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Abstract

Ca’*-depletion of the photosystem II enzyme by a NaCl-washing in the light inhibits oxygen evolution. In Ca®*-depleted
photosystem II the S, charge storage state exhibits a split EPR signal attributed to the magnetic interaction between a
radical and the Mn-cluster. Further treatment of photosystem II by EGTA modifies the shape of the EPR signal of the
Mn-cluster in the S, charge storage state. The percentage of centers in which the S, modified signal and the split S; signal
can be observed has been estimated by using pulsed-EPR spectroscopy. On the basis of one tyrosine D radical per reaction
center, the field-swept spin echo spectrum of the modified S, state in dark-adapted photosystem II was detected in a large
majority of the reaction centers. The derivative of the S, field-swept spectrum with respect to the magnetic field resulted in
a spectrum similar to that observed by cw-EPR. The additional light-induced split S; signal appeared on top of the envelope
of the S, signal and was detected in the same proportion of centers as that which exhibited the S, signal prior to the
illumination. In the formal S state, the hyperfine lines of the Mn field-swept echo spectrum were no longer detectable. The
storage of PS-II at 77 K after formation of the S,Q} state by freezing the membranes under continuous illumination resulted
in a decrease of the S, signal but the pulsed-EPR S, manganese signal was conserved.
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1. Introduction

Photosystem-II (PS-II) catalyzes light-driven water

Abbreviations: P, chlorophyll (Chl) center of photosystem oxidation resulting in oxygen evolution. The reaction

IT (PS-1D); TyrZ, the tyrosine acting as the electron donor to Pyg,;
TyrD, the tyrosine acting as a side-path electron donor of PS-II;
Q,, primary quinone electron acceptor of PS-II; EPR, electron
paramagnetic resonance; ESEEM, electron spin echo envelope
modulation; EGTA, ethylene glycol bis( B-aminoethyl ether)-
N,N,N',N' tetraacetic acid; PPBQ, phenyl-para-benzoquinone;
Mes, 2-(N-morpholinc)ethanesulfonic acid; Tris, tristhydroxy-
methyl)aminomethane; EDTA, ethylene diamine tetraacetic acid.
* Corresponding author. Fax: + 33 169 088717.

center of PS-II is made up of two membrane-span-
ning polypeptides (D1 and D2) analogous to the L
and M subunits of the purple photosynthetic bacterial
reaction center (see Ref. [1] for a review). Absorption
of a photon leads to a charge separation between a
chlorophyll molecule, designated P, and a pheo-
phytin molecule. The pheophytin anion transfers the
electron to a quinone Q, and P, is reduced by a
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tyrosine residue, TyrZ, tyrosine 161 of the DI
polypeptide [2-4]. A cluster of 4 manganese ions
located in the reaction center of PS-II probably acts
both as the active site and as a charge accumulating
device of the water-splitting enzyme (see Refs. [5,6],
for reviews). During the enzyme cycle, the oxidizing
side of PS-II goes through five different redox states
that are denoted S,, n varying from O to 4 [7]. The
oxygen is released during the S, to S, transition in
which S, is a transient state. In addition to TyrZ,
there is a second redox active tyrosine in PS-II,
TyrD, tyrosine 160 of the D2 polypeptide [2,8.9], the
radical of which is normally stable in the dark.

Ca’* and Cl~ are two essential cofactors for
oxygen evolution [5,10-12]. In Ca®*-depleted and
Cl -depleted PS-II, inhibition of the enzyme cycle
occurs at the S, to S, transition [5,11,13].

The addition, in the presence of light, of a range of
chelators (EGTA, EDTA, citrate, pyrophosphate, etc.)
during or after the salt-washing procedure done in the
light, results in an additional modification of the
enzyme, manifested as a major modification of the
spectral properties of the S,-multiline and also as the
stabilization of the S, state [5,11,14]. Electron spin
echo envelope modulation (ESEEM) data were ob-
tained showing hyperfine couplings in the modified
S, Mn EPR signal which were attributed to nucleus
of nitrogen atoms of the EGTA [15]. Evidence for
EGTA binding to the Mn cluster has received some
support with experiments in which the EGTA effect
in Ca®*-depleted PS-1I was lost after a further Cl™-
depletion followed by a Cl -reconstitution [16].

Continuous or flash illumination on Ca”*-depleted
PS-II induced the formation of the split S; EPR
signal centered at g =2 with a width of 164 gauss.
The appearance of the split S; EPR signal is accom-
panied by the disappearance of the multiline signal in
cw-EPR [18] but not by the disappearance of the S,
manganese signal as detected by field-swept spectra
using pulsed EPR [15,19]. These results were ex-
plained by a magnetic interaction between the Mn-
cluster and an organic free radical formed in the S, to
S, transition [15,17,18]. The assignment of the S,
state to an oxidized radical led to the proposal that
the Mn cluster itself remained in the same redox state
as in the S, state, although it became undetectable as
a cw-EPR multiline signal. This assignment was sup-
ported by EPR simulations demonstrating that weak

magnetic interactions required for generating the split
EPR signal would also lead to the disappearance of
the hyperfine lines from the Mn signal [17,18]. In-
frared [20] and UV [18] absorption change measure-
ments indicated that this radical could be His™ al-
though recent pulsed-ENDOR and ESEEM measure-
ments seem strongly in favor of TyrZ " [21,22].

The strict inverse relationship between the Mn
multiline signal and the split S, signal [13,17,18] has
been questioned [23]. Indeed, storage of samples at
low temperature results in a decrease in the split S,
signal which is not accompanied by a reappearance
of the Mn multiline signal in cw-EPR. The decrease
of the S; signal is presumably due to the reduction of
S, by electrons coming back from Q,. In the mag-
netic interaction model as originally postulated
[17,18], the multiline signal would be expected to
reappear under these conditions.

