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The oxygen evolving complex of Photosystem Il undergoes four light-induced oxidation transitions, So-Sy,...,
S3-(S4)So during its catalytic cycle. The oxidizing equivalents are stored at a (Mn)4Ca cluster, the site of
water oxidation. EPR spectroscopy has yielded valuable information on the S states. S, shows a notable
heterogeneity with two spectral forms; a g=2 (S=1/2) multiline, and a g=4.1 (§=5/2) signal. These
oscillate in parallel during the period-four cycle. Cyanobacteria show only the multiline signal, but upon
Keywords: advancement to S3 they exhibit the same characteristic g=10 (S=3) absorption with plant preparations,
Photosystem 11 implying that this latter signal results from the multiline configuration. The fate of the g=4.1 conformation
EPR during advancement to Ss is accordingly unknown. We searched for light-induced transient changes in the

Mn cluster EPR spectra at temperatures below and above the half-inhibition temperature for the S, to S3 transition (ca
g=41 230K). We observed that, above about 220 K the g=4.1 signal converts to a multiline form prior to
Multiline advancement to S3. We cannot exclude that the conversion results from visible-light excitation of the Mn
Tyrosine Z

cluster itself. The fact however, that the conversion coincides with the onset of the S, to Ss transition,
suggests that it is triggered by the charge-separation process, possibly the oxidation of tyr Z and the
accompanying proton relocations. It therefore appears that a configuration of (Mn)4Ca with a low-spin
ground state advances to Ss.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Photosystem II (PS II) of higher plants, algae and cyanobacteria
catalyzes the light-driven oxidation of water to molecular oxygen.
Absorption of a photon leads to oxidation of the accessory chlorophyll
Chlp; [1-3] and electron transfer to the acceptor side iron-quinone
complex, QaFe?TQg (see 4,5 for recent reviews) via a pheophytin
cofactor. Q4 and Qg are both plastoquinone molecules. Q4 is a one-
electron acceptor, while Qg acts as a two-electron and two-proton
acceptor. The positive charge on Chlp; is transferred rapidly to the
special pair chlorophyll Pggo resulting in the formation of Pdgo [6,7]. The
latter, in its turn oxidizes a nearby tyrosine residue, tyr Z, to the neutral
radical tyr Z'. The final electron donor is a MnyCa cluster, the site of

Abbreviations: PSII, Photosystem II; OEC, oxygen evolving complex; S states, Sy,...,S4
oxidation states of the OEC; tyr Z or Yz, tyrosine 161 of the D2 protein; tyr D or Yp,
tyrosine 160 of the D1 protein; Pggo, the primary electron donor in PSII; Signal II, the
EPR signal of Yp; Metalloradical or split signals, EPR signals in the g 2 region attributed
to the broadening of the tyr Z* spectrum by a weak magnetic interaction with the Mn
cluster; Qa, Qp, the primary, secondary plastoquinone electron acceptors of PSII; MES,
2-[N-Morpholineethanesulfonic acid]; chl, chlorophyll; DCBQ, di-chloro-p-benzoqui-
none; PpBQ, phenyl-p-benzoquinone; Duroquinone, tetramethyl benzoquinone; NIR
light, near infrared light; EPR, electron paramagnetic resonance
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water oxidation, which is oxidized directly by tyr Z". Four sequential
photon-induced charge-separation events lead to the accumulation of
four oxidizing equivalents at the Mn cluster. Therefore, the oxygen
evolving complex (OEC) of PSII undergoes periodically four one-
electron oxidation steps, So-Si,...,S3—(S4)So (S-state transitions),
accompanied by the progressive removal of four protons from two
substrate water molecules. Oxygen evolution occurs during the S3 to
(S4)So transition, with the S, being a transient state [8-14].

The dark-resting state of the OEC is S;. The higher S states can be
populated and trapped for experimental study by an appropriate number
of single turnover flashes of light at elevated temperatures, followed by
rapid freezing to cryogenic temperatures. The S-state transitions have
half-inhibition temperatures in the vicinity of 230 K, with the exception
of the S; to S, step, which has a half-inhibition temperature of about 135-
140 K [15]. Actually S, can be partially populated by illumination at 77 K
(unpublished results). Temperature limitations are in addition set by the
acceptor side. Q4 is an efficient electron acceptor down to liquid helium
temperatures, but the electron transfers from Qa to Qg and from Q4 to
Qg have half-inhibition temperatures of about 245 K (—28 °C) and 215 K
(—58 °C), respectively [16,17].

