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The Mn4CaOs-cluster in Photosystem II advances through five oxidation states, Sy to S4, before water is oxidized
and O, is generated. The S,-state exhibits either a low-spin, S = 1/2 (S8,"5), or a high-spin state, S = 5/2 (S,"™).
Increasing the pH favors the S, configuration and mimics the formation of Tyrz- in the S,"5-state at lower pH
values (Boussac et al. Biochim. Biophys. Acta 1859 (2018) 342). Here, the temperature dependence of the S, to
S5 transition was studied by EPR spectroscopy at pH 8.6. The present data strengthened the involvement of $,"®
as a transient state in the S,"Tyrz- — $,"Tyr;- — S;Tyr; transition. Depending on the temperature, the S,"®
progresses to S; states exhibiting different EPR properties. One S3-state with a S = 3 signal, supposed to have a
structure with the water molecule normally inserted in S, to S; transition, can be formed at temperatures as low
as 77 K. This suggests that this water molecule is already bound in the S, state at pH 8.6. The nature of the EPR
invisible S; state, formed down to 4.2 K from a S,"® state, and that of the EPR detectable S, state formed down to
77 K are discussed. It is proposed that in the S, to S transition, at pH < 8.6, the proton release (Sugiura et al.
Biochim. Biophys. Acta 1859 (2018) 1259), the S, to S, conversion and the binding of the water molecule are

all triggered by the formation of Tyry-.

1. Introduction

The input of energy into the living world is provided by the oxy-
genic photosynthesis. Photosynthesis produces fibers, foods and fossil
fuels. Photosystem II (PSII), the water-oxidizing enzyme of the cyano-
bacteria, algae and higher plants, is at the heart of this process and it
energizes the atmosphere with O,. Photosystem II consists of 20 sub-
units with 17 trans-membrane and 3 extrinsic membrane proteins. The
PSII also binds 35 chlorophylls, 2 pheophytins, 2 hemes, 1 non-heme
iron, 2 plastoquinones (Qa and Qg), the Mn,CaOs cluster, 2 Cl™, 12
carotenoids and 25 lipids [1]. The light-induced electron transfer re-
actions start with the excitation of one of the chlorophylls of the an-
tennae upon the absorption of a photon. The excitation is then trans-
ferred to the photochemical trap which consists of four chlorophylls,
Pp1, Ppa, Chlpy, Chlps. A charge separation then occurs resulting ulti-
mately in the formation of the Chly, "Phep;~ and then in the
Pp; *Phep, ~ radical pair states, e.g. [2,3] for reviews. Then, Pp; ™"
oxidizes Tyryz, the Tyr161 of the D1 polypeptide, which in turn oxidizes

the Mn,CaOs cluster, e.g. [2] for a review. The electron on Phep; ™ is
then transferred to Q,, the primary quinone electron acceptor and then
to Qp, the second quinone electron acceptor. Whereas Q, can be only
singly reduced under normal conditions, Qg accepts two electrons and
two protons before to leave its binding site, e.g. [4-6] and references
therein.

The Mn4CaOs cluster is oxidized by the oxidized Tyr; following
each charge separation and cycles through five redox states denoted S,
where n stands for the number of stored oxidizing equivalents. The S;-
state is stable in the dark so that S; is the preponderant state upon dark-
adaptation. When the S4-state is formed, i.e. after the 3rd flash of light
given on dark-adapted PSII, the two water molecules bound to the
cluster are oxidized, the O, is released and the Sy-state is reformed, e.g.
[7-11] and references therein.

In the S;-state, the refined structure of the crystallographic X-ray
structure of the Mn,OsCa [1,11] is like a distorted chair including a p-
oxo-bridged cuboidal Mn3;04Ca unit with a fourth Mn attached to this
core structure via two [-oxo bridges involving 04 and O5 [1]. Although
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the structures of the Mn4OsCa cluster in the S,-state and Ss-state are
expected to be resolved soon with a similar accuracy, the published
structures [12,13] require improvements in S, 3-state homogeneity,
resolution and deconvolution. For the moment, the S, and S3 structures
rely in part on computations that are based on the X-ray free-electron
laser structure of the S;-state further restrained by data from X-ray
spectroscopy and EPR spectroscopy, e.g. [11,14-26] for a non-ex-
haustive list of recent computational works.

The S,-state exhibits, depending on the conditions, two different
EPR signals detectable at helium temperatures. The first one has a low
spin value S = 1/2, S,™5, characterized by a multiline signal made up of
at least 20 lines separated by approximately 80 gauss, centered at g ~
2.0 and spread over roughly 1800 gauss [27]. The second S,-state
configuration exhibits either a derivative-like signal centered at g ~ 4.1
[28,29] or more complex signals at lower magnetic fields, i.e. at higher
g values, all attributed to high-spin ground states, S, with § = 5/2,
e.g. [30,31]. ENDOR analysis and X-ray spectroscopy of the S,"S-state
indicate that the Mn,CaOs contains one Mn'™ ion and three Mn'V ions
[32,33].