Our previous quantification of the number of spins
in the S, and S, signals done by pulsed EPR indi-
cated that these two states were observed in almost
all the centers [15,19] (i.e., in 85% of the reaction
centers since the Ca?’-depletion procedure induced
the loss of Mn in the other 15% which therefore
behave like Tris-washed PSII [24]). This result, how-
ever, together with the conservation of the envelope
of the S, signal in the field-swept spectrum has been
challenged. Two reports indicated that the S, state
was formed in only 14% to 23% of the centers
[21,25] and reported that the broad envelope of the S,
signal was not conserved after formation of the S,
signal. The value of 5.6 spins per center in the S,
state has also been reported [25]. Since submission of
the original version this work, the split radical ob-
served in the formal S, state has been detected in
50% of acetate-treated PSII reaction centers [26]. In
all these studies [21,25,26], quantifications of the
number of spin detected in the S, state and S; state
were done by comparison with the TyrD’ signal
measured in conditions in which 1 TyrD " per reac-
tion center is expected.

In this study, quantification of the number of spins
in the S, and S, signals detected by pulsed-EPR has
been reinvestigated using a combination of instru-
ment settings allowing the detection of the TyrD’
signal at the same time as the S, or S; signals. It is
shown that the cytb,, signal can also be used for the
quantification. The results confirm that the S, and S,
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signals are formed in the majority of the PS-II cen-
ters.

2. Materials and methods

Photosystem II membranes were isolated from
spinach as already described [17]. Calcium-depleted,
EGTA-treated and polypeptide-reconstituted PSII
were prepared as previously described [17]. All the
experiments were done in a medium containing 0.3
M sucrose, 25 mM Mes pH 6.5 and 10 mM NaClL
The Ca’*-depleted PS-II membranes were put in
quartz EPR tubes and, after dark adaptation for 1 h at
0°C, 1 mM PPBQ (dissolved in dimethyl-sulfoxide)
as an artificial electron acceptor, was added. The
samples were immediately frozen at 200 K in a
CO,-ethanol bath, then transferred to liquid nitrogen
(77 K). Mn depletion of PS-II was done by Tris-
washing the PS-II membranes for 30 min, under
room light, at 4°C, in 0.8 M Tris (pH 8.5) and 0.1
mM EDTA. Then, the Tris-washed membranes were
collected by centrifugation and washed in 0.3 M
sucrose, 10 mM NaCl, 10 mM CaCl, (to remove any
adventitious bound Mn?") and 25 mM Mes (pH 6.5),
pelleted again by centrifugation, washed in 0.3 M
sucrose, 10 mM NaCl, 25 mM Mes (pH 6.5) and 0.1
mM EDTA, pelleted and re-suspended in the same
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Fig. 1. Electron spin echo amplitude (in arbitrary units) of the
TyrD " signal in the Tris-washed sample (closed circles) or of the
TytD " signal in the S; state of the Ca*-depleted PSII (crosses)
as a function of the pulse repetition time in a two-pulse sequence
(m /2, 7, w) at 4.2 K. The duration of the 7 /2 and 7 pulses
was respectively 64 ns and 128 ns and the 7-value was 200 ns.
The line through the points corresponds to an exponential fitting
and the dashed line corresponds to the asymptotic level of the
exponential fit.

medium. The sample was then put in an EPR tube,
illuminated at 0°C for 1 min, dark-adapted for 30 s
and frozen in the dark at 200 K then to 77 K. The pH
value of 6.5 for the final re-suspension buffer was
used to have the same pH condition as the Ca®*-de-
pleted PS-II and because a better stability of TyrD " at
this pH than at pH 8.5 [27].

The maximum amount of TyrD " per reaction cen-
ter has been reported to be generated in untreated
PSII membranes which was illuminated at 0°C for 30
min in the presence of PPBQ [21,26,28]. To apply
this protocol, oxygen evolving PSII membranes were
washed in 20 mM Tris (pH 8.0), 20 mM NaCl and
0.4 M sucrose and resuspended in the same medium
in the presence of 1.5 mM PPBQ. The sample, in the
EPR tube, was illuminated for 30 min at 0°C, dark-
adapted for 30 s, then frozen at 77 K.

Illumination of the samples was done with a 800-W
projector through water and infra-red filters in a
non-silvered dewar filled with ethanol and cooled to
0°C with solid CO,.

CW-EPR spectra were recorded at liquid helium
temperatures with a Bruker ER 200D or ESP300
X-band spectrometer equipped with Oxford Instru-
ments cryostats. Pulsed EPR spectra were recorded
with a Bruker ESP 380 spectrometer as already de-
scribed [15]. The field-swept spectra were obtained
by measuring the amplitude of the echo as a function
of the magnetic field after a two-pulse sequence
(m/2, 7, 7). In experiments done in view of spin
quantification, the duration of the 7/2 and 7 pulses
was, respectively, 64 ns and 128 ns and the 7 value
was 200 ns. The pulse repetition time was 50 ms.