The S, to S; step exhibits the highest activation [18] and
reorganization energy [19] of all S-state transitions. X-ray absorption
spectroscopy suggests the formation of a new 2.7 A Mn-Mn distance
[20], or the inequivalent lengthening of two 2.7 A Mn-Mn distances to
2.8 and 3.0 A [21]. XAS data obtained from T. elongatus samples in
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which Ca?" is substituted by Sr** indicate a decrease in the two
Mn-Ca distances, in the Ss state [22]. This structural reorganization in
S3 has been proposed earlier, based on the higher binding affinity of
calcium in this state [23] and the surprising inertness of the S state
towards certain exogenous reductants [24,25].

EPR spectroscopy has yielded a wealth of information on the OEC
and the various S states. S, is by far the most extensively studied state.
Not only its EPR signature is pronounced, but S, can be stably produced
with close to 100% yield by illumination at cryogenic temperatures.
Notable in S; is a heterogeneity, which gives rise to two EPR spectral
forms; a multiline signal at g=2 arising from an S=1/2 spin state
[26], and a g=4.1 signal arising from an S=5/2 spin configuration
[27]. Both forms oscillate in parallel during the S-state period-four
cycle [28]. X-ray absorption spectroscopy studies suggest that the
distance between two di-p-oxo bridged Mn ions of the cluster is longer
in the g=4.1 compared to the multiline configuration (2.84 A
compared to 2.73 A) [29]. It is proposed that both signals arise from
the 1Mn(II1)3Mn(IV) oxidation state configuration of the Mny cluster,
but in different conformations of the Mn cluster, which result in
modifications of the exchange interactions within the cluster [30,31].
Cyanobacteria (untreated preparations) don't show the g=4.1 form
[32]. The S5 state being an integer spin state is more difficult to probe,
but it is characterized by broad bimodal signals at around g=10 and
~4 in perpendicular mode [33,34], and respective Q-band resonances
[35], and several other smaller signals detected recently [36] all
attributed to an S=3 spin configuration [35,36]. The signals are
similar in plant and cyanobacterial PSII preparations, implying that
they result from oxidation of the multiline configuration of S,. No
evidence for heterogeneity in Ss has been reported so far. A number of
transient isoelectronic configurations can be however obtained by NIR
and visible excitation at liquid helium temperatures [34,37-39] a
property that parallels the NIR-induced conversion of the S, multiline
form to higher spin-state forms [40]. The question, which arises then is,
what is the fate of the g=4.1 conformation of S, upon advancement to
Ss. If the heterogeneity of S, is preserved in S5 (that would imply that
g=4.1 advances to an EPR-silent conformation), then two apparently
different conformations of the Mn core of the OEC are equally efficient
in performing the specialized water-splitting chemistry.

In the present paper we have searched for transient changes in the
EPR spectra of the Mn40xCa complex during the S, to S3 transition at
temperatures below and above the half-inhibition temperature for
this transition, which is approx. 230 K [15]. Short-lived transients
should live longer near the half-inhibition temperature. We present
evidence that the g=4.1 (S=5/2) configuration of S, converts to an
S=1/2 multiline form prior to advancement to Ss.

2. Materials and methods
2.1. PSII sample isolation

PSll-enriched thylakoid membranes were isolated from spinach
following standard methods [41,42]. Samples for EPR measurements
were suspended in 0.4 M sucrose, 15 mM NaCl, 40 mM MES-NaOH,
pH 6.5, at about 6-8 mg chl/mL and stored in liquid nitrogen until use.
All samples prior to the EPR experiments were given a pre-flash at
265 K and were subsequently dark adapted for 30-40 min at 0-4 °C.
This poises all centers to the S; state. Samples were subsequently
supplemented with 1 mM of either di-chloro-p-benzoquinone
(DCBQ), or phenyl-p-benzoquinone (PpBQ), or tetramethyl-p-benzo-
quinone (duroquinone), all dissolved in dimethyl sulfoxide, as
exogenous electron acceptors.

