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particular S state. These so-called split EPR signals, induced at cryogenic temperatures, provide means to
study the otherwise transient Yz" and to probe the S states with EPR spectroscopy. In the Sp and S; states, the
respective split signals are induced by illumination of the sample in the visible light range only. In the S; state
the split EPR signal is induced irrespective of illumination wavelength within the entire 415-900 nm range

’;;{;g?y‘iiem I (visible and near-IR region) [Su, J. H., Havelius, K. G. V.. Ho, F. M., Han, G., Mamedov, F., and Styring, S. (2007)
EPR Biochemistry 46, 10703-10712]. An important question is whether a single mechanism can explain the
S5 state induction of the Split S; signal across the entire wavelength range or whether wavelength-dependent
Near-infrared mechanisms are required. In this paper we confirm that the Y;" radical formation in the S; state, reflected in
Split signal the Split S signal, is driven by P680-centered charge separation. The situation in the S; state is different. In

Photosystem II centers with pre-reduced quinone A (Qa), where the P680-centered charge separation is
blocked, the Split S3 EPR signal could still be induced in the majority of the Photosystem II centers using both
visible and NIR (830 nm) light. This shows that P680-centered charge separation is not involved. The amount
of oxidized electron donors and reduced electron acceptors (Qa ) was well correlated after visible light
illumination at cryogenic temperatures in the S; state. This was not the case in the S; state, where the Split S3
EPR signal was formed in the majority of the centers in a pathway other than P680-centered charge
separation. Instead, we propose that one mechanism exists over the entire wavelength interval to drive the
formation of the Split S5 signal. The origin for this, probably involving excitation of one of the Mn ions in the
CaMny cluster in Photosystem I, is discussed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Photosystem II (PSII) uses electrons derived from water to reduce

the plastoquinone pool in the thylakoid membrane of higher plants,

Abbreviations: Car, carotenoid; Chl, chlorophyll; Chl;, secondary chlorophyll algae and cyanobacteria. During this process, protons and molecular
electron donor to P680*; Cytbsse, cytochrome bsse; D1 and D2, the core subunits in oxygen are released into the thylakoid lumen [1-3]. Excitation of the
PSII; DMSO, dimethyl sulfoxide; EPR, electron paramagnetic resonance; fl, flash; LMCT, primary electron donor P680 results in charge separation between
ligand-to-metal-charge transfer; MCD, magnetic circular dichroism; MES, 2-[N- P680 and the first electron acceptor, pheophytin, creating the charge

morpholino] ethanesulfonic acid; MLCT, metal-to-ligand charge transfer; NIR, near- . + _ . _
infrared; P680, primary electron donor of PSII; Pheo, pheophytin; PpBQ, phenyl-p- pair P680"Pheo™. The electron is transferred from Pheo™ to the

benzoquinone; PSII, Photosystem II; Q4 and Qg, the primary and secondary quinone quinone acceptors, first to Qa and subsequently to Qg. After two
electron acceptors in PSII; Yp, Tyrosine 161 on the D2 subunit; Yz, Tyrosine 161 on the reductions and protonations, Qg leaves the Qg-pocket and diffuses

D1 subunit into the membrane. The electron hole on P680™ is reduced with an
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homologously located tyrosine-residue on the D2 subunit, can in its
reduced form reduce P680™ [6]. Carotenoid, Chl, and Cytbsse may also
feed in electrons to reduce P680" [7-9]. However, only electron
donation from Yz and the CaMny cluster leads to water oxidation.

To form one molecule of oxygen, the CaMn,4 cluster cycles through
five intermediate oxidation states, Sg to S4. This is known as the S state
cycle. The most reduced state in the S state cycle is the Sy state, while
the S; state is the dark-stable state. The subsequent states S, and Ss3
are metastable intermediates that decay back to the S; state in the
seconds to minutes timescale if allowed to dark-adapt [10]. The last
transition to complete the cycle, the S3 — [S4] — So transition, involves
the production of O,.

During the electron transfer reactions on the donor side of PSII, Y,
is only transiently found in its oxidized radical state, Yz°. Yz is oxidized
by P680 in the ns—ps time regime [11] and the Y,® formed is reduced
by the CaMny cluster within ps-1 ms [12]. The exact kinetics depend
on the redox state of the CaMn, cluster and the H-bonding network
around Y. The transient nature of Y;* makes the radical difficult to
approach with spectroscopy and there is limited knowledge about the
molecular interactions of Yz* with the CaMny cluster and other species
in its vicinity. This changed with the discovery that a radical, thought
to be Yz*, can be formed by illumination of PSII in the frozen state
[13,14]. At very low temperatures (5-20 K) the result is a series of EPR
signals reflecting the magnetic interaction between the radical (Yz®)
and the CaMny cluster [15]. These EPR signals are S state-dependent
and provide new spectroscopic probes of both Y;* and the CaMny
cluster. In the Sy, S; and S5 states can magnetic interaction EPR signals
(better known as “split signals”) be induced by visible light between
415 and 690 nm [16]. This is generally thought to reflect Yz oxidation
(in the particular S state) driven by photosynthetic charge separation
involving P680, Pheo and Qa.

However, in the S, and Ss states split EPR signals can also be
induced by near-infrared (NIR) light [17,18]. The wavelength
dependence has been described for the S; state and stretches to
900 nm [16,19], clearly out of reach for photosynthetic charge
separation, which is known to be inactive above 730 nm at the very
low temperatures used [20]. It was previously thought that only NIR
illumination and not visible light illumination could induce the split
EPR signal in the S; state [17,21,22]. However, recently [16] we
demonstrated that the Split S3 EPR signal can be induced by
monochromatic light in the spectral range 415-900 nm. Furthermore,
all studied aspects of the Split S; signal are similar, regardless of
whether it is induced by visible light or by NIR light [16]. This is
interesting as the mechanism for the induction of the Split S signal in
the visible and in the NIR ranges might differ.

Here we investigate whether a single light-induced mechanism
leads to oxidation of Y resulting in the formation of the Split S5 signal
in the visible spectral range (415-730 nm) as well as in the near-
infrared region (740-900 nm). If this is the case, the species absorbing
in the NIR must also have an appreciable absorption spectrum
extending over the entire visible spectrum. If different mechanisms
apply, Yz would presumably be oxidized by P680™ in the visible part
of the spectrum (415-730 nm) and by an alternative species in the
NIR. In this paper we present strong experimental evidence against Yz
being oxidized by P680" at 5 K when the OEC is in the S5 state. Instead
our data support a single mechanism of induction of the Split S3 EPR
signal to apply in the whole spectral region (415-900 nm) [16].

