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Abstract

Progressive microwave power saturation (P;;) measurements have been performed on the tyrosine D radical (Yp') of
photosystem II (PSII) in order to examine its relaxation enhancement by the oxygen-evolving complex (OEC) poised to
the reduced S_| and S, oxidation states by NO treatment. Analysis of the power saturation curves showed that the S |
oxidation state of the OEC does not enhance the relaxation of Yp": it therefore possesses a diamagnetic ground state. In
contrast, the Mn(II)-Mn(IIT) multiline electron paramagnetic resonance (EPR) signal characteristic of the S, oxidation
state of the OEC was shown to provide a relaxation enhancement pathway for Yp°, however less efficient relative to the
one provided by the S,-state multiline EPR signal. We also examined the Yp' relaxation enhancement characteristics of
the EPR-silent oxidation state produced after brief (1-5 min) dark incubation at 0°C of a PSII sample poised to the EPR-
active S_, state. This EPR-silent oxidation state denoted as “0°C incubation” state was shown to possess remarkably
similar Py, values with the EPR-active S, state in the overall examined temperature range (6—20 K). In addition, these
values remained unchanged after successive cycles of the OEC between the EPR-active S_, state and the “0°C incuba-
tion” state. The data presented in this work point to the conclusion that the “0°C incubation” state is indeed an S_,
oxidation state with half-integer spin.

Additional keywords: oxygen-evolving complex; photosystem II; power saturation; reduced S-states.

Introduction

The Oj-evolving complex (OEC) of photosystem II
(PSII), composed of a tetranuclear Mn cluster and a Ca**
ion, catalyzes photosynthetic water oxidation to mole-
cular oxygen. Catalysis is achieved by advancement of
the OEC (or the Mn-cluster as noted otherwise) through
five intermediate oxidation states known as S;-states
(i = 0-4) in four light-driven sequential one-electron
oxidation steps. Oxygen evolves during the S; to Sy
transition. A special chlorophyll (Chl) moiety known as
Peso is photooxidized to Pgg™ upon initial light absorption
and subsequently the electron is transferred via a pheo-
phytin (Pheo) molecule to the primary (Q,) and secondary
(Qg) plastoquinone electron acceptors. The precise nature
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of the primary electron donor, Pgg, is still not well under-
stood, with the current experimental evidence pointing to
a weakly coupled complex of four monomeric chloro-
phylls over which the excited state tends to be delocalized
(Murray and Barber 2007). A tyrosine radical (Tyr 161 of
the D1 polypeptide) known as Y;" mediates electron
transfer from the OEC to Pg' via a series of S;Y;
metalloradical intermediates (Goussias et al. 2002, Diner
and Rappaport 2002, Barber 2003, Petrouleas ef al. 2005,
loannidis et al. 2006, McEvoy and Brudvig 2006). In
addition to Y, another tyrosine residue (Tyr160 of the
D2 polypeptide) known as Yp is located symmetrically to
Yz (Koulougliotis et al. 1995) and exists in the form

Abbreviations: Chl — chlorophyll; CW EPR — Continuous Wave Electron Paramagnetic Resonance; MeOH — methanol; MES — 2-[N-
morpholineethane sulfonic acid]; OEC — O,-evolving complex; P, — microwave power at half saturation; PSII — photosystem II;
S-states — S_s.....S, oxidation states of the OEC; Y — redox-active tyrosine 160 on the D2 polypeptide of PSII; Yp" — tyrosine D
radical localized on Tyr160 of the D2 polypeptide of PSII; Y, — redox-active tyrosine 161 on the D1 polypeptide of PSII; Y,* —
tyrosine Z radical localized on Tyr161 of the D1 polypeptide of PSII.
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of a stable neutral radical, Yp'. Due to its remarkable
stability, Yp" has been studied by several magnetic
resonance techniques and a lot of information has been
obtained concerning its location, spin density, kinetics,
pH dependency, orientation, local environment and
possible physiological role (Rutherford et al. 2004 and
references therein). More specifically, the relaxation
behavior of Yp® has been studied by several groups by
using continuous wave (CW) and pulsed EPR techniques
at cryogenic temperatures. Some of these studies aimed at
quantifying the long range pairwise dipolar interaction
between Yp' and other paramagnets of PSII (non-heme
Fe, OEC) (Innes and Brudvig 1989, Hirsh et al. 1992,
Kodera et al. 1992, Kodera et al. 1994, Koulougliotis et al.
1995, Koulougliotis et al. 1997, Mamedov ef al. 2004).