The long pulse repetition time used in this study
allows a complete spin relaxation between the pulse-
sequences of the fast relaxing species. However,
TyrD " which has the slowest spin relaxation among
the species studied here could potentially be slightly
underestimated even with a pulse repetition time of
50 ms (see Ref. [29]). Fig. 1 shows experiments
aimed at evaluating this potential underestimate. The
amplitude of the electron spin echo of TyrD", in
Tris-washed PSII, is plotted as a function of the pulse
repetition time at 4.2 K (closed circles). As a first
approximation the experimental points are fitted by
an exponential function. The dashed horizontal line in
Fig. 1 shows the asymptotic level of the exponential
function. For a pulse repetition time of 50 ms the
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Fig. 2. Electron spin echo amplitude (in arbitrary units) as a
function of the 7-value in a two-pulse sequence (7 /2, 7, 7) at
4.2 K. The duration of the 7 /2 and 7 pulses was respectively 8
ns and 16 ns and the pulse repetition time was 50 ms. The line
through the points corresponds to an exponential fitting. Panels a,
TyrD * signal in Tris-washed PSII measured at 3460 gauss; Panel
b, cythsse signal in Tris-washed PSII measured at 3520 gauss;
panel ¢, TyrD" signal in the S, state of Ca®*-depleted PSII
measured at 3460 gauss; Panel d, Mn signal in the S, state of
Ca?*-depleted PSII measured at 3520 gauss; panel e, TyrD’
signal in the S, state of Ca”*-depleted PSII measured at 3460
gauss; Panel e, S, signal in Ca”*-depleted PSII measured at 3520
gauss.

amplitude of the echo was slightly underestimated by
approx. 15%. The crosses in Fig. 1 show the electron
spin echo amplitude of TyrD" in the S; state of
Ca®*-depleted PSII. In this case, the use of a pulse
repetition time of 50 ms resulted in an underestima-
tion of TyrD " lower than 10%.

The use of a long pulse duration in the field-swept
spin echo experiments can also slightly underestimate
the number of spins which correspond to species that
have a short phase memory time value (7)) by
comparison with those having a long T,,. The T
values can be estimated by a 2-pulse sequence [30].
Fig. 2 shows the electron spin echo amplitude of the
different species studied here as a function of the 7
value of a 2-pulse sequence (7/2, 7, ). Panels a, ¢
and e show the 2-pulse echo recorded on the TyrD~

signal in Tris-washed sample and in the S, and S,
states of the Ca?*-depleted PSII respectively. Panel b
shows the 2-pulse echo recorded on the cytby, sig-
nal in the Tris-washed sample. Panel d shows the
2-pulse echo recorded on the S, signal of Ca®*-de-
pleted PSII. Panel e shows the 2-pulse echo recorded
on the S, signal of Ca’*-depleted PSII. The T,,
values estimated by an exponential function through
the experimental points varied between 0.8 ws and 1
us as follows (see also [1531]): Ty (cytbssy) =
Tu(TyrD ") > T\,(S,) = T\,(S;). The small variations
between the different T,, values and the fact that the
T,, values are significantly longer than the pulses
length used in the field-swept experiments indicate
that the S, and S; field-swept signals were only very
slightly mis-estimated with regard to the cytbs, and
TyrD " field-swept signals.

In systems in which an electron-electron spin-spin
interaction occurs, it has been shown that the relative
amplitude of each line, in the field-swept spectrum,
depended on their effective spin value S [32]. Indeed,
the higher the effective spin value, the lower the
microwave power required to flip the spin by 90°
with a 7/2 pulse. In the S, state, the microwave
power required to observed the maximum amplitude
of the echo after the two-pulses sequence (7/2 = 64
ns and 7= 128 ns) was found similar for all the
magnetic field positions. This indicates that the esti-
mation of the area of the manganese signal and of the
radical signal in the S, state was not perturbed by the
effect reported in [32]). A second consequence would
be that the split radical and the manganese cluster
have a similar effective S=1/2 value in the S,
state.

Another point which could influence the amplitude
a field-swept spectrum is the 7 value used. Indeed,
the envelop modulation of the electron spin echo
could result in an underestimation or an overestima-
tion of the echo amplitude depending on whether the
7-value used corresponds to a peak or a trough in the
modulation. This point is illustrated in Fig. 3 which
shows the electron spin echo signal of TyrD " after a
2-pulse sequence (7/2, 7, 7), with 7= 64 ns and
7 = 128 ns (curve a). In the conditions used to record
curve a, the modulation corresponding to the free
protons (= 15 MHz) which is detected in Fig. 2
(panels a, c, e) is almost totally abolished here. This
is expected since the pulses length exceed the modu-
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Fig. 3. Curve a: electron spin echo amplitude of the TyrD " signal
(in arbitrary unit) as a function of the 7-value in a two-pulse
sequence (77 /2, 7, 7) at 4.2 K. The duration of the 7 /2 and 7
pulses was respectively 64 ns and 128 ns and the pulse repetition
time was 50 ms. The line through the points corresponds to an
exponential fitting. Curve b shows a theoretical 2-pulse echo of
the TyrD * signal reconstructed by using a modulation frequency
of 1.5 MHz. The vertical dashed line corresponds to the dead-time
of the instrument in these conditions.

lation period of the free protons. The line through
curve a is an exponential fit of curve a. Curve b in
Fig. 3 shows a simulated curve of the TyrD " modula-
tions using a frequency of 1.5 MHz. This frequency
value of 1.5 MHz was obtained by Fourier transform-
ing curve a. The vertical dashed line is drawn at
7= 200 ns, i.e., the 7 value used in the field-swept
spectra shown below. It can be concluded that for
7= 200 ns the electron spin echo signal of TyrD " has
the maximum amplitude which can be measured after
the dead-time.

In contrast to TyrD ", the broad field-swept spectra
of the Cytbys, signal and of the S, and S, signals
were less affected by the 7-value (not shown). In-
deed, the Larmor frequency of a nucleus varies lin-
early with the magnetic field. For free protons these
changes in the Larmor frequency (= 15 MHz at 3500
gauss) over a large magnetic field range result in an
echo which is alternatively measured on a peak or a
trough of the modulation in the case of broad signals.
This made critical the choice of a particular 7-value
for the recording of field-swept spectra with short
pulse duration. Nevertheless, as this is the case for
TyrD’, the long pulse duration used here almost
totally abolished the free proton frequency of Cytbss,
and of S, and S; (not shown). Since the other
modulations are weak (in particular those detected in
the cytbssy, S, and S, signals), the choice of a

particular 7-value does not significantly influences
the field-swept echo spectra.