2. Materials and methods
2.1. PSIl membrane preparation

PSll-enriched membranes (BBY membranes) were prepared from
hydroponically grown spinach (Spinacia oleracea) according to [23]

with modifications [24] using a mild detergent protocol and stored at
6 mg Chl/ml at —80 °C. The storage-buffer was 25 mM MES-NaOH

(pH 6.1), 15mM NaCl, 3mM MgCl, and 400 mM sucrose. Chl
determinations were made according to Arnon [25]. Steady-state
oxygen evolution at 20 °C was 350 50 umol O, (mg Chl)~'h~!
measured with a Clark-type electrode at 10 pg Chl/ml in a buffer with
20 mM MES-NaOH (pH 6.1), 10 mM Nacl, 10 mM MgCl,, 5 mM CaCl,
and 400 mM sucrose and with 0.5 mM PpBQ (from stock 50 mM in
DMSO) as electron acceptor. All EPR measurements were performed
in samples with ~3 mg Chl/ml.

2.2. Flash advancement to the Ss state

BBY membranes (3 mg/ml) in calibrated EPR tubes were exposed
to room light for a few minutes to fully oxidize Yp and then dark-
adapted for 30 min. The samples were given 1 saturating laser flash
and then dark-adapted for 15 min at 20 °C to synchronize PSII to the
dark-stable S; state [26]. PpBQ (50 mM in DMSO) was then added to
the sample to a final concentration of 1 mM. S; state samples (0 flash)
were frozen at this stage. For advancement to the Ss state, the sample
was given 2 saturating laser flashes (Nd:YAG laser operating at 5 Hz,
6 ns, 532 nm, 400 mJ/pulse) at 2 °C, and frozen in an ethanol/dry ice
bath within 1-2 s after flashing. The typical S state composition of the
2-flash sample was ~68% Sz and ~32% S, state centers as calculated
from the yield of the S, multiline signal [27].

2.3. EPR spectroscopy

Low-temperature EPR measurements were performed in the dark
with a Bruker ELEXSYS E500 spectrometer using a SuperX EPR049
microwave bridge and a Bruker 4122SHQE super high-Q cavity. The
system was fitted with an Oxford 900-crystat and an ITC-503
temperature controller from Oxford instruments Ltd. The split EPR
signals and the other radical EPR signals were induced by
illumination directly into the cavity at 5-7 K. For NIR illumination,
the light at 830 nm was provided by a LQC830-135E continuous
laser diode (Newport, USA) (67 W/m? at the position of the cavity
window). Visible light illumination was provided by a Universal
Flexilux 150 HL lamp connected to a fiberoptics light guide (Schélly,
Gemany, 280 W/m?) or a slide projector fitted with a CuSO,4 (aq)
filter and a plexiglas light guide (20 W/m?). Incubation in complete
darkness at 5-10 K after the 830 nm or visible light illuminations
was executed for the times indicated. Unless otherwise indicated,
the split signals are presented as (illumination —dark) difference
spectra.

2.4. Pre-reduction of Q4 and quantification of EPR signals

In some experiments the effect of pre-formed Q4 on the formation
of the split signal was investigated. In such experiments, Qa was first
induced in the sample to 70-90% by illumination for 25 min at 77 K
with two 800-W projector lamps focused on the EPR sample. CuSOy4
(aq) filters were used to filter out NIR light. These samples with pre-
reduced Qa were then used for respective split signal induction
experiments.

For the quantification of Qx, the amplitude of the Qa-Fe?™ EPR
signal (g=1.87, also used in [28]) of a given sample was compared to
the maximum photo-inducible Qx -Fe?* EPR signal from a sample first
illuminated at 77 K and thereafter illuminated at 5 K. This two-stage
illumination protocol was used to account for the decay of a fraction of
Qa during the 77 K illumination and subsequent transfer to the EPR
spectrometer. Contributions from the radicals of oxidized carotenoid
(Car™) or chlorophylls (Chl™) were quantified by double integration
of their non-saturated EPR spectra and comparison to the spectrum of
the fully oxidized Yp® (1 spin/PSII) measured in the same sample.
Quantification of the oxidized Cytbss9 was estimated from comparison
of its EPR spectrum (the g, peak) with the spectrum from fully
oxidized Cytbsso in a sample illuminated at 77 K. This treatment is
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considered to result in oxidized Cytbss¢ in 100% of the PSII centers
[29]. In our BBY samples, ~60% of Cytbssg are in the reduced high-

3. Results

13

Using well-defined laser flashes, we have shown [16] that the Split
S3 EPR signal can be induced in the Ss state by illumination at 5 Kin a

potential from the start, and all available reduced Cytbsso could be
photo-oxidized. [30-32].

Fe2+ FeZ+
/_\k‘ /_\k‘
(QA Q: (PpBQ) )ﬁé Qs (PpBQ)
Pheo . Pheo .
P P,
1 P Car/Chl/ - N~ Car*rcht
//? Cyt bssgrEd //? Cyt bsso™
g oY g oY
g (A)vis ill, » " (B) Vs ill, 0,
CaMn, Q. oxidized CaMn, pre-reduced
All illuminations were
f performed at SK
Fe2+
Qs (PpBQ) Qs Qs (PpBQ)
Pheo <: Pheo
P Peso
= Car'/Chl*/
(,‘_\'I b ;;q'w
C‘Yz
o (C) MR itl, 0,
( D) CaMn, pre-reduced
Fe? Fe**
Qa Qs (PpBQ) Qa Qs (PpBQ)
Pheo Pheo
Pgso I:> Ps
Car/Chl/ Car/Chl/
Cyt bss™ Cyt bssy™
O‘Yz
> (E) NIR it
CaMn, Q, oxidized (F)