In other studies, the examination of the relaxation
behavior Yp' has given valuable information regarding
the magnetic properties of the different S-states of the
OEC (Styring and Rutherford 1988, Evelo et al. 1989,
Koulougliotis et al. 1992, MacLachlan et al. 1994,
Koulougliotis et al. 1997, Peterson et al. 1999, Peterson
et al. 2003, Ahrling and Peterson 2003, Ho et al. 2007).
Some specific findings of these studies are the following:
The different S states (Sy, Si, S, and S;) possess different
potency as relaxers with the potency series being
modulated by temperature (Styring and Rutherford 1988,
Evelo et al. 1989, Peterson et al. 1999). For example at
4.3 K the microwave power at half-saturation (P,;,) of
Yp' is lower when the OEC is poised to the S, state
relative to its value when the OEC is poised to the
So state [P1n (S2) < Pipn (Se)]. This series is inverted
at temperatures higher than 20 K, where Py, (S;) > P
(So). At this point, it is interesting to point out that direct
measurements of the P, values of the multiline EPR
signals exhibited by the Sy and S, states of the Mn-cluster
as a function of temperature show qualitatively the same
trend with the P, values of the Yp  radical with the
cluster poised to the corresponding states (Peterson et al.
1999). The examination of the relaxation behavior of Yp°
via saturation-recovery EPR (Koulougliotis et al. 1992)
has also shown that the S;-resting state of the OEC is
diamagnetic in its ground state, while the S;-active state
of the cluster is paramagnetic.

Both pulsed and CW EPR spin relaxation measure-
ments have also been performed on the different multiline
EPR signals originating from the S, and S, states of the
OEC in order to obtain direct information concerning
their magnetic properties (Pace et al. 1991, Lorigan and
Britt 1994, Koulougliotis et al. 1997, Peterson et al.
1999, Lorigan and Britt 2000, Geijer et al. 2001, Peterson
et al. 2003, Kulik ef al. 2005a, Kulik ef al. 2005b).

In addition to the Sy, S;, S, and S; oxidation states of
the OEC, considerable effort has been done to produce
and follow spectroscopically lower (more reduced)
oxidation states of the OEC in PSII. The interest for the
study of these lower oxidation states (S;, i =—1, —5) of the
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Mn-cluster derives from their possible connection with
the process of its photoassembly and photoactivation
(Ananyev et al. 2001). Different reductants have been
used in order to obtain these states such as hydrazine
(Messinger et al. 1997, Messinger et al. 2001, Raze-
ghifard et al. 2005, Shevela et al. 2006), hydroxylamine
(Bouges 1971, Beck et al. 1987, Kretschmann et al. 1993,
Riggs-Gelasco et al. 1996, Messinger et al. 2001),
hydrogen peroxide (Velthuys et al. 1978, Mano et al.
1987), hydrogen sulfide (Sivaraja et al. 1988) and more
recently NO (Ioannidis et al. 1998, Schansker et al. 2002,
Sarrou et al. 2003). Recent studies have provided
experimental evidence that over-reduced states of the
Mn-cluster can also be induced in vivo after treatments
that do not involve the use of exogenous reductants
(Quigg et al. 2003, Higuchi ef al. 2003).