From in silico works, it has been proposed that the S,"S-state and
S, state share almost the same coordination environment with the
Mn' ion located on Mn1 in the S,"S-state and on the Mn4 in the S,'S-
state. This valence swap from Mnl to Mn4 would also be associated
with a moving of the oxygen O5 from a position where it links the Mn4,
Mn3 and the Ca in the S, configuration to a position where it bridges
the Mn1, Mn3 and Ca ions in the S, configuration thus resulting in a
closed cubane structure [34]. These two configurations have been cal-
culated as almost isoenergetic [35] as this is experimentally observed
for the S, S-state and S,/'S-state [31,36].

The equilibrium between S, and S, has been recently shown to
be pH dependent [37], with a pK, ~ 8.3 for the native Mn,CaOs and a
pK, ~ 7.5 for Mn,SrOs. DFT results suggested that exchanging Ca with
Sr modifies the electronic structure of several titratable groups within
the active site, including groups that are not direct ligands to Ca/Sr, e.g.
W1/W2, D61, H332 and H337 [37].

The transition from the S,"S-state to states exhibiting high-spin EPR
signals can also be induced by near-infrared (NIR) illumination at
temperatures <150K [31,38,39]. This effect is due to absorption of the
IR light by the Mny-cluster itself but the photochemical process remains
to be fully understood. It has been however recently proposed from a
magnetic circular dichroism experiment that it could correspond to a
spin-flip within the d® configuration of the Mn'" ions in the cluster [40].
In a theoretical approach it has also been proposed [17] that NIR light
induces, in a first step, a spin crossover in the S, open configuration in
the Mn1™(1)-Mn2"V(})-Mn3"(})-Mn4"v(}) state resulting in an S, Hs
open configuration with a Mn1™(|)-Mn2"(1)-Mn3"(1)-Mn4" (1) spin
arrangement. In a second step, there would be a Mn1™/Mn4" into
Mn1"/Mn4™ exchange together with a shift of O5 closing the cube and
resulting into another S, configuration with the spin arrangement
Mn1V(1)-Mn2"V(1)-Mn3"(1)-Mn4"(}). This sequence would be in
agreement with the two different S, EPR signals induced depending
on the temperature at which the NIR illumination of plant PSII is given
[30]. Indeed, NIR illumination at T < 65K induces a state with the
main resonances at g ~ 10 and 6 whereas at T ~ 150 K it induces the g
~ 4.1 state. The resonances at g ~ 10 and 6, induced by NIR illumi-
nation at T < 65K, relaxes in the dark at 65K < T < 150K into the g
~ 4.1 state. A logical consequence would be that resonances at g ~ 10
and 6 correspond to the S,;™ open configuration with a Mn1™(|)-
Mn2"(1)-Mn3"(1)-Mn4'"V(}) spin arrangement whereas formation of
the g ~ 4.1 state with a closed configuration would only be possible at
higher temperatures since its formation requires a more important
structural rearrangement. All the states above which are populated by
NIR illumination are potential intermediate states in the S,"5 to S;
transition.

From its X-band cw-EPR spectrum the Ss-state has been shown to
have a spin S = 3 ground state [41]. A W-band and Q-band magnetic
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resonance spectroscopy study of this state showed that the four Mn ions
of the cluster exhibit a Mn'" formal oxidation state with an octahedral
ligation sphere in an open cubane structure [42].

In the Ss-state, both near-infrared and visible illumination at helium
temperatures result in the formation of a state exhibiting a split EPR
signal [43-45] in 30-40% of the centers [46]. To explain this ob-
servation, it has been proposed that a photo-activation process resulted
in the conversion of the Mn,CaOs cluster into a state able to oxidize
Tyrz and thus leading to the formation of a (SyTyrz+)’-state at the ex-
pense of the S3Tyr;-state [43]. However, the formation of the (S,Tyrz-)’
split signal is not accompanied by a decrease of the S = 3 S3 signal
amplitude, e.g. [47], suggesting that the near-infrared photochemistry
and the formation of the S = 3 signal does not occur in the same cen-
ters. Importantly, the action spectrum of the NIR effect is similar in S,
and S3 [39]. The NIR-induced conversion S3Tyrz — (SZHSTyrZ-)’ at4.2K
suggests that these two states share structural similarities, e.g. [48], and
it has been proposed that in S3 the NIR light excites a d-d transition in a
five-coordinated Mn4'V [49].