2.2. Preparation of samples in the S,...Q4 state

The starting state, S,...Q a4, in the experiments of Figs. 2 and 3 of the
main paper and the three figures of the Supplementary data was

produced by either of the following two procedures: two cycles of
4 min continuous illumination at 190 K, followed by incubation at ca.
265 K for 30 s (or incubation at somewhat lower temperatures for 1 to
2 min) to allow for electron transfer from Q, to the exogenous
quinone. Single-saturating flash illumination at temperatures in the
range of 190 K to 265 K, again was followed by incubation at 265 K for
30s. In order to minimize the fraction of misses, an additional
illumination at 190 K was given in the latter case followed by
incubation at 265 K. This protocol in combination with the pre-flash
(see previous paragraph) ensured that no significant fraction of
centers remained in S;. Other illumination conditions are described in
the specific experiments. We have been alerted by the possibility of
the NIR conversion of the multiline to the g=4.1 form during
illumination at 200 K [40]. Typically, whenever 200 K illumination
was employed in the S, state, the sample was allowed to equilibrate at
243 K or higher temperatures (up to 265K) for 1 min or 30s.
Therefore the starting S, spectra in the various experiments represent
the equilibrium S,...Q4 configuration.

2.3. llumination conditions

A studio photographic flash unit, Elinchrom Style RX 1200, with a
variable flash power up to 1200 W, and pulse duration (half width at
half height) of 1-2 ms was used for flash excitation of the samples.
The unit was equipped with a flexible fiber light extension for
illumination inside the cavity. In many of the present experiments
immediate cooling of the sample for EPR measurements at 10 K was
necessary. The sample was accordingly flash illuminated inside an
appropriate acetone bath, and then rapidly wiped and transferred to a
liquid nitrogen bath and from there to the EPR cryostat at 10K. In
certain experiments a more rapid cooling procedure was employed.
The sample after equilibration at the appropriate temperature in the
acetone bath, was wiped and then placed over a liquid nitrogen dewar
for the flash and rapid cooling. In this latter procedure a higher
uncertainty exists on the exact temperature of the sample during the
illumination.

2.4. Quantification of the Ss state

The S5 state was approximately quantified by comparison of the
size of the characteristic signal at g=10 with earlier spectra (after
appropriate normalization of their S, state signals) obtained from
samples in which the Ss to Sq transition was inhibited by the presence
of atrazine [34].

2.5. EPR measurements

EPR measurements were obtained with an extensively upgraded
Bruker ER-200D spectrometer interfaced to a personal computer and
equipped with an Oxford ESR 900 cryostat, an Anritsu MF76A
frequency counter and a Bruker 035M NMR gaussmeter. The Signal-
Channel unit was replaced with an SR830 digital lock-in amplifier by
Stanford Research. The perpendicular 4102ST cavity was used, and the
microwave frequency was 9.41 GHz.

3. Results

3.1. Efficiency of the S-state transitions in the temperature range
220-273 K

The period-four oscillation of the EPR spectra of the OEC is
commonly studied by flash excitation at temperatures above 0 °C. The
S-state cycle should however, proceed efficiently below 0 °C (273 K),
as long as the temperature is higher than the half-inhibition
temperature for S-state advancement (approx. 230 K for all except
ca. 135K or even lower for the S; to S, step [15]). Additional



M. Chrysina et al. / Biochimica et Biophysica Acta 1797 (2010) 487-493

limitations are set by the acceptor side with half-inhibition tempera-
tures of about 245 K and 215 K for Q4 to Qg and Q4 to Qg electron
transfer [16,17] respectively while the reduction of Q4 is activation-
less down to 4.2 K. The above limitations may vary somewhat in
different PSII preparations. The use in particular of excess concentra-
tions of exogenous quinones and/or the fact that some of these
quinones oxidize the non-heme iron [43,44] may lower the half-
inhibition temperatures for oxidation of Q4. The present paper is
centered on the S, to S3 transition at temperatures near (below or
above) 230 K. As a test of the behavior of the PSII material used and
the adequacy of our illumination set-up to induce single turnovers in
this temperature range, we have examined first the efficiency of S-
state turnover in the temperature range 220-273 K.