Focusing on the studies employing NO, we pointed
our attention to the fact that there is strong experimental
evidence that NO acts as a reductant of the dark stable
S, state of the OEC which finally reaches an oxidation
state characterized by a multiline EPR signal ascribed to a
Mn(I)-Mn(IlIT) dimanganese complex (Sarrou et al
1998). During its reaction with the OEC, NO acts
stepwise so that the Mn-cluster passes progressively via
the Sy and S_; EPR states (Ioannidis ef al. 1998). Recent
studies have assigned the Mn(I)-Mn(III) multiline EPR
signal to an S, oxidation state of the OEC by combining
experimental evidence from flash oxymetry, chlorophyll
o fluorescence and EPR spectroscopy (Schansker et al.
2002). The EPR multiline Mn(II)-Mn(III) EPR signal
presents an interesting and so far unexplained behavior as
a function of incubation temperature: it appears at
maximum intensity after incubation at the specific
temperature of —30°C, completely disappears after brief
incubation (less than a minute) at 0°C and reappears
without loss of intensity after a relatively short incubation
period (ca 30 min) at —30°C. The question of whether the
“0°C incubation” EPR silent form of the OEC is an
S state identical to the one yielding the Mn(II)-Mn(III)
multiline EPR signal is not answered definitively in the
literature, even though the so far existing observations
“rule out the possibility of a reversible oxidation-
reduction process occurring during the EPR-active-to-
EPR-silent conversion” (Schansker et al. 2002).

In the current work, the CW EPR technique of
microwave power saturation was employed in order to
obtain information on the magnetic properties of the
S_; oxidation state of the OEC, the S_, oxidation state of
the complex charactrerized by the Mn(II)-Mn(III) multi-
line EPR signal and the “0°C incubation” EPR silent
oxidation state which is in thermal equilibrium with the
EPR active S_, state. More specifically, we studied the
effect of these three states of the OEC on the relaxation
properties of the Yp' radical, a technique which as
described above has been successfully employed in the
past for probing the magnetic properties of the higher
oxidation states of the Mn cluster.
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Materials and methods

PSII membranes were prepared from market spinach
leaves as described elsewhere (Berthold et al. 1981, Ford
and Evans 1983). Samples for EPR measurements were
suspended in a buffer containing 0.4 M sucrose, 15 mM
NaCl, 40 mM MES-NaOH (pH 6.5) and their final
concentration was 3-5 mg(Chl) cm . Sample illumination
was performed with a 340 W projection lamp filtered
through a saturated solution of CuSO4. When needed, the
PSII membranes were subjected to long-term dark
adaptation (3—4 h in an ice-water bath) followed by
freezing at 77 K in complete darkness, in order to ensure
a homogeneous population of the OEC in the diamagnetic
S;-resting state (Koulougliotis ef al. 1992). Samples were
poised to the paramagnetic S;-active state by illumination
at 0°C for 6 min followed by the dark incubation at 0°C
for 20 min and immediate freezing at 77 K (Koulougliotis
et al. 1992). The S,-state was achieved by continuous
illumination at 200 K for 4 min.

NO treatment was achieved by bubbling in darkness
at 0-4°C with different NO/N, mixtures under nitrogen
atmosphere for a short time period (1-2 min) followed by
immediate freezing at 77 K. The samples were
subsequently incubated at —30°C for variable time
periods. Addition of methanol (MeOH) in a 3% v/v
concentration before the NO treatment was employed in
order to obtain a PSII sample in which the OEC is poised
mainly to the S_; oxidation state (Ioannidis et al. 1998).
Removal of NO in the end of the incubation period was
achieved by bubbling of pure N, gas for a few (2—5) min.
The EPR derivative signal intensity (I) of the resonance
of Yp' was measured as the height between the first peak
(g = 2.0107) and the left baseline, as shown in the inset
(B) of Fig. 1.

EPR measurements at liquid He temperatures were
obtained with an ER-200D-SRC spectrometer (Bruker,
Karlsruhe, Germany) interfaced to a personal computer
and equiped with an ESR 900 cryostat (Oxford,
Oxfordshire, UK), a 035M NMR gaussmeter (Bruker,
Karlsruhe, Germany) and a MF76A4 frequency counter
(Anritsu, Tokyo, Japan).