In addition to the oxidation of the Mn4CaOs cluster in the S, to S3
transition a proton is released into the bulk and a water molecule is
proposed to bind to the Mnl by different ways, e.g
[10,12,13,16,21,22,42,50-53]. All these make this transition very
complex and it remains a major subject of debates, see [11] for an
extensive discussion. For example, it has been proposed that only the
S,MS_state was able to give an electron to Tyrz- and therefore to pro-
gress to the Ss-state. In this model, the S, form of S, had therefore to
be converted into the S, form in order to advance [24,54]. Always in
this model, the S, to S,™ conversion would be triggered by the for-
mation of Tyrz+ which would reorient of the dipole moment of the
Mn,CaOs cluster such that the locus of negative charge becomes di-
rected towards W1, that is bound to Mn4, and its hydrogen bonding
partner, D1-Asp61, resulting into the deprotonation of W1 [54]. Two
experimental results support this model. Firstly, the kinetics of the
proton release in the S, to S3 transition is much faster [55-57], see
however [58], than the electron transfer in the SstTyrZ- — S3Tyrz
transition and very likely occurs in the Sy"Tyry- — S;™STyr,- inter-
mediate step before the S;"Tyr;- — SsTyr, transition happens [57].
Secondly, the temperature threshold at which the S, to S; transition is
blocked at pH 6.5, that is = 230-240K [59], corresponds to the tem-
perature at which the S,"5Tyr; to S,"STyr; transition is inhibited at high
pH [47], a situation supposed to be close to that for S,"STyr;- to
SZHSTyrZ- at pH6.5 [57]. However, in contrast to the model above,
Siegbahn rejected the closed cubane structure as an intermediate form
in the S, to S; transition while suggesting instead that a high-spin
configuration with an open cubane structure could be a transient state
upon Tyr; oxidation [16].

In a DFT approach [34,35] the energy difference between the closed
and open cubane configurations in S, has been calculated to be small.
The closed cubane S, structure with a newly coordinated water mole-
cule near the Mn4 site was also calculated more stable than the open
cubane S, structure with a newly coordinated water molecule on the
Mnl site [60,61]. In contrast, in another computational work [16], the
new water molecule is proposed to bind to Mn1 in a S, state with an
open configuration at low pH values.

In the present work, the S, to S; transition has been further in-
vestigated, in relation with the different structures proposed for both
S, and S, by following the temperature dependence of the S, to Sy
transition by EPR spectroscopy.

2. Materials and methods
2.1. Photosystem II preparation
Photosystem II was purified from a Thermosynechococcus elongatus

ApsbA;ApsbA, deletion mutant that had a Hise-tag on the carboxy ter-
minus of CP43 as previously described [62]. The purified PSII were
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suspended in 1 M betaine, 15mM CaCl,, 15 mM MgCl,, 40 mM MES,
pH 6.5, then frozen in liquid nitrogen until use. For varying the pH
values, PSII samples were washed by cycles of dilutions in 1 M betaine,
15mM CaCl,, 15 mM MgCl,, followed by concentration using Amicon
Ultra-15 centrifugal filter units (cut-off 100 kDa) until the estimated
residual MES concentration was smaller than 1 uM. PSII samples were
then loaded in the dark into quartz EPR tubes at 1.1 mg of Chl mL™*!
and dark-adapted for 1 h at room temperature. The samples were then
synchronized in the S;-state with one pre-flash [63] given at room
temperature. After a further 1 h dark-adaptation at room temperature
the pH was adjusted to 8.6 by adding 100 mM], final concentration, of
TAPS. This pH value was chosen because the EPR signals remain es-
sentially unaffected until pH 9.0 and at pH 8.6 the high spin content is
almost maximal [37]. After a further incubation in darkness for ~ 1 min
at pH 8.6, the samples were frozen in the dark to 198 K. Prior to the
recording of the first EPR spectrum, samples were degassed by pumping
(~ 10~ *bar) at 198K, filled with helium gas and the EPR tubes were
then transferred into liquid nitrogen. All sample handling was done in
darkness. When indicated, 0.5 mM PPBQ dissolved in dimethyl sulf-
oxide were added before the addition of TAPS.

2.2. EPR spectroscopy

X-band cw-EPR spectra were recorded with a Bruker Elexsys 500 X-
band spectrometer equipped with a standard ER 4102 (Bruker) X-band
resonator, a Bruker teslameter, an Oxford Instruments cryostat (ESR
900) and an Oxford ITC504 temperature controller. Flash illumination
at room temperature was provided by a neodymium:yttrium-aluminum
garnet (Nd:YAG) laser (532 nm, 550 mJ, 8 ns Spectra Physics GCR-230-
10). Illumination at 198 K with visible light was done in a non-silvered
Dewar filled with ethanol cooled with dry ice for approximately 5-10s
with a 800 W tungsten lamp filtered by water and infrared cut-off fil-
ters. For illumination at 77 K, the non-silvered Dewar was filled with
liquid N,. [lluminations at temperatures between 77 K and 198 K, were
done in a nitrogen gas flow system (Bruker, B-VT-1000). Illumination at
4.2K was done in the EPR cavity using a low-voltage halogen lamp
(24V, 250 W, Philips Type 13163) filtered by water and infrared cut-off
filters. Near infrared (NIR) illumination was provided by a laser diode
emitting at 813 nm (Coherent, diode S-81-1000C) with a power of
600-700 mW at the level of the sample. When mentioned, a warming of
the samples was done in total darkness by plunging the EPR tubes in an
ethanol bath at room temperature. Then, after approximately 5s the
PSII were refrozen as described above for dark-adapted samples.