Scheme 1. Induction of the Split S; signal and associated cryogenic electron transfer processes. Species measured in this study by EPR spectroscopy after split signal induction by
illumination at 5 K are marked with ovals, and species reduced or oxidized as a result of 77 K illumination are in green [30,33]. Oxidation of Y to give Y;" yields the interacting CaMn,
cluster/Y;" pair that leads to the Split S signal. Two possible mechanisms for the oxidation of Y, under visible light illumination are considered here: the P680-driven mechanism
refers to oxidation of Y, by P680" (dashed arrows), and the Mn-centered mechanism refers to oxidation of Yz by an excited CaMn, cluster (dotted arrows). Panels (A) & (D): Visible
illumination of PSII at 5 K leads to P680-centered charge separation. Where Q, is in its oxidized state, the excited P680 donates an electron to Qa via Pheo. The Qa species can be
detected by the Qa-Fe?* EPR signal [34]. At such low temperatures, however, further electron transfer to Qg (or the added electron acceptor PpBQ occupying the Qg site) is
blocked [35-37]. The resulting P680" can be re-reduced by Car, Chl or Cytbsse [33], the oxidized forms of which can be detected by EPR spectroscopy [34]. Yz is also a potential donor
to P680". Therefore, the total amount of Car/Chl/Cytbsse oxidized by 5 K illumination reflects the extent to which Y contributes to P680* re-reduction, and thereby the extent to
which the Mn-centered mechanism is responsible for Split S5 signal induction. Irrespective of the mechanism for Yz oxidation, the recombination partner of the split signal CaMn4
cluster/Y;" pair is Qa (doubled-headed arrow in panel (D)) [28]. Panels (B), (C), & (D): Where 77 K illumination is used, a large proportion (~70%) of Qa is pre-reduced to the Qx
state prior to split signal induction at 5 K. The donor species during 77 K illumination are again Car/Chl/Cytbsso. For subsequent visible light illumination at 5 K (panel (B)), oxidation
of Yz by P680" remains a possibility, but only in those “open” centers where Qa remained oxidized after 77 K illumination. Centers with Qa are closed to stable P680-centered charge
separation, and thus only the Mn-centered mechanism is available for induction of the Split Ss signal. By contrast, NIR illumination at 5 K leads only to excitation of the CaMn,4 cluster.
The Mn-centered mechanism is therefore the only available pathway for the generation of Y;* and hence the Split S; signal. Again, Qa is the recombination partner of the split
signal CaMny cluster/Yz" pair. Panels (E) & (F): Where Q4 was not pre-reduced prior to NIR light illumination at 5 K, the Mn-centered mechanism is the only option for Yz* and
thereby Split S; signal induction. Since no P680-driven charge separation has taken place, there is no recombination partner for the resulting CaMn,/Yz" pair available.
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wide spectral range between 415 and 900 nm, and not only by light in
the near-infrared region as first proposed [17]. A question remaining
from the previous study is whether a single mechanism can explain
the induction of the Split S3 signal across the entire wavelength range,
or whether wavelength-dependent mechanisms are required. This is
investigated here. To facilitate understanding of our experimental
design, the relevant processes that take place under the cryogenic
experimental conditions that were employed in this study are
summarized in Scheme 1.

3.1. Induction of the Split S3 signal by visible and NIR illumination
The Split S3 signals induced by visible and NIR illuminations are

shown in Fig. 1A. The signal induced by illumination by NIR light is
characterized by a large double trough around 3400 G, a smaller
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Fig. 1. Induction of the Split S; EPR signal by illumination of PSII centers in the S state at
5K in the absence of pre-formed Qa. (A) The Split S5 signal EPR spectrum ((during
illumination — before illumination) difference spectrum) induced at 5 K by 32 min NIR
illumination (black line) and by 19 min visible light illumination (grey line). The dotted
line is the difference spectrum between the visible- (280 W/m?, grey) and NIR-induced
(830 nm, 67 W/m?, black) signal spectra. (B) Time course of the induction and decay of
the Split S5 EPR signal by illumination at 5 K with visible light (grey circles) or NIR light
(black circles). The induction kinetics was followed until maximum signal intensity was
reached, at which point the light was turned off (arrows). The decay kinetics after the
different illumination regimes were followed in the dark. Each data point represents the
signal intensity at 3420 G (arrow in A) measured in a field swept spectrum recorded
with 45 second intervals. The lines in the decay phases represent fitting to single
exponential decay kinetics (see Table 1). EPR conditions: temperature 5 K, microwave
frequency 9.27 GHz, microwave power 25 mW, modulation frequency 100 kHz, and
modulation amplitude 10 G. The amplitude of Yp" was used as an internal standard in
each sample.

trough at 3345G and a peak centered at 3200 G (Fig. 1A, black
spectrum). The shape of the Split S5 signal induced by visible light is
different from that of the NIR-induced signal, with the presence of an
additional signal due to the presence of Qa -Fe?". This EPR signal can
be isolated by subtraction of the NIR-induced Split S; signal from the
EPR spectrum induced by visible light. The resulting spectrum
(Fig. 1A, dotted spectrum) shows a typical Qx-Fe?™ signal that is
recognizable by the trough at 3560 G, consistent with literature
reports of this signal [28,34]. The presence of this signal reflects the
fact that visible illumination drives charge separation at P680, leading
to the formation of the Qx-Fe?™" species [28,38,39]. Under cryogenic
conditions, such as those used for Split signal induction, where
forward electron transfer from Qa to Qg is not possible, such Qa
containing centers are “closed” and P680-centered charged separation
is blocked until Qa is re-oxidized through charge recombination. By
contrast, since NIR illumination (830 nm here) is unable to excite
P680, there is an absence of Q formation arising from P680-centered
charge separation, and such centers containing (oxidized) Qa remain
“open”. This can also be observed in EPR spectra taken over a wider
magnetic field range (Fig. 2). The reduction of Q4 and an accompa-
nying oxidation of Cytbssg, a side-path electron donor can be clearly
seen in the case of visible light illumination [33,34], but not where NIR
illumination was used (though interestingly, a g~5 signal was seen in
both samples; discussed further later). This is again consistent with
the lack of P680 excitation by NIR light. These are crucial differences
between the effects of the two illumination regimes, and are used
later to investigate the origins of the Split S3 signal.

3.2. Induction and decay kinetics of the Split S3 signal without
pre-formed Qa

To study the induction and decay behavior of the Split S3 signal in
centers with Q, in its oxidized state, PSII was illuminated at 5 K in the
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Fig. 2. The stable light-induced EPR signals formed in the S; state samples without pre-
formed Qa upon illumination at 5K with (A) NIR or (B) visible light illumination.
Difference spectra (illuminated and dark-adapted minus before illumination). In (A)
the Split S5 signal and the g~5 signal are marked. In (B), the Split S5 signal, the g~5
signal, the three components of the oxidized Cytbsso signal, and the Qa -Fe?* signal (solid
bar) are marked. EPR conditions: temperature 10K, microwave power 5mW, and
modulation amplitude 10 G.
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S3 state with either NIR or visible light until the split EPR signal
spectrum stopped increasing in intensity (Fig. 1B). At 3420 G (Fig. 1A,
grey arrow) the contributions from the overlapping Qa-Fe?™
spectrum are minimal. Therefore, the intensities of NIR-induced and
visible-induced Split S3 signals can be compared at this field position,
despite the different light used for the induction.

The half time for reaching maximum signal intensity of the NIR-
induced signal (Fig. 1B, black circles) was 384 s and the maximal
signal size was obtained after ca. 32 min illumination. On the other
hand, the visible light-induced signal (Fig. 1B, grey circles) was
induced within tens of seconds, with the maximal amplitude being
reached after ca. 19 min. In both cases, approximately the same Split
S3 signal amplitude was obtained. The maximal signal induced by
visible light induction was 96% that induced by NIR light. We conclude
therefore that both illumination regimes are able to induce the Split S3
signal to an equal level.