EPR studies of period-four oscillations below 273 K are very rare or
non-published, despite the fact that the various transitions are
expected to be slower and the demand on expensive powerful sub-
ps light sources can be relaxed. Furthermore, since the sample is never
thawed throughout the cycle, the risk of damage is minimized and a
single sample can be progressively excited through the S-state cycle.
We have found that reasonable period-four oscillations of the EPR
spectra can be achieved at temperatures below 0 °C by using a very
simple illumination set-up/procedure: a flash-light source such as the
ones used in commercial photography with a flash length of 1-2 ms,
and cycling of the same sample through the various S states.
Furthermore, since the length of the flash is long, the flashes are
saturating even for the densest EPR samples. Accordingly, no dilution
of the samples is necessary and no compromise is made with respect
to the signal to noise.

Fig. 1 shows the variation of the EPR spectra during sequential
flash illumination at representative temperatures below 273 K. At
261K (panel A) the oscillations are reasonably good. Not only the
multiline and g=4.1 signals oscillate in concert, but also the g=10
signal of the S5 state shows oscillations with maxima on the 2nd and
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6th flash. Similar behavior was observed at about 243 K (data not
shown) indicating that the half-inhibition temperature for the Q4 to
Qg electron transfer is lower than 245K in the presence of excess
concentrations of exogenous quinone. At 233 K (panel B), a
temperature that is near the half-inhibition temperature for the S,
to Ss transition, the second flash produces only ca 20% of S3 (compared
with approx. 50% in the experiment of panel A), and therefore
oscillations cannot proceed. At 226 K (panel B) the misses for the
same transition become even higher, and only a small fraction of S3
(ca10%) is produced. It should be noted that the experiments of panel
(B) are not limited by the Q4 /Qg electron transfer since the starting
state on the second flash is S,...Q . No discernible amounts of S5 could
be produced in similar experiments at 210K or lower (data not
shown). It should be noted however, that the S, to Ss transition can be
activated by illumination at temperatures well below the half-
inhibition temperature and rapid transfer above the half-inhibition
temperature [45].

An unusual observation in the experiments of Fig. 1 panel (B) is
that the decrease of the g=4.1 and multiline signals after the 2nd
flash is unequal. This is more pronounced in the experiment at 226 K.
The g=4.1 decreases by more than 25%, while the multiline signal
remains practically unchanged. We look more closely on this effect
below.

3.2. Changes in the EPR spectra during the S, to S3 advancement

Fig. 2 panel (A) shows the sequential spectral changes observed in
the S,...Qa state when the latter is subjected to flashes of light at
temperatures in the vicinity of the half-inhibition temperature for the
S, to S transition. The first spectrum represents the S,...Q 4 state. The
following spectra represent the changes induced by single flashes of
light given at the indicated temperatures. Prior to each flash the
sample was equilibrated at the respective temperature for 1 min.
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Fig. 1. Panel (A): Representative EPR spectra depicting oscillations at about —12 °C (261 K) in a sample supplemented with 1 mM DCBQ. The spectrum of the initial dark adapted S;
state was subtracted from all spectra shown. The sample received each flash at 261 K, followed by rapid cooling to liquid helium temperatures to record the EPR spectrum. Prior to
the next flash, the sample was incubated at 261 K in the dark, for 1 min, in order to allow for electron transfer from Q4 to the exogenous quinone. Panel (B): The effect of two flash
cycles at 233 K (upper), and 226 K (lower). The samples, after the first flash, were incubated at 265 K for 30 s to allow for electron transfer from Q4 to the exogenous quinone. Panel
(C): Oscillation patterns of the S, signal (squares represent the average of the multiline and the g=4.1 intensity) and the S; g=10 signal (triangles) calculated from the spectra in
panels (A) (filled symbols) and (B) (open symbols). EPR conditions: microwave frequency 9.41 GHz, modulation frequency 100 KHz, modulation amplitude 25 Gpp, microwave

power 32 mW, and temperature 10 K.
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Fig. 2. Panel (A): Spectral changes induced by flash illumination of the S,...Q 4 state near the half-inhibition temperature for the S, to S3 transition. The spectrum of the initial dark

adapted S; state was subtracted from all spectra shown. The first spectrum represents the S,.

..Qa state prepared as described in the Materials and methods. Subsequent traces were

recorded immediately (approx. 2 s cooling time to 77 K after each flash) after flash illumination at the indicated temperatures. Prior to each flash the sample was incubated for 1 min
at the temperature of the flash. Panel (B): Variation (%) of the amplitude of signals shown in panel (A), with the number of flashes administered. Panel (C): Similar experiment to
panels (A) and (B), but in a somewhat different temperature range. EPR conditions as in Fig. 1.