3. Results

Firstly, control EPR experiments are reported in Figs. 1 to 4. Fig. 1
shows the results of either a one-flash illumination (Panels A and B) or a
two-flash illumination (Panels C and D) given at room temperature to
PSII samples at pH 8.6 in the absence of an added electron acceptor. The
EPR spectra were recorded at either 4.2K (Panels A and C) or 8.6 K
(Panels B and D). Spectra a (in black) were recorded in dark-adapted
samples and spectra b (in red) were recorded after the flash illumina-
tion. Spectra c (in blue) are the light-minus-dark difference spectra.

As previously reported [37], at pH 8.6 the one-flash illumination
resulted in the formation of a S,"S-state characterized by an EPR signal
centered at g ~ 4.75 (turning point at ~ 1425 gauss) in the great ma-
jority of PSII centers. The S,™ signal was detectable at both 4.2K and
8.6 K (Panels A and C). The S,-state in a low spin configuration (S,19)
and characterized by a multiline signal observable at 8.6 K and centered
at g ~ 2 (~ 3400 gauss) was detected in a small minority of centers
(Panel C). Upon the one-flash illumination, a broad signal at g ~ 1.6 (~
4160 gauss) and a sharp peak at g ~ 2.004, better seen at 4.2 K, were
also induced. These features originate from the biradical Qa Fe?™Qp~
magnetically coupled to the Fe2* [5]. In our PSII samples, in the ab-
sence of an added artificial acceptor, Qg is present in approximately
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half of the dark-adapted centers at pH 6.5 after a one hour dark-adap-
tation [4,6]. In spectra a, the Fe>*Qy~ spin state exhibits the broad
small signal between 3600 and 4800 gauss [5]. The detection of a
Qa Fe?TQp~ signal after a one flash-illumination and a two flash-il-
lumination indicates that at pH8.6 either one or both reactions
Qa Fe?TQp™ — QaFe? T Qp2~ — QuFe?+Qp + QpH, are less efficient
than at lower pH values. In agreement with this observation, the
Qa Fe?" Qg signal has been shown to increase at high pH values in an
experiment in which the samples were first illuminated at 198 K before
being warmed to room temperature [37]. Finally, small negative signals
were detected at g ~ 5.65 (~ 1200 gauss) and g ~ 7.5 (~ 900 gauss).
These negative signals indicate that the non-heme iron was oxidized in
a minor fraction of dark-adapted PSII samples and reduced by the flash
illuminations as previously observed [6].

After illumination by two flashes (Panels B and D) the most intense
feature of the S; signal at g ~ 10 (~ 680 gauss) [41] was detected at
both 4.2K and 8.6 K. Except the feature of the S; signal at 2300-2400
gauss which was also detected in Panel B and D, the other spectral
signatures of the Ss-state were masked by the quinone signals, larger
after 2 flashes than after one flash, and also by the S, signal because
of the inevitable misses in flash experiments.

The presence of Qg™ in a large fraction of centers together with a
possible lower efficiency of the Qa Fe?*Qp~ — QaFe**Qp?™ —
QaFe®* Qg + QpH, reactions at pH 8.6 prompted us to use an artificial
electron acceptor in some experiments (vide infra). However, while the
addition of an electron acceptor may increase the efficiency of multiple
turnovers, it also increases the proportion of centers with an oxidized
non-heme iron which gives an EPR signal that contributes to the EPR
spectra [6,64]. The effect of the presence of PPBQ was tested at pH 8.6
in the experiment reported in Fig. 2. The spectra were recorded at 4.2 K
(Panel A) and at 8.6 K (Panel B) in dark-adapted PSII samples (spectra a,
black), after continuous illumination with visible light at 198 K (spectra
b, red) and after warming for a few seconds at room temperature
(spectra c, blue). Spectra d (green) and e (magenta) are the difference
spectra b-minus-a and c-minus-a, respectively. As expected, no con-
tribution from Fe?*Qp~ is present in the dark spectra. Instead, the
oxidized non-heme iron signal (g ~ 5.65 and g ~ 7.5) was larger than in
the absence of PPBQ. As previously reported [37], the 198 K illumi-
nation induced the formation of the S, signal (spectra b and d) and no
S, Hs signal was detected. At 4.2 K, the multiline signal in the S, S-state
is saturated with the microwave power used and is therefore hardly
detectable. The oxidized non-heme iron was reduced in the centers in
which it was oxidized prior to the illumination and in the other centers
the QA_Fe2+ signal at g ~ 1.90 (~ 3570 gauss) was induced [6]. The
signal at g ~ 1.6 has no clear origin here except if we assume that two
turnovers may occur under the short continuous illumination at 198 K.
However, this does not seem the case because no oxidation of Cytbsso/
Car/Chl/Tyrp was observed (not shown but this is clear for Cytbssg in
panel B) and no S; signal was induced (this is clear in spectra d). A
double transition from Sy to S is also very unlikely because of the pre-
flash protocol. Upon the warming of the sample (Fig. 2, spectra c and e),
most of the centers in the S, configuration were converted into cen-
ters with a S, configuration as seen earlier for samples at this pH
[371], thus showing no unexpected effect of PPBQ on this S, to S,/
conversion. The only effect of PPBQ upon the warming of the sample
was a re-oxidation of the reduced quinones and consequently the re-
oxidation of the non-heme iron by the PPBQ~ formed [64].