The empirical equation used to express the effect of
the progressive power saturation on an inhomogeneously
broadened EPR derivative signal intensity (I) is the
following (Rupp et al. 1978):

1,-/P

- 0y 1
(1+P/Pl/2)b/2 @
where b is the inhomogeneity parameter varying between
b=1 (completely inhomogeneous line broadening) and
b=3 (completely homogeneous line broadening), I
corresponds to the unsaturated signal intensity, P is the
applied microwave power and P, is the microwave
power at half-saturation. Py, is proportional to 1/T,T,,
where 1/T; and 1/T, are the spin-lattice and spin-spin

relaxation rates, respectively. Consequently, the determi-
nation of Py, provides a measure of the relaxation
characteristics of the observed species, even though the
temperature dependence obtained cannot discriminate
between T, and T, effects. Eq. 1 may be rewritten in the
following form:

log[jﬁj=loglo —gjk’g(l”’/f’l/z) @

In the present study, the experimental variable

log(\/%J was plotted as a function logP. A represen-
tative data set, corresponding to T = 10 K, is shown in
Fig. 14. Subsequently, the theoretical expression of Eq. 2
was employed in order to obtain the best fit to the
experimental data points. Iy and Py, were used as fitting
parameters, while the value parameter b was set constant
and equal to 1 in all fits. Data fitting was accomplished
by using the nonlinear curve fitting routine of the
program Microcal Origin 7.0 (Northhampton, MA,
USA). This program uses the Levenberg-Marquardt
algorithm in an iterative process in order to determine the
fitting parameter values that minimize the deviation of
the theoretical curve from the experimental points. The
algorithm combines the Gauss-Newton and steepest
descent methods for achieving chi-square minimization.
The fitting process produces as output the best parameter
values (Ip, P1») accompanied with a fitting error which is
a measure of the deviation between the theory and
experiment. The values of the Py, parameter extracted
from the theoretical fits presented a fitting error with a
typical value of 7-10% in all measurements. Each Py,
determination was repeated several times (usually three)
by using different sample preparations. The standard
deviation of the obtained average P, value from the
independent experiments represents an additional error
which will be noted as data scattering. In the following
figures the error bars on the data depict either the total
error (fitting error plus data scattering) or only the fitting
error. In the latter case (depiction of the fitting error
only), the data points from two equivalent experiments
are presented. This is done in order to provide a graphic
representation of the two error sources and to stress the
importance of the data reproducibility between
independent sample preparations.

In this work, the observed species is the stable
tyrosine Yp' radical. We have examined the (liquid He)
temperature dependence of its P, value by poising the
OEC of PSII to the following three different oxidation
states: the EPR active S_, oxidation state (Mn(II)-Mn(III)
multiline), the “0°C incubation” EPR silent oxidation
state which is in thermal equilibrium with the EPR active
S_, oxidation state and the EPR silent S_; oxidation state.
The selective population of the majority of the PSII
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centers in these respective states was performed via NO
reduction by following the earlier published protocol

Results

Relaxation behavior of Yp® with the OEC poised to the
S_, oxidation state: The Mn(I)-Mn(III) multiline EPR
signal, characteristic of the S, oxidation state of the
OEC, was induced at its maximum intensity by overnight
(total of 10-12 h) dark incubation at —30°C of relatively
dilute PSIT membranes [3—5 mg(Chl) cm™] treated with
NO/N; mixtures of 2:5 or 3:5. Under these circumstances,
the yield of the Mn(Il) — Mn(IIl) multine signal was
consistently maximal. Fig. 14 shows a typical saturation
curve obtained for Yp' in a PSII sample poised to the S,
oxidation state. The theoretical fit to the experimental
data (by using Eq. 2) is depicted as a continuous line. The
inset of the same figure (Fig. 1B) depicts the CW EPR
spectrum of Yp' at nonsaturating microwave power, in
addition to the peak height that was used for the
measurement of the signal intensity.

