig, G.W.
(1987) in Proceedings of the VIIth International
Congress on Photosynthesis (Biggins, J., ed.),
Martinus Nijhoff, Dordrecht, The Netherlands, in
the press).
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