The effect of NIR illumination at pH 8.6 was monitored both in the
S, state and Ss-state (Fig. 3). Spectrum a (in red) in Panel A was re-
corded at 4.2 K after 1 flash given at room temperature, i.e. in PSII with
the great majority of centers in the S," configuration, see above and
[37]. Spectrum b (in green) was recorded after a further NIR illumi-
nation given at 4.2 K. Spectrum c (in blue) is the difference spectrum b-
minus-a, i.e. after-minus-before NIR illumination. Two observations can
be made. Firstly, the NIR illumination induced the formation of a very
small split signal around the g = 2 region (with peak and trough at
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Fig. 1. EPR spectra at pH 8.6 recorded at 4.2 K (Panels A and B) and at 8.6 K (Panels C and D). The black spectra were recorded in dark-adapted PSII. The red spectra
were recorded after one flash given at room temperature in Panels A and C and after two flashes given at room temperature in Panels B and D. The blue spectra are
the “light”-minus-“dark” difference spectra i.e. the spectra recorded after the flash illuminations minus spectra recorded in the dark-adapted PSII. Instrument settings:
[Chl] = 1.1mg - ml~%; modulation amplitude, 25 G; microwave power, 20 mW; microwave frequency, 9.4 GHz; modulation frequency, 100 kHz. The unresolved
spectral region at g = 2 corresponds to the saturated signal from Tyrp-. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

3304 and 3476 gauss, respectively), very likely originating from the
NIR conversion of the residual S,"-state into a S Tyrz--state, as pre-
viously observed for such an illumination at 4.2 K [43,44,65]. However,
the shape of this split signal observed here at pH 8.6 differs slightly
from that observed at lower pH values [65]. Secondly, the major effect
was an unexpected full conversion of the S, signal into another S,
signal, which we will call $,7". The difference signal “after NIR-minus-0
flash” is shown in Panel B (spectrum d) with an expanded magnetic
field scale and is compared to the S,™ signal observed in the V185T
mutant [57] (spectrum e). The two spectra are remarkably similar thus
suggesting a similar geometry for the Mn4CaOs cluster in the S,"%-state
at pH 8.6 in the PsbA3-PSII and the S,"S-state at pH 6.5 in the V185T-
PSII.

Because of the great sensitivity of the S,"S-state to the NIR light
reported here (Fig. 3), it was not possible to monitor the effect of such a
NIR illumination in the Ss-state generated by 2 flashes. Indeed, under
these conditions there is a proportion of PSII in the S,™ configuration
which remains present due to the photochemical misses (see Fig. 1B and
D). To get around this problem, an experiment similar to that reported
previously, in which the sample was subjected to a 198 K illumination
and then to a series of warmings to room temperature and re-illumi-
nations at 198 K [37], was carried out. Spectra in Fig. 4 were recorded
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at 4.2K and the spectrum a (in black) was recorded from a dark-
adapted sample, i.e. in the S;-state. Spectrum b (in red) was recorded in
a sample that was first illuminated at 198 K and then underwent four
cycles of warming to room temperature followed by re-illumination at
198 K. Spectrum b exhibits the major feature of the S; signal at g ~ 10,
that we designate here, S5°~3, and a small residual proportion of S;'S
signal that was much less intense than after the 2-flash illumination as
seen in Fig. 1B. Spectrum c (in blue) was then recorded after a NIR
illumination at 4.2K. The difference spectrum after-minus-before the
NIR illumination (spectrum d, in green) exhibits an intense split signal
and a low-field signal with a turning point at g ~ 4.2 (~ 1630 gauss).
This low-field signal appeared free from contributions of the S,
signal. Both the split signal and the low-field signal were hardly af-
fected by the pH value between 5.5 and 7.5 (not shown but see [45] for
the shape of the signal in this pH range) with, for the low-field signal, a
turning point at g ~ 4.5 (~ 1520 gauss) and peak and trough positions
at g ~ 5.3 and g ~ 4.0, respectively (not shown). The data in Fig. 4
shows that at pH 8.6 the NIR-induced signal in the Ss-state had a low
field feature slightly modified with a turning point at g ~ 4.2 (~ 1630
gauss) and peak and trough positions at g ~ 4.6 and g ~ 3.7, respec-
tively. In contrast, the split signal induced at pH 8.6 appeared very si-
milar to the split signal induced at lower pH values. The spectra
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Fig. 2. EPR spectra at pH 8.6 recorded
at 4.2K (Panel A) and at 8.6 K (Panel
1.5 B). Spectra a were recorded on dark-
' adapted PSII; Spectra b were recorded
after continuous white light illumina-
tion at 198 K; Spectra ¢ were recorded
after a further warming at room tem-
perature of the sample. Spectra d and e
are the difference spectra spectrum b-
minus-spectrum a and spectrum c-
minus-spectrum a, respectively. Same
instrument settings as in Fig. 1.
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reported above also show that the quinone signal also appeared to be
slightly sensitive to the NIR illumination (see also Fig. 3A). This effect,
sometimes observed, will be investigated in a future work. The im-
portant point is that it will not affect the conclusions concerning the
EPR of the Mn,CaOs cluster that will be drawn from the present study
since similar results were observed in the presence of PPBQ (not
shown). In the light of the results in Figs. 1 to 4, we are now able to
study the temperature dependence of the S,™™ to S transition.