3. Results and discussion

Quantification of the number of spins in the multi-
line signal arising from the S, state and detected by
cw-EPR spectroscopy is difficult. By double integra-
tion of the multiline cw-EPR signal Hansson et al.
[33] obtained a value of 0.33-0.53 spin/PS-II. Nev-
ertheless, since it was impossible to distinguish the
correct baseline of the signal from its envelope, this
estimation was not considered as definitive. Since
broad signals are easier to detect in pulsed-EPR than
in cw-EPR [30], a field-swept spin echo EPR spec-
trum, roughly equivalent to an absorption spectrum,
seems more convenient to estimate the number of
spins in the S, manganese signal. Absolute quantifi-
cation of the number of spins can be made by
comparison with external standards in which the spin
concentration is known. This procedure implies that
all the instrument settings are similar both for the
sample to study and for the spin standard. This
condition is not easily satisfied in pulsed-EPR spec-
troscopy and may require complicated data treatment.
Therefore, the use of internal standards seems more
appropriate if their concentration is known. In princi-
pal, the signals from cytbss, and TyrD", can be used
to calibrate the number of spins contributing in other
PS-II signals.

TyrD " is expected to be fully oxidized in Mn-de-
pleted samples prepared by Tris-washing as described
in the Section 2. In the literature [21,26,28] it was
reported that the yield of TyrD " is close to 1 in
untreated PSII which were incubated at pH 8 in the
presence of an electron acceptor and which were
illuminated for 30 min at 0°C. Fig. 4 compares the
amplitude of the TyrD " signal in untreated PSII after
such an illumination (spectrum a), in Tris-washed
PSII at pH 6.5 (spectrum b) and in the S, state of
Ca®*-depleted PSIL. The 3 spectra were normalized
to the same chlorophyll concentration, i.e., the same
reaction center concentration. Spectra b and ¢ have an
amplitude similar to spectrum a which corresponds to
1 TyrD " per reaction center [21,26,28]. This indicates
that the TyrD" to reaction center ratio in our Tris-
washed and Ca’?*-depleted membranes is close to 1
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assuming, as it seems likely, the 3 preparations have
the same Chl to reaction center ratio.

From the g, value of the cw-EPR spectrum of
Cythssy, it can be deduced that the cytochrome is in
the low potential form in the NaCl-washed PS-1I
membranes [17,34] and Mn-depleted membranes (see
also Ref. [35] and references therein). The g, signal
of cythss, is at a magnetic field outside the S, and S,
signals. Therefore, the contribution of the cytbss,
signal in a complex spectrum can be easily elimi-
nated by first scaling the g, signal of cytbsy, ob-
tained in a Tris-washed sample to that present in the
considered spectrum, then by subtracting this calcu-
lated cytbss, spectrum. One cytbg,, is present in
PS-II membranes from plants [36,37] consequently,
when it is fully oxidized, the cytochrome signal
corresponds to one spin per reaction center (n.b., in
cyanobacteria it has been proposed that 2 copies of
Cytbss, are present [37]).

It has been shown above (Fig. 4) that in samples
which are Mn-depleted by a Tris-washing, 1 spin
from the TyrD * per reaction center has been detected.
Therefore, the TyrD " signal can be used as a standard
to calibrate the number of spins in the cytbys, signal
and in the S, and S; signals. This was done by
comparing the integrated area of the signal from S,
and S, and cytbys, to that of the signal from TyrD"
measured both in Ca**-depleted and Tris-washed
samples.

L . ! L L

3320 3340 3360 3380
Magnetic Field (gauss)

Fig. 4. cw-EPR spectra of the TyrD". Spectrum a was measured
in untreated PSII incubated at pH 8 and after illumination for 30
min at 0°C in the presence of PPBQ and a further dark-adaptation
of 20-30 s. Spectrum b was recorded in a Tris-washed sample.
Spectrum ¢ was recorded in the S, state of a Ca®*-depleted PSIL
Instrument settings: temperature 15 K; microwave frequency,
9.43 GHz, modulation amplitude 2.8 gauss; modulation fre-
quency, 100 KHz; microwave power, 0.63 uW.

2000 4000
gauss

2000 3000 4000 5000
Magnetic Field (gauss)

Fig. 5. Spectrum a: Field-swept spin echo spectrum of Tris-
washed PS-II. Instrument settings: The amplitude of the echo was
measured as a function of the magnetic field after a two-pulse
sequence (r /2, 7, 7); the duration of the 7 /2 and 7 pulses
was respectively 64 ns and 128 ns and the 7-value was 200 ns;
the shot repetition time was 50 ms; temperature, 4.2 K; mi-
crowave frequency, 9.6 GHz; magnetic field resolution, 3800
points /3800 gauss. Spectra b and ¢ correspond to spectrum a on
different expanded scales. Spectrum d is the first derivative of
spectrum ¢ with respect to the magnetic field.