By contrast, the decay kinetics are completely different between
the two illumination regimes. Whereas the signal induced by NIR light
was stable in the dark at 5 K for at least 1 h after the light was turned
off (Fig. 1B, black circles after the arrow), the Split S; signal induced by
visible light was unstable in the dark. It decayed to ~42% of its original
amplitude with a decay half time of 270 s under the same conditions
(Fig. 1B, grey circles).

3.3. Induction and decay kinetics of the Split Ss signal in the presence of
pre-formed Q4

As noted earlier, PSII centers containing Qa are closed to further
P680-centered charge separation. Consequently, P680 in such centers
would also be unable to drive the oxidation of Y7 to give the split
signal forming radical Yz*. Therefore, if split signal formation
originates solely from P680-centered charge separation, split signal
intensities should always decrease in proportion to the amount of
closed, Qa -containing PSII centers in the sample.

This was tested for the Split S3 signal using PSII samples in the S3
state in which Qa was pre-formed by means of illumination at 77 K
(see Materials and methods). Fig. 3A shows the EPR signals induced in
samples predominately in the S3Q state, directly after illumination
with NIR or visible light at 5K (black and grey lines in Fig. 3A,
respectively). Compared to the spectra in Fig. 1A, where Q, was not
pre-reduced, the NIR and visible light illuminations of Q -containing
samples give EPR spectra that are much more similar to each other.
This was due to the formation of a significantly smaller Q4 -Fe?™ EPR
signal (Fig. 3A, dotted line) in the sample exposed to visible light. This
is expected, due to the presence of a large fraction of closed PSII
centers containing Q4 to begin with. The illumination protocol used
for reducing Qa at 77 K prior to split signal induction gave rise to Q in
~70% of the sample. This is reflected in the reduction in the Qx -Fe?™
EPR signal induced by the visible illumination to ~30% of the
maximally inducible signal. As expected, the spectral shape of the
NIR-induced split signal remains unchanged, since NIR light does not
drive P680-centered charge separation regardless of whether Qj is
oxidized or reduced.

Despite a majority of PSII centers being closed to P680-centered
charge separation due to the presence of Qa, the intensity of the Split
S3 signals induced by NIR and visible light illumination remained very
high (Fig. 3). The amplitude of the Split S5 signals reached 74% (NIR)
and 86% (visible) of the maximum Split S3 signal induced by NIR light
in the absence of Q4 (Fig. 3B). Thus we can conclude that the presence
of pre-reduced Q4 in the majority of PSII (~70%) did not prevent the
formation of the Split S5 signal to any major extent, neither when it
was formed by visible nor when it was formed by NIR illumination.
Most significantly, comparing the samples with and without pre-
formed Qja, the decrease in the intensity of the Split S3 signal induced
by visible light did not correlate with the increase in the number of
centers containing pre-formed Qa . The reduction of this signal from
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Fig. 3. Induction of the Split S EPR signal by illumination of PSII centers in the S5 state at
5K in the presence of pre-formed Qa in ~70% of centers. Pre-reduction of Q, was
performed by illumination at 77 K prior to split signal induction at 5 K (see Materials
and methods). (A) The Split S; signal EPR spectrum ((during illumination — before
illumination) difference spectrum) induced by 32 min NIR illumination (830 nm, 67 W/
m?, black line) and a spectrum induced by 13 min visible light (280 W/m?, grey line) in
the presence of pre-formed Qa. The dotted spectrum is the (visible —NIR) difference
spectrum. (B) Time course of the induction and decay of the Split S3 EPR signal by
illumination at 5 K with visible light (grey circles) or NIR light (black circles). The rise
kinetics of the signal was followed until a stable signal amplitude was reached. The
dotted line reflects the maximal amplitude of the Split S5 signal in the absence of pre-
formed Q4 (from Fig. 1B). The light was turned off (arrows) and the decay of the Split S;
signal in the dark was followed. Each data point represents the signal intensity at
3420 G measured in a field swept spectrum recorded with 45 second intervals. The
lines in the decay phases represent fitting to single exponential decay kinetics (see
Table 1). EPR conditions as in Fig. 1.

98% to 86% of the maximum inducible intensity is much less than
what would have been expected from a sample where ~70% of the
centers are now closed to P680-centered charged separation. As
discussed earlier, if Split S3 signal formation would solely originate
from charge separation from P680, these changes should correlate.
This lack of correlation was therefore the first indication that the
mechanism behind the induction of the Split S3 signal may be
independent of charge separation originating from P680.

Apart from the maximum inducible intensity of the Split S5 signals,
the kinetics of the induction and decay of the signal were also affected
by the oxidation state of Qa.

The NIR-induced Split Sz signal had similar though different rise
kinetics both in the absence and presence of Q4 (t;2=384+16 and
268 £ 13 s, respectively; Figs. 1B and 3B). By contrast, the kinetics of
the decay of these signals in the dark at 5K were totally different
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depending on the redox state of Q4. As observed before [16,40], the
NIR-induced split signal was stable in the dark at 5 K in the absence of
Qa (Fig. 1B). However, when Q4 was present from the start in ~70% of
the PSII centers, 34% of the Split S5 signal decayed with t;,, =960 s.
The rest of the signal was stable during the timeframe of our EPR
measurement (Fig. 3B). This is an important result which clearly
shows that the radical species (Yz*) induced in the Split S3 EPR signal
recombines with Qa, even when the split signal itself was generated
through NIR illumination, and therefore independent of Q4 forma-
tion. Based on this observation that Qa is the recombination partner
of the Split Sz signal radical (Yz"), and similar to what has been
demonstrated for the Split S; signal [18,28,41], an estimate of the Split
S5 signal on a PSII basis could be made by quantifying the re-oxidation
of Q4 that accompanied the decay of the Split S5 signal. This was done
by measuring the Qx-Fe?™ signal intensity before induction of the
Split S; signal, and after its decay in the dark. By doing so, it was found
that the Split S5 signal was induced in about 50% of PSII centers.

For the Split S; signal induced by visible light, the rise kinetics
were in contrast quite dependent on the redox status of Qa. The rise of
the Split S signal in the presence of Q4 was much faster than in its
absence. In the presence of Qa, the Split S5 signal reached its
maximum size in less than 1 min, with the major part of the signal
being formed within two time points (i.e. 45 s; Fig. 3B). In the absence
of Qa, however, the rise time was slower and biphasic (Fig. 1B), with
only ~60% of the Split S; signal being induced during the first 45 s of
illumination (t;,=1644s in 64+3% of centers for this phase
according to a bi-exponential fitting of the data).