The study of the S, to S5 transition was done in the absence of
PPBQ in order to get spectra free from contribution of the oxidized non-
heme iron. The samples were first illuminated at 198K to induce the
S, S-state. Then, the S,"S-state was converted into the S,S-state by a
brief warming of the sample, as in Fig. 2. The EPR spectra of the
warmed samples were recorded before and after a second illumination
with visible light at different temperatures from 198K to 4.2 K. Fig. 5
shows these difference spectra after-minus-before the second illumina-
tion given at 198K (a), 120K (b), 105K (c), 77 K (d). When the second
illumination was given at 198K (a) all the S,™™ disappeared and the
S55=3 signal was formed, see also [37,47]. When the temperature was
decreased, the proportion of centers in which the S,” disappeared
(signal centered at 1413 gauss) progressively decreased and the S55=2
signal formed (g ~ 10, ~ 630 gauss) also decreased, becoming very
small, although still detectable, at 77 K. The complication in the blue
spectrum is that the negative signal between 600 and 1000 gauss due to
the reduction of the non-heme iron signal was not negligible (despite
the absence of PPBQ) when compared to the light-induced S5°=3 signal.
The smaller amplitude of both the S;5=2 signal and the negative S,"S
signal below 120K could be due to a weaker efficiency of the charge
separation since the quinone signals (g ~ 1.6) also significantly de-
creased. However, the important point here is that the S,"*-state can
progress, at least in a proportion of centers, at 105 K and probably until
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77 K, to a state that exhibits a similar feature to that observed in the
EPR signal of the S;°~3-state generated by 2 flashes at room tempera-
ture. When the second illumination was performed at 77 K (d, blue
spectrum) a small split signal seemed to be also induced (peak at g ~
2.06, ~ 3290 gauss and trough at g ~ 1.95, ~ 3476 gauss). This will be
discussed later on in this section.

The effects of an illumination of the S,/S-state were further in-
vestigated down to 4.2 K. In this experiment, PPBQ was added in order
to have the acceptor side fully oxidized at the beginning of the ex-
periment. Similar results were however obtained in the absence of
PPBQ (not shown). Fig. 6 shows difference spectra recorded at 4.2K
and obtained by subtracting the spectrum previously recorded in the
dark-adapted sample from that recorded after each of the steps. Spec-
trum a (in black) shows the changes induced by the 198 K illumination
previously described in Fig. 2, with the formation of the quinone signals
and the negative non-heme iron signal. Spectrum b (in red) shows the
effects of the warming of the sample, i.e. the conversion of the S,5-
state, which is not detected at 4.2K, into the S,"S-state, which is de-
tectable at 4.2 K. The warming also allowed the PPBQ to re-oxidize the
reduced quinones and consequently the non-heme iron to be re-oxi-
dized by the PPBQ~ formed. The sample was then illuminated by
visible light at 4.2 K directly in the EPR cavity (c, blue spectrum). Two
observations can be made. Firstly, the non-heme iron was reduced in
the centers in which it was oxidized prior to the 4.2 K illumination and,
in the other centers, the illumination induced a small increase of the
quinone signal. Secondly, more than half of the S," signal disappeared
and a split signal appeared. Thirdly, no S5~ signal was detected after
the 4.2K illumination. Several possibilities can be invoked to explain
these results. In one hand, the illumination with visible light at 4.2K
results in an SZHSTyrZ — SzﬂsTyrZ- transition that would explain the
formation of the split signal and the decrease of the S,™ signal. On the
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Fig. 3. EPR spectra at pH 8.6 recorded at 4.2K. In Panel A, spectrum a was
recorded after a warming of the sample at room temperature following the il-
lumination at 198 K, spectrum b was recorded after a further NIR illumination
at 4.2 K and spectrum c is the difference spectrum spectrum b-minus-spectrum a.
Spectrum d in Panel B is the difference spectrum spectrum b-minus-the dark
spectrum (i.e. spectrum a in Fig. 2A). Spectrum e in Panel B is the S, signal at
pH 6.5 in the V185T mutant [57]. Same instrument settings as in Fig. 1.