Fig. 5 shows the field-swept spin echo spectrum of
a Tris-washed sample. The instrument settings used
allowed the cytbss, and TyrD " to be recorded simul-
taneously in the same spectrum. The long pulse
duration was required to resolve the hyperfine cou-
plings of TytD". Inset A in Fig. 5 shows, on an
expanded scale, the TyrD" field-swept spin echo
spectrum together with its first mathematical deriva-
tive with respect to the magnetic field. The hyperfine
couplings which are resolved in the TyrD " signal and
which are obtained by this procedure are similar
(although slightly better resolved) to those which are
observed by cw-EPR [38,39] (see Fig. 4 for a com-
parison). This indicates that no distortion of the
TyrD " signal occurred due to improper shot repeti-
tion time or pulse duration. Inset B (Fig. 5) shows the
cytbss, signal on an expanded scale. The g, signal at
= 2300 gauss and the g signal at = 3100 gauss are
both resolved. By integrating (i) the whole signal
(spectrum a in Fig. 5), (ii) the TyrD" signal (in
spectrum a of Fig. 5) after subtraction of the underly-
ing cythss, signal and (iii) the cytbsy, signal (in
spectrum a of Fig. 5) after subtraction of the overly-
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Fig. 6. Spectra a and d: Field-swept spin echo spectra of Ca**-
depleted, EGTA-treated and polypeptide-reconstituted PS-II in
the dark-adapted S, state. Spectrum b corresponds to spectrum a
on a different vertical scale (the TyrD * signal has been deleted).
Instrument settings for spectrum a are similar to those used in
Fig. 5. Spectrum c is a replot of spectrum a in Fig. 5 and is
normalized to spectrum b by adjusting the g, signal of cytbhss,.
Spectrum d was recorded with the same instruments settings
except the number of accumulations which was 25 times greater
(=22 h). Spectrum e is the first derivative of spectrum d with
respect to the magnetic field. Spectrum f, cw-EPR spectrum of
Ca’*-depleted, EGTA-treated and polypeptide-reconstituted PS-IT
in the dark-adapted S, state. Instrument settings: temperature 10
K; microwave frequency, 9.43 GHz, modulation amplitude 22
gauss; modulation frequency, 100 KHz; microwave power, 20
mW.

ing TyrD " signal, it can be found that the area of the
TyrD" and cythss, signals contribute for 52% and
48%, respectively, of the total area of spectrum a.
This results in the following ratio: cytbss,/TyrD =
0.92. On the basis of 1 TyrD" per reaction center
(Fig. 4) and since the TyrD " signal was underesti-
mated by = 15% (see Fig. 1), it can be estimated that
the cytbss, was oxidized in 78% (i.e., 0.85 X 92) of
the Tris-washed reaction center.

The S, manganese signal was recorded by pulsed-
EPR with instrument settings similar to those used in
Fig. 5. Fig. 6 (spectrum a) shows the field-swept spin
echo spectrum of the dark-adapted Ca®*-depleted
PS-II which corresponds to the signals recorded in
the S, state. Inset A in Fig. 6 (spectrum b) shows the
broad signal underlying the TyrD" signal and a
cytbssy spectrum (spectrum c) recorded in a Tris-
washed sample. Spectrum ¢ has been normalized to

spectrum b by scaling the amplitude of the g, signal
of cytbsse. This procedure is justified since the g,
values of the cytbss, signal were found similar both
in the Tris-washed sample and the Ca’*-depleted
sample. This interactive scaling allows an estimation
of the intensity of the cytbs, signal in the spectrum
recorded in the S, state of the Ca’*-depleted sample.

Integration of (i) the whole spectrum a, (ii) the
TyrD " signal alone (in spectrum a) after subtraction
of the underlying spectrum, and (iii) spectrum a after
the removal of the overlying TyrD " signal, gives the
following ratio: (S, + cytbss,)/TyrD "= 2.33. Inte-
gration of spectra b and c¢ gives the following ratio
S,/cytbssg = 0.9. Taken together, these results give
the following ratio: TyrD '/S,/cythsse =
0.82/09/1.

In a previous pulsed-EPR study of the oxygen
evolving enzyme, it has been shown that the first
derivative of the signal from S, in untreated PS-II
with respect to the magnetic field was comparable to
that obtained by cw-EPR [31]. A possible criticism
[21] of our earlier field-swept echo studies is that the
broad S, signal detected by this method may not
correspond to the multiline signal [15]. In Fig. 6B a
field-swept spin echo spectrum of the S, state in
Ca”"-depleted PS-II membranes has been recorded in
the same conditions used for spectrum a in Fig. 5 but
with a larger number of accumulations (spectrum d,
inset B of Fig. 6). Spectrum e (Fig. 6) is the first
derivative of spectrum d with respect to the magnetic
field and spectrum f is the cw-EPR signal of the
S,-state. The similarity between spectra e and f shows
that the broad signal in field-swept spin echo mea-
surements arises from the Mn complex in the modi-
fied S, state on top of the cytb.s, signal.

Quantification of the number of spins in the S,
signal induced in Ca?*-depleted PS-II by a 0°C illu-
mination indicated that this signal was formed in the
same proportion of centers which exhibited the S,
signal prior to the illumination [15,19]. This quantifi-
cation is reinvestigated here with the same procedure
as above. Fig. 7 (Panel A) shows the field-swept spin
echo spectrum of the S; state formed in Ca’*-de-
pleted PS-II (spectrum c). This spectrum is plotted
together with a replot, taken from Fig. 6, of the S,
manganese signal (spectrum b). Spectra b and ¢ are
normalized to the g, value of the cythy, signal.
Since no change in the redox state of cytbs, was
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observed during the S, to S, transition, as detected
by cw-EPR (inset of panel A, Fig. 7), and since the
g, signal is outside the S, and S; signals, this
normalization procedure is justified. Spectrum a in
panel A of Fig. 7 shows a cytbs,, signal scaled to
spectra b and ¢ with the g, signal. It can be seen that
the broad envelope of the S, signal did not disappear
after formation of the S, signal.