In Fig. 2 the Py, values of Yp* for PSII samples
poised to the S, (characterized by the Mn(II)-Mn(III)
multiline EPR signal), the S-resting and the S, oxidation
states of the OEC are shown in the 6-20 K temperature
range. These values will be denoted as Py(S_,), P1»(Si-
resting) and P;,(S;) in the rest of the paper. The error
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Fig. 1. A: Progressive microwave power saturation of the Yp*
radical with the O,-evolving complex poised to the S ,-Mn(II)-
Mn(III) multiline redox state. The experimental data were
obtained at 10 K. The theoretical fit to the experimental data
(solid line) was done by using Eq. 2 for b = 1. The Py, value
extracted from the shown fit is Py, = (23 + 2) uW. B (inset):
The CW EPR spectrum of the Yp' radical observed with the
0,-evolving complex poised to the S ,-Mn(II)-Mn(III) multiline
redox state, under non-saturating conditions. The double arrow
depicts the peak height that was used for the measurement of
the signal intensity (I). Experimental conditions: temperature
10 K, microwave frequency 9.41 GHz, field-modulation
amplitude 0.4 mT, microwave power 4 uW, field-modulation
frequency 100 KHz.
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(Ioannidis et al. 1998) and also described analytically in
the Results section.

bars on the data represent the total error (data scattering
from 3 independent experiments plus fitting error) as
explained in detail in Materials and methods.

It can be seen that the Mn(II)-Mn(IIT) multiline EPR
signal is a less potent relaxation enhancer relative to the
S,-state multiline EPR signal. However, its effect relative
to the diamagnetic S;-resting state is significant and
becomes larger as the temperature raises. In fact, the
P1»(S) values for Yp' are very similar with those
obtained in PSII samples with the OEC poised to the
paramagnetic S;-active state (data not shown).

The relaxation behavior of Yp* was also examined in
PSII samples where the Mn(II)-Mn(III) multiline signal
was first produced at its maximum and a brief dark
incubation (5 min) at 0°C was subsequently performed.
This treatment results in practically complete loss of the
Mn(II)-Mn(IIT) EPR signal (Goussias et al. 1997, Sarrou
et al. 1998). These Py, values (denoted as P;,(0°C))
extracted from the fits to Eq. 2 are shown in Fig. 3. In the
same figure, the Py(S_,) values which correspond to the
presence of the Mn(II)-Mn(III) multiline EPR signal are
also shown for comparison. The data presented corres-
pond to two independent representative experiments and
cover the 6-20 K temperature region. The error bars
correspond to the uncertainty involved in the extraction
of the Py;,’s from the fitting of the saturation curves
(noted as fitting error in Materials and methods). As
noted in Fig. 3, the P15(0°C) and the P;,(S_,) values are
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Fig. 2. Temperature dependence of the microwave power at
half-saturation (Py;) of the Yp' radical with the O,-evolving
complex poised to the S;-resting (O0), S ,-Mn(Il)-Mn(III)
multiline (e) and S,-multiline (x) redox states. The data
presented are the average of three independent experiments and
the error bars correspond to the total error (data scattering in
addition to fitting error).
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Fig. 3. Temperature dependence of the microwave power
at half-saturation (Py;;) of the Yp* radical with the O,-evolving
complex poised to the Mn(II)-Mn(IIT) multiline state produced
at its maximum after dark incubation in the presence of NO
at —30°C (e) and after brief incubation (5 min) of the sample
at 0°C (o). The data presented correspond to two different
samples. The error bars correspond to the fitting error.
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Fig. 4. Py, values of the Yp' radical with the O,-evolving
complex interconverting between the EPR-active S, state
characterized by the Mn(II)-Mn(III) multiline signal induced by
incubation at —30°C and the EPR-silent state induced after brief
incubation at 0°C. The P,/ values shown were measured at 15
K and correspond to the average of two independent
experiments. The error bars correspond to the total error (data
scattering in addition to fitting error).

identical within experimental error in the overall exa-
mined temperature range, which leads to the conclusion
that the relaxation behavior of Yp' is not affected by the
specific treatment (i.e. brief dark incubation of S, state
at 0°C) of the OEC.