Finally, the Split S3 EPR signal induced by visible light was found to
partially decay in the dark, with t;, = 270 s. This kinetic behavior was
found both when Q4 was oxidized and reduced (Qa ) from the start
(Figs. 1B and 3B). However, somewhat more of the Split S; signal
decayed in the presence of pre-formed Qs (64%) than in its absence
(58%).

Table 1 summarizes the induction and decay results from the Split
S3 EPR signal under the different conditions mentioned earlier.

Table 1

Quantification of light-induced EPR signals at 5 K in PSII centers in the S state in the
absence or presence of pre-formed Q. Illumination was provided with NIR light
(67 W/m?) or visible light (280 W/m?).

NIR illumination

Qa not Pre-reduced Qa not Pre-reduced
pre-reduced Qx? pre-reduced  Qa*

Visible light illumination

Qa-Fe?t  Before 0 70 0 70
illumination
at 5K (%)°
Induction 0 0 90 30
at 5K (%)°

Split S3 Signal 100 74 96 86
amplitude
(% of maximum
inducible)®
Half rise time; 384 +16 268+13 16+4 and N.R
ty (s)4 314493
Rise (% of 100 100 64+3and 100
amplitude) 3643
Half decay Stable 960 270 270
time; t;, (s)"
Decay (% of 0 34 58 64
amplitude)

@ Qa pre-reduced by extensive illumination at 77 K.

b The maximum EPR signal from Qx-Fe?* is set to represent reduced Q4 in 100% of
PSII and was obtained in the sample illuminated both at 77 K and 5 K.

¢ The maximum Split S5 signal amplitude was obtained with NIR illumination of a
sample without pre-formed Q4. This amplitude was set as 100%.

4" Half time to reach the maximal signal size. Errors are based on curve fitting of the
data points to exponential rise to maximum functions.

¢ N.R.: not resolved (far below our time resolution).

' Half time for decay of the signal during incubation in the dark at 5 K. The decay half
time was obtained from fitting the data in Figs. 1B and 3B to a single exponential decay.

3.4. Comparisons with the Split S; signal induced in the presence or
absence of pre-reduced Q,

With respect to the mechanism underlying the induction of the
Split S3 signal with or without pre-reduced Qa, a particularly
illuminating comparison can be made with corresponding inductions
of the Split Sy signal.

The Split S; signal has been well-studied, and it has been
demonstrated that it arises from the interaction of the CaMn, in the
S, state with the Yz® radical species formed as a result of P680-
centered charge separation [14,28,42]. The induction and decay
behavior of this signal correlates with the formation and decay of
Qa [28], and a tyrosine radical spectrum with enhanced relaxation
properties has been observed in conjunction with the induction of the
Split S; signal [41,43-45]. Unlike the Split S3 signal, it can only be
induced by light in the visible region [16].

The Split S; spectrum induced by visible illumination in samples
poised in the S; state in the presence and absence of pre-formed Qx is
shown in Fig. 4A (grey and black, respectively). It is clearly seen that
where Q4 was first induced by 77 K illumination prior to the split
signal inducing illumination at 5 K, there is a significant drop in the
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Fig. 4. Comparisons of the Split S; and Split S5 signals induced by visible illumination at
5K in the presence and absence of pre-formed Q4. (A) The Split S; signal (arrow)
induced in the absence (black) and presence (grey) of pre-formed Qa . Reduction of Q4
was performed by visible light illumination at 77 K prior to the 5 K split signal induction
illumination. (B) The Split S; signal (arrow) induced in the absence (black) and
presence (grey) of pre-formed Qa . (These have been replotted from Figs. 1A and 3A, for
ease of direct comparison.) EPR conditions as in Fig. 1. S; and S5 signals were induced to
maximum intensity with visible light, 20 and 280 W/m?, respectively.
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yield of the Split S; signal obtained. The signal intensity is reduced to
35% of the signal induced without pre-formed Q. This marked drop
in split signal intensity due to the presence of centers closed to further
charge separation is what is expected of a signal induction mechanism
centered at P680.

Fig. 4B presents a corresponding comparison of the intensities of
the Split S5 signal induced with or without prior reduction of Qa. In
stark contrast to the behavior of the Split S; signal, there was only a
minor reduction in the intensity of the Split S; signal. Clearly, the
intensity of this signal is far from correlated to the amount of Qa
centers present. This is not expected from a signal induction
mechanism based on P680-centered charge separation. Taken
together with the behavior of the Split S; signal induction under
corresponding conditions, and the fact that the Split S3 signal can also
be induced by NIR radiation, there is strong evidence that the
mechanism for the formation of Split S3 signal lies elsewhere than
P680.

3.5. Quantification of oxidized electron donors in PSIl during visible
illumination at cryogenic temperatures

The results mentioned earlier have already shown that a similar
amount of Split S signal was induced regardless of whether the
majority of centers were open or closed to P680-centered charge
separation. This first indication of a P680-independent mechanism for
the induction of the Split S signal even in the visible region was then
corroborated by quantifying the formation of the acceptor Qa and the
EPR-visible electron donors (Car, Chl and Cytbssg) that are involved in
charge separation (see Materials and methods for the quantification
procedure). If these donors alone are sufficient to account for the
formation of the Qa, then this would provide further evidence that
Split S3 formation is not related to P680-centered charge separation.
The results are summarized in Table 2.

Without the pre-reduction of Qa, Qa was formed in ~90% of the
centers when visible illumination at 5 K was applied. On the donor
side, illumination led to the Cytbssg oxidation in ~60% of PSII, and Car/
Chl oxidation in ~28% of centers (the radicals of these two species
overlap almost exactly: [7]). Thus, the reduction of Q, is well matched
within our precision by the oxidation of the known electron donors
from the Car/Chl/Cytbss pathway. By contrast, the Split S3 signal

Table 2
EPR quantification of acceptor and donor species induced by visible light illumination in
samples (280 W/m?) with and without pre-formed Q.

Split S5 Species Amount Of which Total
signal induced induced (% PSII)
intensity (% PSII) at...*

77K 5K

Visible 96% of Acceptor Qa € 90 - 90 90
illumination, maximum Donors Cytb559°I 60 - 60 88
Qa not inducible Car/Chl 28 - 28
pre-formed intensity”

Visible 86% of Acceptor Qa € 100 70 30 100
illumination, maximum Donors  Cytbsse® 60 60 0 98
Qa pre-formed inducible Car/Chl 38 13 25
by 77 K intensity”
illumination

¢ Estimated error (signal-to-noise) in quantification of signal intensity = +3%.
Reproducibility between duplicate samples: 4 3% for Qa, + 8% for Car/Chl induced by
illumination at 5K, and +4% for Car/Chl induced by illumination at 77 K (i.e. the
illumination used to pre-form Qg ).

b The maximum inducible intensity was obtained by NIR illumination at 5K of a
sample without pre-formed Q4 (see Fig. 1 and accompanying text). This represented
~52% of PSII centers.