Panel B of Fig. 7 shows the first derivative of the
S, spectrum with respect to the magnetic field. This
derivative signal exhibits the split S, signal observed

c
2000 2400
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a
2000 3000 4000 5000
Magnetic Field {gauss)
B
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2000 3000 4000 5000
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Fig. 7. Panel A, Spectrum ¢ was recorded after a 0°C illumination
of Ca?*-depleted, EGTA-treated and polypeptide-reconstituted
PS-IL. Spectrum a, replot of spectrum a in Fig. 5. Spectrum b,
replot of spectrum a in Fig. 6. Same instrument settings as in Fig.
5. The center parts corresponding to the TyrD " signal have been
deleted. The inset of panel A shows the g, signal of the cytbsso
recorded by cw-EPR in the S, state (continuous line) of in the S,
state (dashed line). Instrument settings as for spectrum f in Fig. 6.
Panel B shows the first derivative of spectrum ¢ in panel A with
respect to the magnetic field.

Table 1
Estimates of the number of spin of the different species present in
Tris-washed PSII and in Ca®*-depleted PSII

Tris-washed Ca®*-depleted Ca’*-depleted

S, state S, state
TyrD" 1° 070 f 1°
cythss, 0.78 © 0.85°¢ 0.85¢
Mn signal * 0.81° 0.80 4
split S, radical 0.82 ¢

* Attributed to S, as a modified multiline and in S, as the same
state lacking the hyperfine lines.® Estimated by cw-EPR by com-
parison, on a Chl concentration basis [21], to a sample reported as
to possess 1 TyrD " per reaction center.© Compared to TyrD " in
the same sample and calculated by using an underestimation of
15% for the amplitude of the field-swept echo TyrD " signal (i.e.,
0.78 = 0.85 X (cytbgso /TyrD ).¢ Compared to TyrD" in the
same sample and calculated by using an upper limit of 10% for
the underestimation of the amplitude of the field-swept echo
TyrD " signal.® Normalized to cytbss, in the Sy state (the ampli-
tude of the g, signal of cytbss, is identical in S, and S, in these
samples as monitored by cw-EPR), is also consistent with esti-
mate of = 15% photooxidizable cytbssy upon illumination at 77
K.f Compared to cytbss, in the same sample.

in cw-EPR. Moreover, the hyperfine lines of the S,
signal are no longer detectable after formation of the
split radical, as observed in cw-EPR in the same
conditions [17].

From Fig. 7, Panel A, integration of (i) spectrum ¢
(which contains the cytb.,, the S, signal and the
light-induced split signal), (ii) the overlying TyrD"
signal (not shown in Panel A, Fig. 7), and (iii)
spectra a and b, gives the following ratio:
cytbsso/S,/split S5 signal/TyrD "=
0.95/0.89,/0.92 /1.

All the results are summarized in Table 1. Accord-
ing to the literature [21,26,28], and from the results in
Fig. 4, 1 TyrD " per reaction center is present in the
Tris-washed sample and in the S, state of the Ca**-
depleted PSII. From results in Fig. 1, the amplitude
of the field-swept signal of TyrD' was underesti-
mated by = 15% in the Tris-washed sample and by a
maximum of 10% in the Ca’*-depleted PSIL. There-
fore the values reported in Table 1 take into account
this underestimation in the spin count of the other
species which were ratioed to the TyrD " signal. The
values reported in Table 1 for the S, state are normal-
ized to those obtained in the S, state by using the
cytbss, signal amplitude as a reference between both
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states (see above). In the S, state, the value lower
than 1 for the TyrD " signal arises from a proportion
of centers (= 30%) in which the tyrosine D is re-
duced (see Ref. [40]), presumably during the dark
adaptation. It was also previously shown that calcium
depletion leads to an irreversible inhibition in a small
proportion of centers (10-15%) in which the multi-
line signal is not present [24]. This could explain the
value of 0.81 for the S, signal. Table 1 also shows
that the cty by, is not oxidized in = 15-20% of the
Ca®*-depleted PSII. This percentage of reduced cy-
tochrome is in agreement with the proportion of the
cytbss, signal which was formed by a 77 K illumina-
tion as detected by cw-EPR (not shown). In samples
in which the amount of reduced cytbs, is larger than
in the preparations used in this study (i.e., > 15%)
an increased of the cytbss, signal can be observed
mainly after a long period of illumination at 0°C and
at temperatures below 0°C.

The results indicate that the S, signal is observed
in all the centers in which the modified S, signal was
present prior to the illumination. This agrees with our
earlier studies using different basis for quantification
[15,19]. However, it disagrees with reports in which
the S, signal was found in 23% [25] to 15% [21] of
the PS-II centers by using a similar approach to that
used here (i.e., taking TyrD " as an internal standard).
In addition, our quantification of the S, manganese
signal, here and earlier [15,19], in Ca®*-depleted
PS-II and found close to one per reaction center,
differs greatly from that obtained by Gilchrist et al.
[25] who found 5.6 spins per reaction. The low value
for S; and high value for S, were made on PSII
which were depleted of Ca?* by a treatment using
low pH and citrate. Given that the present data used
essentially the same method and criteria for quantifi-
cations, it seems likely that the discrepancy lies in the
different biochemical preparations used. Indeed, pre-
liminary results using a procedure totally identical to
that described above and obtained with our citrate-
treated PSII [41] indicate that the S; signal is about
two times smaller than in the NaCl-EGTA-treated
material (not shown).

A reviewer raised the possibility that the field-
swept signal, which we attribute to the Mn-cluster in
a spin S = 1 /2 state but without the hyperfine lines,
might be due to some kind of Mnll contamination.
This seems unlikely for the following reasons: (1) the

broad Mn signal is observed with membranes dia-
lyzed a long time; (2) the same results were observed
reproducibly from preparation to preparation over
several years in the presence or the absence of a
chelator [15,19]; (3) no (or very little) MnlI signal,
which may be broad at 9 GHz, were detected in such
samples at 90 GHz or at 245 GHz which are condi-
tions in which Mnll is very easily measured (Sun et
al., unpublished).