The —-30°C (EPR-active) — 0°C (EPR-silent) dark
incubation steps were repeated several times (up to 4) on
the same sample and the Py, behavior of Yp' was
examined at two temperatures (6 and 15 K) after each
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Fig. 5. Temperature dependence of the microwave power
at half-saturation (Py,;) of the Yp' radical with the O,-evolving
complex poised to the S;-resting (0) and the S_; (m) states. The
data on the S_;-state are from two independent data sets with
their error bars corresponding to the fitting error. The data on
the S;-resting state are the averages of three independent
experiments with their error bars corresponding to the total error
(data scattering in addition to fitting error).

treatment. The results obtained at 15 K (averages of two
independent experiments in different samples) are
reported in Fig. 4. The error bars represent the total error,
i.e. the addition of the data scattering and the fitting error
(see Materials and methods). It can be seen that through-
out the cycles the Py, value of Yp' remains stable within
experimental error, which is what was observed at 6 K as
well (data not shown). Thus, the reversibility of the treat-
ment is reflected in the relaxation behavior of Y and
consequently the magnetic properties of the OEC as well.

The results presented above indicate that the
conversion of the Mn-cluster from the EPR-active S_,
oxidation state to an EPR-silent form following a brief
incubation at 0°C does not affect its magnetic properties.
The Mn-cluster maintains its paramagnetism in the “0°C
incubation” oxidation state and is therefore able to
provide a relaxation enhancement pathway for Yp°', even
though it is EPR-silent.

Relaxation behavior of Yp® with the OEC poised to the
S_; state: As described earlier (Ioannidis et al. 1998),
dark incubation at —30°C of NO-treated PSII membranes
in the presence of 3% (v/v) MeOH resulted initially to the
formation of the EPR signal of the S, state followed by its
disappearance after prolonged incubation (9 h). The
experimental evidence provided in that same work argues
for this EPR-silent state being the S | oxidation state of
the OEC. In the present work, a similar treatment was
performed in order to produce the S| state and then
examine how the relaxation behavior of Yy is affected.
The experiment was repeated several times with different
PSII preparations and total incubation times ranging from
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10 to 14 h. Assuring reproducibility in the results is
essential for the specific experiments since most probably
the percentage of centers populating the S ;| state is
variable. The data showed remarkable reproducibility and
two representative data sets are presented in Fig. 5. The
error bars correspond to the fitting error during the
extraction of the P,/ values.

Together with the Py, values (for temperatures
ranging between 6 and 20 K) obtained for the S state,
the ones for the S;-resting state (same as in Fig. 2) are
also shown in Fig. 5 for comparison purposes. The two
data sets (S_; and S,-resting states) are identical within
experimental error. This provides strong experimental

Discussion

In this work the CW EPR technique of microwave power
saturation was employed in order to obtain information
on the magnetic properties of the lower oxidation S | and
S_, states of the OEC in PSII. These states were attained
by NO reduction for long time periods (> 10 h). The
percentage of PSII centers poised to the S state of interest
is an issue that needs to be discussed at this point. In fact,
it has to be noted that the P, value obtained by fitting
a power saturation curve with Eq. 2 is an apparent P,
value. This apparent value is certainly “largely deter-
mined by the dominant S-population in the sample”
(Styring and Rutherford 1988); it however provides an
under- or overestimation of the actual P,, value corres-
ponding to the pure S state of interest.