¢ The maximum EPR signal from Qz -Fe?* is set to represent reduced Q4 in 100% of
PSII and was obtained in the sample illuminated both at 77 K and 5 K.

4 In our PSII preparation ~60 - 5% of Cytbss is present in the reduced high-potential
form from the start. All available reduced Cytbssg was photo-oxidized.

induced here was 96% of the maximum inducible intensity as obtained
by NIR illumination in the absence of pre-formed Qa.

In the case where Qa was pre-formed before visible illumination at
5 K was applied, Qa4 was formed in a total of 100% of the centers, of
which ~70% was formed during the initial illumination at 77 K. In
other words, only 30% of the Q4 reduced in total was reduced during
the 5 K illumination. All oxidizable Cytbssg acceptors were oxidized
also during this 77 K illumination step, accounting for ~60% of the
donors. No extra Cytbssg oxidation was observed in the subsequent
5K illumination. Car and Chl contributed to a total of ~38% of the
donor species, of which ~13% was formed already in the Q4 reduction
step at 77 K. As shown in Table 2, therefore, there was again a very
good agreement between the amount of charge transfer acceptor and
donor species that could be directly accounted for through quantifi-
cation using EPR. Despite this good correspondence in acceptor and
donor amounts, and the much lower amount of Q5 that was reduced
during the split signal inducing 5 K illumination, the Split S3 signal
was nevertheless formed to 86% of the maximum inducible intensity.
Clearly, not only are all acceptors and donors accounted for without
the involvement of the split signal radical Yz®, there is also no
correspondence between the decreases in the extent of Q4 reduction
and the Split S3 signal formation. This was also illustrated in the
comparisons in Fig. 4. Combining the previously mentioned observa-
tions, therefore, it seems clear that the mechanism of Split S3 signal
formation does not involve charge separation originating from P680,
even when induced with visible light.

4. Discussion

The Split S5 EPR signal can be induced by monochromatic light in
the spectral range 415-900 nm [16]. The mechanistic explanation in
the literature for the induction of the Split S5 signal with NIR light
involves excitation of a Mn(III) ion in the CaMny cluster in the S5 state,
which then oxidizes the nearby Yz, thereby giving rise to the magnetic
interaction signal [17,19,21,22]. The CaMny4 cluster is thus reduced,
giving a modified S, state assigned as Sj. This mechanism is
independent of charge separation originating from P680, which
does not absorb in the NIR region. We have confirmed this in the
current study. The NIR illumination generated no Qa -Fe?* signal, and
the resulting Split S5 signal was stable in the dark at 5 K in the absence
of pre-formed Qa (Fig. 1B, black circles). By contrast, it decayed in the
sample containing Qa pre-formed via 77 K illumination (Fig. 3B, black
circles). Therefore, the P680-independent origin of the Split S5 signal
was confirmed where NIR illumination was used. An important
question is then whether the oxidation of Yz and the formation of the
Split S3 EPR signal in the visible light range involve charge separation
driven from P680, or whether the same Mn-centered mechanism
applies independent of the wavelength of the inducing light.

4.1. The formation of the Split S EPR signal is not driven by P680 even in
the visible part of the spectrum

We have made several observations that support this statement.
First, quantitatively the same fraction of PSII centers could form the
Split S5 signal after saturating illumination both with NIR and visible
light (Fig. 1A). Stronger support, however, comes from experiments in
closed PSII with pre-reduced Qa, which blocks the P680-driven charge
separation leading to the oxidation of Yz. Here the amplitude of the
Split S3 signal was similar to where Qs was oxidized (Table 2). This
strongly supports a mechanism for the induction of the Split S signal
(and consequently for the oxidation of Yz) independent of P680-
centered charge separation (dashed arrows in Scheme 1), and favors a
Mn-centered mechanism for both the NIR and visible light induction
of the Split S3 signal (dotted arrows in Scheme 1). This can be
contrasted with the Split S; signal. This signal has been shown to
result from magnetic interaction between Yz* and the CaMny cluster
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in the S; state, and it forms and decays in concert with Qa reduction
and re-oxidation [13,28], and is therefore driven by P680. As shown in
Fig. 4, the pre-reduction of Q4 in S; state samples led to a much lower
intensity Split S; state compared with the fully open sample with
oxidized Qa. The decrease in open (oxidized Q) centers due to prior
formation of Q4 led to a much better correlation with the decrease in
the yield of the Split S; signal. This is in stark contrast to our
observations for the Split Sz signal, where the split signal intensity
was only marginally affected despite the presence of Q4 in 70% of the
centers prior to 5 K illumination.

Attention can be drawn to another observation that strengthens
our proposal that the Mn-centered mechanism is behind both the NIR
and visible light induction of the Split S3 signal formation. In both
cases, illumination induces a derivative-shaped EPR signal that is
observed in the g=>5 region. The signal is stable in the dark (Fig. 2).
This signal has previously been assigned to originate from the CaMny,
cluster in the S4 state resulting from the oxidation of Yz by the excited
S5 state cluster due to NIR irradiation: S3Y;— S5Y," [21,22,46]. The
fact that this signal is also present after visible light illumination
suggests that the S3—Sj state conversion occurs even here. The
induction of this g~5 signal by visible light has not been reported
before. Its presence in both NIR and visible light illuminated samples
adds further weight to our proposal that one and the same Mn-
centered mechanism is behind Split S; signal formation for both
illumination regimes.

Related to the presence of the g~5/S5 state signal in both visible
and NIR illuminated samples is the observation that the spectral shape
of the Split S3 signal is independent of the light used for induction
(after accounting for the presence of the overlapping Qx -Fe?* signal
for visible light illumination). As mentioned earlier, cryogenic NIR
excitation of the CaMny cluster in the S state is expected to yield S}
YZ", the interacting paramagnetic pair giving rise to the Split Ss signal.
Now if visible illumination of the S3 state were to give P680-driven
oxidation of Y*, the result would be as follows: S3 Yz P680* — S5 Y,
P680. In that case, the resulting pair of paramagnetic centers giving
rise to the Split S3 signal would instead be S3Y7". The S state possesses
one less electron than the S state, and it is extremely unlikely that
such two different paramagnetic pairs would give rise to split signals
that are identical in their spectral shape, especially considering that
there is significant structure in the signal, and that these signals would
display the same microwave power saturation behavior [16].
Therefore, together with the presence of the g~5 signal in both NIR
and visible light-induced Split S5 signals, it is more reasonable that the
same Mn-centered mechanism operates across the entire wavelength
range.