The question of Mnll contaminations seems more
likely to be a problem in citrate-treated PSIIL. Indeed,
the citrate-treated preparation is known to be suscep-
tible to the loss of some Mn from the Mn cluster [42].
The Mnll (spin 5/2) contamination might be ex-
pected to result in anomalous S, to S, ratios (up to
40:1 from Refs. [21] and [25]) and to result in a lower
S, yield. In the presence of citrate, the released
Mn** ions form a citrate-Mn>* complex. Fig. 8
shows the cw-EPR spectrum of a solution containing
50 uM Mn?* and 20 mM citrate (spectrum a).
Spectrum b shows the cw-EPR spectrum of a Tris-
washed PS-II sample (at about 20 wM PS-1D) in the
presence of 50 uM Mn?* and 20 mM citrate. It can
be seen that this very large contamination by the
citrate-Mn®* complex is hardly detectable in spec-
trum b. Therefore any contamination of a preparation
by a citrate- Mn>* complex will be difficult to detect
in a cw-EPR spectrum, especially in samples contain-
ing other signals such as the S, multiline signal. By
contrast, Fig. 8 (spectrum c) shows that, as for the
EDTA-Mn*"* complex, the citrate-Mn”* complex ex-
hibits a strong field-swept spin echo spectrum. Spec-
trum ¢ exhibits some similarities to the cytbss, signal
in Tris-washed PS-II (spectrum d) and the S, signal
which may make its identification difficult.

It has also been reported that the envelope of the
S, signal disappeared concomitantly with S, forma-
tion in citrate-treated material [25]. This observation
is also in contradiction with our observation that the
envelope of the pulsed-EPR spectrum measured in
the S, state did not disappear when S, was formed
([15,19], this work). Attempting to explain this dis-
crepancy we have added a citrate-Mn** complex to
Tris-washed PS-II membranes and the field-swept
spin echo spectrum has been measured before (Fig. 8,
spectrum e) and after (Fig. 8, spectrum f) a 0°C
illumination of the sample (i.e., the conditions used
to generate the S; signal). Fig. 8 shows that illumina-
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Fig. 8. Spectrum a: cw-EPR spectrum of a solution containing 50
#M Mn?* and 20 mM citrate (pH 6.5). Spectrum b: Tris-washed
PS-1I (4 mg Chl/ml, i.e., 20 uM of PS-ID) in the presence of 50
uM Mn?* and 20 mM citrate (pH 6.5). Instrument settings:
temperature 10 K; microwave frequency, 9.43 GHz, modulation
amplitude 22 gauss; modulation frequency, 100 kHz; microwave
power, 20 mW. Spectrum c: field-swept spin echo spectrum of a
solution containing 50 uM Mn?* and 20 mM citrate (pH 6.5).
Spectrum d: field-swept spin echo spectrum of Tris-washed
PS-II. Spectra e and f were recorded respectively before and after
a 0°C illumination of Tris-washed PS-II in the presence of 50
M Mn2", 20 mM citrate (pH 6.5) and 1 mM PPBQ. Instrument
settings: The amplitude of the echo was measured as a function
of the magnetic field after a two-pulse sequence (7 /2, T, 7); the
duration of the 7 /2 and 7 pulses was respectively 8 ns and 16
ns and the 7-value was 200 ns; the shot repetition time was 16
ms; temperature, 4.2 K; microwave frequency, 9.7 GHz; mag-
netic field resolution, 1000 points /5000 gauss.

tion of the sample results in a decrease of the inten-
sity of the citrate-Mn?* signal. This presumably re-
sults from electron donation of citrate-Mn** to Tris-
washed PS-II which consequently forms a citrate-
Mn?®* complex not EPR-detectable. After dark-adap-
tation, for 30 min at 0°C following the illumination
approx. 40% of citrate-Mn** signal suppressed by
the illumination was restored (not shown).

The citrate-MnlI properties fulfills all of the char-
acteristics required to explain the phenomenon re-
ported earlier [21,25]. Although other explanations
are not eliminated, it seems reasonable to suggest
similar effects may be at least partly responsible for
the discrepancy seen between the two different bio-

chemical preparations used. It has been previously
reported that a long period of illumination at 0°C
resulted in a decrease in the intensity of the S, signal
[40]. It could be possible that the citrate-treated mate-
rial is more susceptible to the length of the illumina-
tion which would result in an apparent low yield in
S, formation. :

Another way to measure the evolution of the
field-swept spectrum of S, after S; formation is
derived from the following observation. Storage at 77
K of samples which were frozen under continuous
illumination results in a decrease of the split S,
signal which was not accompanied by a reappearance
of the Mn multiline signal as detected by cw-EPR
[23]. Fig. 9A shows a similar experiment in which
our Ca?*-depleted material was frozen under continu-
ous illumination. Spectrum a corresponds to the
dark-adapted state. It exhibits the modified Mn multi-
line signal, between 2400 and 4200 gauss, character-
istic of the stable S,-state in the Ca®*-depleted,
EGTA-treated and polypeptide-reconstituted PS-II. I1-
lumination for 20 s, in the presence of PPBQ, at 0°C
results in the characteristic split EPR signal (spec-
trum b) with a peak-to-trough of 164 gauss and
centered at g =2 (3350 gauss) 2 Freezing of the
sample to 77 K under continuous illumination, in the
absence of PPBQ, resulted in the formation of the
S;Qx-state (not shown). The amplitude of the S,

"It has been discussed [26] that (i) in flash experiments, the
yield of the formation of the S; signal was lower in Ca**-de-
pleted PS-TI [18] than in acetate-treated PS-II [26] and that (ii)
this Jower yield was due to a long delay between flashes (1 s,
[18)]) resulting in S; decay in a fraction of the reaction centers.
These two assertions are inexact. First, in Ca®*-depleted PS-II
[18], the yield of S, formation after the first flash was 60%,
which is comparable to the 60-65% found in acetate-treated
PS-II [26]. Second, in Ca®*-depleted PS-II, this lack of S,
formation after the flash in 40% of the reaction centers has been
shown to be due to similar kinetics for the electron donation from
TyrZ to P&, and the electron donation from Q. to Pg [24] In
Ca®*-depleted PS-II, the S, signal decays at room temperature
with a t, ,, equal to 120 s [40].