After the flash, the sample was cooled immediately (within a few
seconds) to 77 K and from there to 10 K for the recording of the EPR
spectrum. The initial sequence of four flashes at 223 K was followed
by flashes at 243 K. Panel (B) plots the evolution of the various signals
in the spectra of panel (A). Panel (C) is a plot from a similar
experiment, but in a somewhat different temperature range.

An overall decay of the S, signals is observed in Fig. 2, accompanied
by a parallel evolution of the characteristic EPR signal of Sz at g=10
[32,34]. At 223-226 K S3 cannot advance further, because the
temperature is too low for secondary electron transfer from Qx to
Qp [16,17]. The spectra are therefore dominated by the S, and Ss
states. At higher temperatures, Ss declines after reaching a maximum,
indicating that the secondary electron transfer has been activated and
advancement to So occurs. Accurate quantitation of the fraction of
centers represented by each signal is not easy, but this is of secondary
importance in the present paper.

A striking observation in Fig. 2 is that, the g=4.1 configuration of
S, decays much faster than the multiline throughout the temperature
range examined. The difference is largest at 223-226 K, but a
significant deviation exists even at 233 K, while the decaying fractions
converge above about 240 K. The multiline in the experiment of
panels (A) and (B) increases slightly during the first two flashes
before it starts decaying. If it wasn't for the transient increase in the
intensity of the multiline one might assume, that the g=4.1 S,
configuration advances more efficiently to Ss, while the S,-multiline
to S5 transition is partially constrained. The transient increase of the
multiline and the following experiments suggest however, a different
explanation.

3.3. Reversible conversion of the g =4.1 to the multiline conformation

We have looked more closely into the changes in the g=4.1 and
multiline signals following flash excitation at 223 K. Fig. 3 examines

the variation of the g=4.1 and multiline S, state signals following a
flash of light at 223 K and subsequent dark incubation at different
temperatures. A faster procedure for cooling the sample after the flash
was employed in this experiment (see Materials and methods). The
spectra during the sequential treatments are shown in panel (A) while
the variation in the intensity of the signals is plotted in panel (B).

Clearly the g=4.1 signal decreases substantially after the flash at
223 K, and this is accompanied by an increase of the multiline signal.
This change is not reversed during the subsequent few-min
incubation at 190 K and 223 K (treatments (c) and (d) in Fig. 3 panels
(A) and (B)). Incubation at 243 K (treatment (e)) restores, however,
the initial intensity of both signals, albeit at a slightly diminished level,
presumably due to a partial (ca 5%) advancement to Ss. It is notable,
that a new flash at 223 K (trace (f)) induces again similar changes to
the spectra with the first flash.

3.4. Trapping of S;Y7

By taking the difference between traces b and d, (Fig. 3A) a split
signal at g=2 can be observed. The signal has been recorded under
higher resolution conditions in panel (C) (continuous trace) where it
is compared with the spectrum of S,Y7 (dashed trace). The latter was
trapped by a flash illumination at 190 K of a separate sample prepared
in the S,...Qa state [45]. The relative scaling of the two spectra is
arbitrary. Clearly, the two spectra in panel (C) have a very similar
structure (except for variations in the middle, which are due to car™
or chl™ radicals). We therefore tentatively assign the present split
signal to S,Yz but a more detailed justification will be presented
elsewhere. Therefore tyr Z* can be trapped by a flash illumination at
223 K, but as has been estimated by comparison with the unsaturated
spectrum of tyr D, the signal trapped in the present experiment does
not represent more than a few percent of centers. Based on our earlier
experiments, the recombination time of this intermediate at 223 K is
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Fig. 3. Reversible conversion of the g=4.1 to the multiline configuration. The spectrum of the initial dark adapted S; state was subtracted from all spectra shown. Panel (A):
(a) Spectrum of the S,...Q 4 state. Subsequently the sample received the following sequential treatments. (b) Flash illumination at 223 K followed by rapid cooling to liquid helium
temperatures. (c¢) Dark incubation at 190 K for 4 min, followed in (d) by 3 min at 223 K, and in (e) by 2 min at 243 K. (f) New flash illumination at 223 K and rapid cooling. The last
trace is the difference between traces (b) and (d). Panel (B): Percent variation of the intensity of the multiline (squares) and g=4.1 (circles) signals during the corresponding
treatments in panel (A). Panel (C): Continuous trace: Difference of narrow scan traces recorded after treatments (b) and (d) in panel A. Dashed trace: Reference spectrum of the S,Y7
signal (45). Panel (D): Difference spectra (d;, d,, and ds) of the average of traces (b), (c), (d) minus traces (a) or (e), and (f) minus (e), as indicated, compared with spectrum
(a) appropriately normalized. The central region of the spectra was omitted for clarity. The sample was supplemented with 1 mM DCBQ. EPR conditions: as in Fig. 1, except for the