To further corroborate these indications that seem to exclude
P680-centered charge separation as the origin of the Split S; signal, we
also quantified the total amount of Q4 formed and compare this to the
amount of secondary donors to P680 that can be observed by EPR. As
shown in Table 2, regardless of whether or not 77 K illumination was
applied, the Q4 that was formed through illumination by visible light
(i.e. via P680-centered charge separation) could be fully accounted for
by the secondary donors Car, Chl and Cytbsse, without requiring
contribution from the split radical Y;®. This demonstrated that the
process generating the split radical Yz* is independent of the charge
separation process producing Qa. Again, given the very small
difference in the yield of the Split S3 signal under these different
starting conditions, it seems clear that the Mn-centered mechanism
operates even in the visible light region.

From the data mentioned earlier, there is strong evidence for the
mechanism for the induction of the Split S5 signal being the same
across the NIR and visible wavelength range. The same pattern of
behavior was observed in at least four samples for each of the visible
and NIR illumination regimes, and the quantification of donors and
acceptors was performed on two independent samples. Nevertheless,
we have observed some very intriguing and complex behavior in the

induction and decay kinetics of the Split S5 signals that are dependent
upon the exact experimental conditions used. While the differences in
induction kinetics between using visible and NIR light may at least
partly be due to different absorption coefficients at these difference
wavelengths [16] (note that standard filtered broad spectrum white
light was used for visible illumination, whereas a 830 nm laser diode
was used to ensure no contamination from visible light), the presence
of pre-reduced Qs appears to lead to faster induction kinetics when
comparing within the different illumination regimes. The decay
kinetics of the Split S3 signal, reflecting the recombination of the Qa
with S3Y7°, is different for the NIR and visible light-induced signals.
These effects may originate from structural, electrostatic and/or redox
influences that the donor and acceptor sides of PSII can have on each
other. A number of literature studies [47-49] have demonstrated that
changes in the state of the donor side of PSII can lead to significant
effects on the acceptor side, and vice versa. The two “ends” of the
charge separation chain are not totally isolated from each other.
Therefore, differences in the redox states of species such as Qa, Chl, Car
and Cytbssg in the different experiments here may have indeed had an
effect on the induction and decay kinetics of the Split S3 signal also.
These are clearly interesting phenomena that warrant further and
more focused investigations, with better time resolutions and further
trials of different experimental conditions. This study is currently
under way.

To summarize, the Split S3 EPR signal can be induced by both
visible and NIR light [16]. In neither case is charge separation
originating from P680 (dashed arrows in Scheme 1) the photochem-
ical origin of the signal. Rather, the Mn-centered mechanism operates
for both visible and NIR light illumination (dotted arrows in
Scheme 1), even where P680-centered charge separation can
concurrently take place. The result was first indicated in a pre-study
from our laboratory [50]. It has also been reported that the same split
signal can be induced from the S; state using both NIR and visible light
in PSII centers from Thermosynechococcus elongatus, even in the
presence of Q4 [40].

4.2. Mn-driven formation of the Split S3 EPR signal between 415 and
900 nm — extended “NIR sensitivity” in the S3 state

This investigation shows that the formation of the Split S3 signal,
regardless of the wavelength of the inducing light (visible or NIR), is
not driven by P680-centered charge separation. Instead our results
indicate that the same type of photochemistry, most probably
involving excitation of a Mn ion in the CaMny cluster, occurs
irrespective of the illumination regime. The simplest explanation is
that the relevant absorption band(s) from this Mn ion stretches over
the entire 415-900 nm interval [16]. The Mn photochemistry induced
in the S; state includes the visible as well as the NIR light range, hence
it can be seen as an extended “NIR sensitivity”.

NIR sensitivity for S, state of the CaMny cluster has been attributed
to a Mn(Ill) ion [51-54], partly based on circumstantial evidence
relating the NIR-effect observed in PSII to a NIR MCD band that is
assigned to the Mn(Ill) ion in a Mn(lILIV) complex [55]. This
assignment holds for both the S, and Ss states due to the similar
action spectra of NIR-induced transitions in the 720-860 nm region
[19]. One reason that Mn(Ill) has been favored as the site of NIR
absorption [52] is that in an octahedral ligand field, the d* configura-
tion would give rise to Jahn-Teller distortion. For centrosymmetric
complexes, this is an important distinction from Mn(I1V)/d>, as the
Jahn-Teller distortion would mean that d-d transitions are no longer
Laporte (parity) forbidden, thereby allowing for stronger absorptions
(£~100-1000 L mol~ ' cm™'). Depending on the distortion and the
ligand field strength of the ligands, these transitions could be in the
NIR region. By contrast, the lack of Jahn-Teller distortion means that
there would be no appreciable absorption due to d-d transitions in
(centrosymmetric) Mn(IV) complexes.
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Following this logic, if only Mn(Ill) and not Mn(IV) were NIR
sensitive, then the observation of NIR sensitivity in the S; states would
suggest that there is at least one Mn(IIl) ion present in this state.
Assuming that the S, state of the cluster consist of Mn ions in the
oxidation states (IILIV,IV,IV) [56], this requirement of the existence of a
Mn(III) ion in the S5 state would imply that the only Mn(III) ion present
in the S, state remains unoxidized upon progression to the Ss state. This
would therefore imply that there is a ligand-centered oxidation during
the S, — Ss transition, rather than a Mn-oxidation. This is controversial,
since the site of oxidation (Mn vs. a ligand of the CaMny cluster) during
this transition is still far from settled, despite numerous attempts to
resolve this issue using various X-ray spectroscopic techniques [57-59].
It is also a central question touching upon the mechanism of the water
oxidation mechanism. However, for two sets of reasons, we do not
believe that the observed NIR sensitivity in the S; state necessarily
implies the presence of a Mn(III) ion.

Firstly, even if it was reasonable to consider each Mn ion in the
cluster individually and independently of the other ions, the ligand
environment of the Mn ions in the CaMny cluster is far from perfectly
octahedral, let alone centrosymmetric. As such, metal-centered d-d
transitions are not formally Laporte forbidden, regardless of whether
the ion is Mn(II1)/d* or Mn(IV)/d>. There is no reason to favor one over
the other as the absorbing species. For instance, a mononuclear
octahedral Mn(IV) complex lacking centrosymmetry has been shown
to exhibits absorption bands at 800, 550 and 500 nm, corresponding
to three d-d transitions [60]. Furthermore, for MLCT, LMCT and
intervalent charge transfers, a more careful analysis of the symmetries
of the ground and resulting excited state is required, to include the
ligand or other ion involved in the charge transfer. As such, a simple
application of the Laporte selection rule to exclude the involvement of
the Mn(IV) ions is not possible.