% The possibility that the S, signal arises from OH" was
recently suggested [43]. This was based on the similarity of the
g-value of OH" (g =2.011) and the g-value of a simulated S,
signal (g =2.009, [18]). The exact g-values of the peak and
trough of the split signal are 2.054 and 1.955 respectively. The
center of the signal has therefore a g-value equal to 2.0035+
0.0010. This value is very different from the g-value of OH".
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Fig. 9. Panel A: cw-EPR spectra; instrument settings as in Fig.
6B. Panel B: Field-swept spin echo spectra, instruments settings
as in Fig. 8. Spectra a were recorded on PS-II dark-adapted at
0°C, ie., in the S, state. Spectra b were recorded after a 0°C
illumination in the presence of PPBQ, i.e., in the S; state. Spectra
¢ were recorded on samples stored for 9 days at 77 K after
freezing under continuous illumination in the absence of PPBQ.
Spectra d were recorded after illumination of the sample in the
EPR cavity (at 10 K for cw-EPR and 4.2 K for pulsed-EPR)
immediately after the recording of spectra c. The distorted base-
line in the cw-EPR spectra ¢ and d is due to the oxygen trapped
during the storage in liquid nitrogen. To avoid warming of the
sample, removal of condensed O, by warming to 200 K was not
possible after storage in liquid N,. Different batches of samples
were used for experiments reported in panel A and Panel B. Inset
of Panel B: Kinetics of the decay in the dark of the S; signal
formed by illumination in the EPR cavity at 20 K (open circles),
10 K (open squares) and 4.2 K (continuous trace). 100% refers to
the amplitude of the S, signal just after the illumination in the
EPR cavity. The symbols were obtained by cw-EPR measure-
ments and the continuous trace by pulsed-EPR measurements.

signal formed in these conditions was about 70% of
that of the S, signal formed in the presence of PPBQ.
Spectrum ¢ was recorded on a sample frozen under
continuous illumination then stored 9 days at 77 K.

Spectrum d was recorded after illumination in the
EPR cavity at 10 K. As observed previously [23], the
S, signal disappeared (spectrum c) without the reap-
pearance of the multiline signal. A proportion of
TyrD " (= 30%) has also disappeared during the stor-
age at 77 K (not shown). S; and TyrD " were reduced
by a recombination with Q, as indicated by a corre-
sponding decrease of the Q, signal (not shown). As
already reported, illumination directly in the EPR
cavity between 4.2 and 20 K is able to regenerate
70% of the S, signal trapped before storage in liquid
N,, i.e., about 50% of the total S; signal (spectrum
d). The S, state light-induced at helium temperature
decreased quickly [23], inset of Fig. 9B). Fig. 9B
shows a similar experiment in which spectra were
measured by pulsed-EPR. Spectrum ¢ was recorded
after storage at 77 K and spectrum d was recorded
after illumination at 4.2 K in the pulsed-EPR res-
onator. A comparison of these spectra can be done
with those of a sample in the dark-adapted S, state
(spectrum a) or in the S, state after illumination at
0°C (spectrum b). The stability of the S, field-swept
signal formed by illumination at 4.2 K is also plotted
in the inset of Fig. 9B (continuous line) and resem-
bles that measured by cw-EPR. Examination of Fig.
9B shows that the envelope of the S, signal is
conserved after the deactivation of S, into S,. This
indicates that it is the radical which recombines with
Q. and that the Mn-cluster remains in the same
redox state, probably S,. As formation of the S, state
was done by illumination of the sample in the EPR
cavity, conservation of the envelope of the S, signal
in the S, to S, transition is real and not due to any
modification in the position of the tube nor in the
instrument settings.

To explain the lack of the cw-EPR multiline signal
upon decay of the S, split radical upon storage at low
temperature, we suggested that the Mn cluster rather
that the radical might be reduced by Q. under these
conditions [13]. The experiments shown here indicate
that it is not the case. It seems the radical and not the
Mn is reduced under these conditions. We must
modify our previous hypothesis concerning the disap-
pearance of the cw-EPR multiline signal in the S,
state. The loss of the hyperfine lines is not due to a
direct magnetic effect of the radical but to a sec-
ondary effect on the environment of the Mn induced
by the presence of the radical. This secondary effect
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is temperature-dependent since the hyperfine lines are
restored by a warming of the sample at 200 K [23].

4. Conclusion

The instrument settings used in this work allowed
the detection in the same spectrum of the cytbgy
signal, the S, or S, signal and the TyrD " signal. All
the values are summarized in Table 1. The main
conclusion which can been drawn is that the S, and
S, signals are formed in the large majority of the
PS-II centers in material Ca’*-depleted by NaCl-
washing in the light. A similar conclusion has already
been made from the inverse relationship between S,
and S, [17,18] and quantification of the number of
spins [15,26]. The broad field-swept spectrum ob-
served in the S, sate is shown to arise from the Mn
complex since its first derivative with respect to the
magnetic field is similar to the S, multiline signal as
recorded by cw-EPR.
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