First we concentrate on the apparent Py, values
presented in Fig. 5 (full symbols) which were obtained in
a sample with the OEC poised to the S_; oxidation state.
This sample was poised to this EPR-silent state after
prolonged treatment with NO (>10 h) in the presence of
methanol. Previous studies (Ioannidis ef al. 1998) provide
an estimate of at least 65% of the centers being in the S,
oxidation state after this treatment, with the rest of the
centers shared mainly between the Sy and the S, states.
The latter two minority states (S, and S,) are
paramagnetic and they possess Py, values that are quite
larger than the apparent values shown for the S | state. By
examining e.g. the values at T = 6 K, one can notice the
following: it is known that at T = 6 K the S, state
multiline signal relaxes faster than the S,-state multiline
signal (Peterson ef al. 1999) and in accordance to that,
P, measurements Yp' at the same temperature range
have shown that P;x(Sp) > Pa(S;) (Styring and
Rutherford 1988). By taking into account the Pj,(S;)
measurements of Yp* presented in this work (Fig. 2), one
concludes that at T = 6 K the P;,(S) value of Yp' is
expected to be larger than 35 uW, i.e. a factor of 3 larger
(at least) from the apparent P, value of Yp' corres-
ponding to the S_; state. The P,,(S,) measurements of
Yp' presented in Fig. 2, also show that at T = 6 K the
P1»(S,) value is almost a factor of 2 larger that the
apparent Py »(S_;) value. From the above, one reaches the
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evidence for the S ; state of the OEC possessing a
diamagnetic ground state.

By combining the experiments presented in the two
sections above, we note that the two EPR-silent states
examined — the S_; state and the “0°C incubation” state
being in thermal equilibrium with the EPR-active S,
state — are very different regarding their magnetic proper-
ties: the first is diamagnetic and the latter paramagnetic.
In addition, the latter two states (“0°C incubation” and S ;)
possess remarkably similar paramagnetism. Therefore,
the herein presented data provide strong experimental
evidence that the EPR-silent “0°C incubation” state is
indeed an S, oxidation state with half-integer spin.

conclusion that the apparent Py,(S_|) values shown in
Fig. 5 provide an overestimation of the actual Py,(S )
values that would be obtained in a hypothetical sample
with 100% population of the S, state. This argument
enhances the validity of our result that the S_; state of the
OEC in PSII possesses a diamagnetic ground state.

In the following, we focus our discussion to the
results obtained concerning the S , oxidation state of the
OEC. According to earlier studies (Ioannidis et al. 1998),
the NO treatment used to obtain the maximal intensity of
the S_, state characteristic Mn(IT)-Mn(III) multiline EPR
signal results to at least 60% population of the PSII
centers at this EPR-active S_, oxidation state. The rest of
the centers seems to be mainly in the S ; oxidation state.
The current work showed however that the S_; state of
the Mn-cluster is diamagnetic at the temperature range
examined. Thus, the apparent Py(S_;) values of Yp'
plotted in Fig. 2 provide an underestimation of the actual
P15(S.,) values. In the current work, the apparent P;,(S_,)
values of Yp" were measured in order to serve as a basis
for comparison with the apparent P;,(0°C) values of Yp'
(Fig. 3). The remarkable similarity of these two data sets
(Fig. 3) in all the examined temperatures, which was
always reproduced in different PSII preparations, shows
that the EPR silent oxidation state obtained after brief
0°C dark incubation of the S, state enhances the
relaxation of Yp' with the same potency as does the EPR-
active S, oxidation state. In other words, the “0°C
incubation” and the S, oxidation states possess similar
magnetic properties, at least as these are probed via the
microwave power saturation measurements. In addition,
successive cycles of incubation between —30°C and 0°C
reproduce very similar values of P;,(S,) and P;,(0°C)
respectively, as shown in Fig. 4. This remarkable
reversibility in the Py, values implies that the OEC
maintains its structural integrity during the EPR-active-
to-EPR-silent interconversion. Consequently, the EPR-
silent “0°C incubation” form of the OEC does represent a
major fraction of the PSII centers and corresponds to an
S_, oxidation state, maintaining its potential physiological
relevance with the process of photoactivation.
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