other hand, a sequence with two events could explain these observa-
tions with first of all the formation of the EPR invisible S;-state, S5,
and subsequently the formation of a (SyTyrz-)’-state, responsible for the
split signal, at the expense of the S;™-state, as previously demonstrated
at lower pH values in different PSII from plant and from a cyano-
bacterium (see the introduction section). A careful examination of
spectrum c indicates a small negative feature at around 2000 gauss.
This feature perfectly matches the S, signal induced by NIR-illumi-
nation of the S,™S-state (see Fig. 3B). This suggests that the S, 5-state is
very likely also directly sensitive to the visible light in addition to its
sensitivity to the NIR light. After a dark period (~ 10-20 min) at 4.2K
following the 4.2 K illumination, a new spectrum was recorded (d, in
green). In spectrum d most of the split signal detected in spectrum c had
disappeared. In contrast, the amplitude of both the low-field signals and
the quinone signals remained almost unaffected. This observation ar-
gues against the reformation of the S,"STyr,-state present prior to the
4.2K illumination from an S,Tyrz--state in a charge recombination
process since, in the case of the charge recombination, the S, signal
would be larger in spectrum d than in spectrum c¢ and the quinone
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Fig. 4. EPR spectra at pH 8.6 recorded at 4.2 K. Spectrum a was recorded on a
dark-adapted sample. Spectrum b was recorded in a sample that was first il-
luminated at 198K and then underwent four cycles of warming to room tem-
perature followed by re-illumination at 198 K. Spectrum ¢ was recorded after a
further NIR illumination at 4.2 K. Spectrum d is the difference spectrum spec-
trum c-minus-spectrum a. Same instrument settings as in Fig. 1.

signals would be smaller in spectrum d than in spectrum c.

Finally, a spectrum was recorded under NIR light (e, magenta). The
negative signal at 2000 gauss belonging to S, signal increased at the
expense of the remaining S,™ signal as described in Fig. 3A and, more
importantly, the split signal reappeared. This observation indicates that
the S;™-state was formed by the previous 4.2K illumination in a
fraction of centers. In other words, we can conclude that the S;™-state,
from which both NIR illumination and visible illumination can generate
a (SyTyrz-) split signal, can be formed from the S,"S-state at tem-
peratures down to 4.2 K.

The spectrum of the NIR-induced state in Fig. 6 (spectrum e, ma-
genta) was recorded under NIR illumination and not after the NIR il-
lumination. This was necessary because we observed that the split
signal induced by NIR illumination was not stable and decayed in the
dark, in contrast to the situation in a 2-flash sample. The possibility that
the SZHSTyrZ—>ngVTyrZ—>(SzTyrZ-)’ also occurs at higher tempera-
tures but with a shorter lifetime than at low temperatures for the
(SoTyrz+)’-state cannot be discarded. In fact, this would explain why a
split signal was detected up to 77 K but not above where the decay
would be too fast (spectrum d in Fig. 5).

The last point investigated in the present study was which of the two
high-spin states, S, or $,7'%, is able to progress to the S;™-state, in a
proportion of centers, when white light illumination is given at 4.2 K?
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Fig. 5. EPR spectra at pH 8.6 recorded at 8.6 K. The sample was first illumi-
nated at 198 K, then warmed a few seconds at room temperature and a second
illumination at 198 K was given. The spectra shown are the difference spectra
after-minus-before the second illumination given at 198K (a), or 120K (b), or
105K (c) or 77 K (d). Same instrument settings as in Fig. 1.

Two sequences of events could be proposed: either i) a direct oxidation
of the S,"S-state, S,"5—S;™, or ii) a two-step sequence, S,
$,1% —8,™ in which a photochemical event at the level of the
Mn,4CaOs cluster occurs first before the cluster is oxidized. Since the
illumination at 4.2 K with both NIR light and visible light converts the
S, state into the S, -state, it is impossible to conceive of a sequence
of illuminations that would avoid the formation of the S,"%-state as a
possible intermediate state. However, the experiment reported in Fig. 7
allows us to determine whether the S, -state can be an intermediate
state between the S,"S-state and the S;™-state or not. Panel A in Fig. 7
shows the spectra recorded at 4.2 K. Panel B shows the “spectrum from
each successive treatment step-minus-dark” difference spectra obtained
by subtracting the spectrum in the dark-adapted state (i.e. spectrum a in
Panel A) from the spectra b to f in panel A. Panel C shows difference
spectra in which successive spectra in Panel A are subtracted from each
other, i.e. b-minus-a, c-minus-b, etc... Spectra b (in red) corresponds to
the sample illuminated by 1 flash at room temperature in the presence
of PPBQ, see Fig. 3A for a similar experiment. Spectra c¢ (in blue) show
the effect of NIR illumination at 4.2 K after the illumination by 1 flash.
This NIR illumination, as explained above in Fig. 3A, converted the
S,MS.state into a S,"-state. The sample was then further illuminated
with visible light at 4.2 K. Spectra d (in magenta) were recorded under
this white light illumination, and not after, for the reasons mentioned
above, i.e. the light-induced signal was not stable and decayed back in
the dark at 4.2K. In spectra d, a large split signal was observed. In

514

BBA - Bioenergetics 1860 (2019) 508-518

g value

3 25

108 65 4

2.0 1.5

0 1000 2000 3000 4000

Magnetic Field (gauss)

Fig. 6. EPR spectra at pH8.6 recorded at 4.2K. All spectra are difference
spectra obtained by subtracting the spectrum previously recorded in the dark-
adapted sample from that recorded after each of the steps. Spectrum a was
recorded after an illumination at 198 K. Spectrum b was recorded after the
warming of the sample. Spectrum ¢ was recorded after a further white light
illumination given at 4.2K. Spectrum d was recorded after a dark-period
(10-20 min) at 4.2 K. Spectrum e was recorded after a further NIR illumination
at 4.2 K. Same instrument settings as in Fig. 1.