microwave power which was100 mW in panel (C).

in the sub-s range for the majority of centers, while a minority fraction
decays with a halftime in the order of a few seconds [46]. This explains
why only a small fraction of the S,YZ signal is trapped in Fig. 3(C) by
our cooling protocol which is limited to cooling times of 1 to 2.
Apparently tyr Z° decays much faster than the alterations in the
g=4.1 and multiline spectra.

3.5. Lineshapes of the multiline signal

In the last trace of Fig. 3, panel (A) we chose to present the
difference between traces (b) and (d), which have matching
intensities of the multiline signal, in order to obtain a clear spectrum
of the S,Y7 transient. In panel (D) we examine the lineshape of the
multiline signal that is added to the normal S, multiline spectrum by
the light-induced conversion of the g=4.1 signal to the multiline
form. The panel compares the difference of the average of traces (b),
(c), (d) minus traces (a) and (e), and the difference of trace (f) minus
(e) with spectrum (a) appropriately normalized. The latter is a typical
multiline pattern similar to what is observed e.g. by illumination at
200 K. For reasons of simplicity and improvement of signal to noise
the average of the differences is presented, as indicated. Traces d, d,,
and ds are all similar, but show notable differences from spectrum (a).
The main difference is in the outer multiline peaks which are more
intense in the former. Actually, the traces d;, d,, and d3 show striking
similarities to a heterogeneous multiline form presented by Boussac
[47]. This form represents the population of centers in S, that convert
reversibly to the g=4.1 form upon NIR illumination at temperatures
below about 200 K. In the present case the traces d;, d,, and ds
represent the multiline signal that develops reversibly at the expense
of the g=4.1 signal by visible illumination at ca 223 K.

4. Discussion

The present data indicate conversion of the S, g=4.1 (§=5/2) to
a multiline (S=7%) conformation during the light-induced advance-
ment to Ss. It therefore appears that the heterogeneity of the lower S
states is not transmitted to the highest S states, and the OEC at the
critical last steps of its catalytic function is homogeneous. A
configuration of the Mn cluster with a low-spin ground state advances
to Ss. This observation is not inconsistent with the fact that both the
multiline and the g=4.1 conformations oscillate in parallel during the
period-four water-splitting cycle of the OEC [28]. Both signals are
observed only in S,. During a period-four oscillation cycle the
heterogeneity is presumably restored upon population of the lower
S states, Sp or S; (evidence that the heterogeneity of S, is also present
in Sy has been presented in [48]). The decay of S; on the other hand
produces proportional amounts of the two conformations of S,. It is
expected that the decay of S; would produce transiently higher
amounts of the multiline conformation. This is, however difficult to
detect because the decay rate of S3 at any temperature appears to be
lower than the time needed for the equilibration of the two S,
conformations (for an example of a study of the S3 decay at 243 K see
[49]). Another factor that would complicate things is the faster decay
of the g=4.1 compared to the multiline signal [28].

4.1. The driving force for the g =4.1 to the multiline conversion

Boussac [47] has shown that a heterogeneous population of S,
characterized by a modified multiline spectrum with stronger outer
peaks exists as part of the commonly observed multiline spectrum in
certain types of PSII preparations. This upon NIR excitation at
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Scheme 1. Postulated reversible conversion of the g=4.1 to the multiline conformation, driven by the oxidation of tyr Z during the S, to Sz transition (ml stands for multiline).

temperatures below 200K converts to the g=4.1 signal. In the
present case the reverse effect, conversion of the g=4.1 signal to the
modified multiline signal, is induced by visible-light illumination. It
might be argued that this observation reveals a new light sensitivity of
the Mn cluster in the visible region of the spectrum. We cannot at
present exclude this possibility, but the fact that the new conversion
occurs at temperatures near and above the onset of the S, to S3
transition suggests that the transition is driven by the charge-
separation process. Additional evidence in support of this assignment
is provided by earlier experiments with acetate inhibited samples.