Many mononuclear Mn(Ill) and Mn(IV) complexes [60-62],
binuclear Mn(IILII) [63] and Mn(IILIV) complexes [55,64], as well
as a tetranuclear Mn(IV), complex [65] show a multitude of
absorption bands and MCD features over the entire 400-900 nm
region. In particular, a number of binuclear Mn(IILIV) and Mn(1V, IV)
complexes containing a di-p-oxo bridged Mn,0, core, a motif that is
also found in the CaMny cluster, exhibit very broad absorption spectra,
spanning the 300-1500 nm range [55,66,67]. The numerous optical
features have variously been assigned to transitions involving metal-
centered d-d transitions, oxo-to-metal charge transfer transitions and
intervalence transfer transitions. An especially interesting illustration
of the pitfall of equating NIR sensitivity with Mn(III) is a binuclear Mn
complex that shows no NIR absorption in the Mn(IIl, IV) state, but
does absorb NIR radiation in the Mn(IV, IV) state [66].

The second reason is closely related to the examples of binuclear Mn
complexes mentioned earlier. Given the extensive oxo bridging
between the Mn ions within the cluster, it is probably not reasonable
to neglect the electronic coupling between ions. In other words, it is not
sufficient to regard the cluster in terms of four independent Mn ions
when considering its electronic structure. A significant degree of
electronic delocalization is likely to be present, which would clearly
affect the absorption spectrum of the cluster. Good descriptions of the
categorization of polynuclear mixed-valence metal complexes into
classes I, II and Il depending on the extent of coupling and their
respective spectroscopic characteristics can be found in the literature
[68,69]. Particularly relevant to the CaMny is the class II category, where
the coupling is not so strong such that the ions are indistinguishable and
give spectra unrelated to their component ions (class III), or so weak that
they are independent of each of other (class I) and give spectra that are
simply superpositions of the component ions' spectra. In this interme-
diate class I case, coupling is strong enough to give interaction between
the ions and a certain degree of electronic delocalization, but the ions are
still distinguishable.

The classification of the CaMny as a class II-type mixed-valent
polynuclear complex can be justified by the ample EPR and theoretical

studies of the CaMny cluster which have demonstrated that not only
are the Mn ions exchange coupled to each other to different degrees,
the couplings also vary across the S-cycle. Furthermore, the hyperfine
interaction parameters, spin and charge density distributions and spin
projections are not equal across the Mn ions in the cluster, even for
ions with the same formal oxidation state [56,70,71]. This further
argues for a significant degree of delocalization across the cluster, but
with the ions nevertheless being distinguishable from each other,
especially given the inherent asymmetry within the CaMny cluster.
(See also the classification of di-p-oxo bridged binuclear Mn
complexes as class Il in [64].)

Due to the coupling between the ions, the spectra from such class Il
complexes exhibit characteristics of the individual ions, but also extra
features as a result of the coupling between ions [68,69]. This may
explain the broad excitation range of the cluster in the S; state.
Considering the different ligation motifs for the different Mn ions
(both from amino acid ligands and p-oxo bridging within the cluster),
there may be a large number of overlapping bands across a wide
wavelength range. Clearly the energy required for electronic transi-
tions are sensitive to the ligand environment. Therefore, while
individual absorption bands may not be broad enough to cover the
full spectral range, there may be enough overlapping bands across the
visible and NIR range to give rise to excitation of the CaMny cluster.

Therefore, regardless of whether the Mn ions in CaMn, are
considered as independent ion complexes, the involvement of Mn(IV)
ion(s) in the excitation of the cluster in the S5 state leading to the Split
S signal formation remains a possibility. The presence of a Mn(III) ion
in the S; state is neither an absolute requirement nor necessarily
excluded. As such, the present observation of the broad visible and
NIR sensitivity of the S3 state in the induction of the Split S; signal
remains compatible with either a ligand-centered or a Mn-centered
oxidation mechanism for the S,—Ss3 state transition, and the
involvement of Mn(IV) species is a possibility.

5. Conclusions

ModernThe Split Ss signal can be induced in PSII samples in the S3
state by illumination with NIR and visible light at 5 K. By comparing the
induction and decay characteristics of this signal both in the presence
and in the absence of pre-formed Q4 in the sample prior to split signal
inducing illumination, it was concluded that the Split S; signal formed
independent of P680-centered charge separation. In particular, it was
found that this was true not only for NIR illumination, but also for the
Split Sz signal induction using visible light. This was an unexpected and
novel finding. It suggests that for both visible and NIR illumination of S3
state samples at 5 K, charge separation originating from P680 is not
involved in the oxidation of the radical interacting with the CaMny4
cluster to give the Split S5 signal, namely Y7°. Rather, direct excitation
of Mn in the CaMny in the S5 state may operate even for the visible light
range, in the same manner as proposed for NIR illumination.

Particularly strong evidence for this was the lack of correspon-
dence between the amount of centers closed to P680-charge
separation due to the presence of Qa, and the intensity of the Split
Ss3 signal that could be induced. Even with ~70% of PSII centers in the
closed state prior to the induction of the split signal with visible light,
the Split S3 signal intensity only decreased by 10%. This could be
contrasted with the case of the Split S; signal, where a much better
correlation was observed. Furthermore, for the Ss state, the amount of
Qa reduction observed after split signal inducing illumination could
be completely accounted for by the electron donors Chl, Car and
Cytbssg, both in samples with or without pre-formed Qx . Again, this
indicates that Split S3 signal induction is independent of P680-
centered charge separation.

A stable g~5 signal was observed after the induction of the Split S3
signal, for both visible and NIR illumination regimes. This g~5 signal
has previously reported in the literature for NIR illumination of the S3
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state, and has been attributed to a S; — S} state transition due to the
oxidation of Yz to Yz* by an excited S; state CaMny cluster. The
observation of this g~5 signal even in samples illuminated with
visible light suggests that one and the same Mn-centered mechanism
operates for the induction of the Split S3 signal, regardless of the light
used.

We therefore propose that the Split S3 EPR signal, hence the Y;*
radical, is formed via excitation of a Mn ion, independent of the
wavelength of the inducing light in the range 415-900 nm. While this
has been thought to involve the excitation of a Mn(IIl) ion in the
CaMny cluster, a more careful consideration of the symmetry ligand
environment around the Mn ions in the CaMng4 cluster suggests that
either Mn(IIl) or Mn(IV) can be the light-sensitive species. Indeed,
considerations of the coupling between the constitutive Mn ions of
the cluster suggests that one should move beyond a localized
identification of a single absorbing ion, and factor in the more
complex electronic structure of the mixed-valent polynuclear com-
plex that the CaMny cluster is.
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