Acetate treatment converts the entire S, population to the g=4.1
form. In addition, it blocks advancement to the S state. Formation of
the S,YZ terminal state in such samples is accompanied by conversion
of the g=4.1 to the multiline signal (see e.g. [50,51]). A correlation
exists between the decay of the Y7 split radical signal, the multiline
signal that accompanies it and the recovery of the g=4.1 signal
during storage at 200 K [51]. On the other hand, the multiline persists
even after elimination of the tyr Z" radical by NO, indicating that it is
not the magnetic interaction between the radical and the Mn that
drives the conversion. The effect of the magnetic interaction is a slight
shift of the multiline peaks. In the present experiments, too, the
g=4.1to the multiline change persists after decay of the tyr Z’ radical,
Fig. 3. The g=4.1 conversion is more limited in the present case, but
this must be due to the lower temperature of illumination, 223 K
compared to >273 K in the case of acetate. It is not possible of course
to trace the respective changes in the untreated samples at 273 K or
higher, because above about 230 K S,Y7 advances rapidly to Ss.

The driving force for the g=4.1 to multiline conversion is, most
likely, the oxidation of tyr Z and the accompanying hydrogen bonding
changes, as has been assumed for the acetate treated samples [51].
Scheme 1 describes the sequential changes that may be occurring in
the fraction of centers that are characterized by the g=4.1 signal. The
scheme applies to acetate treated samples, as well, with the exception
that the S, to S5 transition is blocked in this case.

The fact that an intimate relationship exists between tyr Z and the
Mn cluster is supported by several pieces of evidence (for a critical
discussion see [52], also [45]), which suggest that changes in the
charge at the Mn site affect the pK of the base partner of tyr Z (His
190) and vice versa. One of the consequences is that, oxidation of tyr Z
in Sp and S; is possible down to liquid helium temperatures, while
oxidation of tyr Z in the more positively charged S, state is
constrained to temperatures higher than 77 K [45]. It is likely that
the proton movements occurring during tyr Z oxidation in the latter
case affect the conformation of the Mn cluster, imposing conversion of
the g=4.1 to the multiline configuration. The reduction of tyr Z" is not
necessarily accompanied by immediate restoration of the charge
equilibria in the Mn cluster (this may be limited by a thermal
activation barrier), and this explains why the reverse conversion of
the multiline to the g=4.1 signal occurs with a delay in Fig. 3.

While the above considerations provide a plausible explanation of
the observed conversion of the g=4.1 to the multiline form, it should
be noted that the S;(g=4.1)Y7 intermediate shown in Scheme 1 has
not been detected so far, in either the acetate treated or the untreated
samples. The trapping of the 117 G split signal, assigned to S,Y7 in
untreated samples [47], was linked to the multiline configuration of
S,, as its formation was coupled to magnetic perturbation of the
multiline spectrum. It is possible, that the S,(g=4.1)Yz intermediate
is broader and more difficult to detect, or is constrained at
temperatures lower than about 223 K and proceeds to the next step
much faster than the time resolution of the experiments.

5. Conclusions

The heterogeneity of the S, state signals is not a universal property
of the PSII samples. Cyanobacterial PSII preparations are characterized
by the multiline configuration only. The present results suggest that
even in BBY spinach preparations exhibiting a prominent g=4.1
signal (representing close to 50% of the centers) a uniform
configuration of S,, the one exhibiting the multiline signal, proceeds
to S3. The present findings suggest accordingly that at the most critical
stages of the oxygen evolution process the Mn cluster acts in a
homogeneous conformation. At the current resolution of the OEC
structure a multitude of the Mn cluster conformations fulfill the
experimental criteria (see e.g. [31]). To the extent that such fine
details, as the ground state spin configuration of the Mn cluster, can be
utilized to screen out inappropriate Mn conformations, the present
results suggest that only the conformations favoring an S=1/2
ground state in S, would be viable for performing the water-splitting
chemistry.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbabio.2010.01.008.
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