addition, the S,"-state disappeared (clearly visible in Panel C) and
again no S35 signal was detected. The electron acceptor was mainly
the oxidized non-heme iron. Spectra e (in green) were obtained after
incubation for a few seconds in the dark at 198 K. The split signal
disappeared but the low-field signals remained unaffected although a
careful inspection the spectrum in Panel C suggests that the signal at
low-field that accompanied the split signal also disappeared. Then, the
split signal could be re-induced by a NIR illumination at 4.2K (spec-
trum f, in dark blue). Although this experiment is unable to tell us if the
S,MS_state can progress directly to the S;™-state at 4.2 K, it shows un-
ambiguously that the S,"%-state is able to do so.

4. Discussion

At pH values where the S,"S-state is the dominant state, it has been
previously established that below 230K the S,"S-state cannot progress
beyond the SstTyrZ-—state, a state that exhibits a split EPR signal, e.g.
[37]. It has been shown [57] that the ;5= signal is very similar, if not
identical, in WT/Ca, WT/Sr, V185T/Ca and V185T/Sr i.e. four condi-
tions in which the S,-state exhibits different S,5, different S,™ and
different proportions of these two spin states. Therefore, since in WT/
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Fig. 7. EPR spectra at pH 8.6 at 4.2 K. Panel A shows the spectra recorded after each of the steps. Panel B shows the “the spectrum from each successive treatment
step-minus-dark” difference spectra obtained by subtracting the spectrum in the dark-adapted state (i.e. spectrum a in Panel A) from the spectra b to f in panel A. Panel
C shows difference spectra in which successive spectra in Panel A are subtracted from each other, i.e. b-minus-a, c-minus-b, etc. Spectra b corresponds to the sample
illuminated by 1 flash at room temperature. Spectra ¢ show the effect of a further NIR illumination given at 4.2 K. Spectra d were recorded under this white light
illumination. Spectra e were obtained after incubation for a few seconds in the dark at 198 K. Spectrum f were recorded after a new NIR illumination at 4.2 K. Same

instrument as in Fig. 1. Each panel have a different vertical scale.

Ca-PSII the starting and final states i.e. S, and S5°=3, respectively, are
the same at low pH and high pH values, it seems likely that the changes
observed depending on the pH value correspond to the trapping of in-
termediate states at different steps of the S, to S5°=2 transition. The
EPR measurements in the present study focus on the light and tem-
perature dependence of the S, to S; transition in T. elongatus PSII where
the S,"S-state is the main S, configuration, i.e. at pH 8.6. This situation
is expected to mimic the formation of Tyrz- in the Sy-state at lower pH
values [37]. Several observations have been made.

Firstly, the S,"S-state is sensitive to both NIR light and visible light,
converting it at 4.2 K into a S,"5-state that exhibits a slightly different
EPR signal. Secondly, visible light illumination at 77 K advances the
S,MS.state, in a fraction of centers, into a state exhibiting an EPR signal
similar to that recorded after 2 flashes at room temperature, i.e. very
likely into another S;5=2 state. Thirdly, in another proportion of cen-
ters, visible light illumination at 77 K advances the S, state to form an
Ss-state that lacks an EPR signal, S5™, and this still occurs down to
4.2 K. Fourthly, this S3™-state formed at 4.2K is sensitive to both NIR
and visible light, being converted into an (S,Tyrz-)’-state, which ex-
hibits a split EPR signal very similar, although not identical, to the split
signal induced by NIR light in the S;™-state at pH 6.5 formed by two
flashes at room temperature [45]. The (SyTyrz-)’signal formed under
these conditions is not stable at 4.2 K and decays back to the S5™-state,
in contrast to the behavior of the similar signal in the two-flash sample
at pH 6.5. Fifthly, upon illumination at 4.2 K, S, can progress directly
to the S;™-state so that it is not possible to determine whether the
photo-conversion of the S,/ into the S;™ occurs directly or via the
S," intermediate. Given the considerable number of computational
approaches concerning the S, to S transition in the recent years, it is
outside the scope of the present work to discuss all of them, see [11] for
a more extensive review. Therefore, only major points will be discussed
in view of several structural events occurring in this transition that are
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the preloading of water, the binding of water to the cluster, deproto-
nation steps and possible structural changes in the cluster.

Two of the issues under discussion are i) is an S,''S-state an (ob-
ligatory) intermediate state in the S, to S3 transition and ii) what is the
structure of this S,"S-state, i.e. open versus closed cubane configuration?
In a recent work, Siegbahn [16] has revisited his previous publications
and is now proposing that after the release of one proton from W1,
following the oxidation of Tyry, a series of intermediate reactions would
result in a S, configuration with W3(OH™) bound on Mnl and
W2(OH ™) and W1(H,0) bound to Mn4 and that this S, intermediate is
likely high-spin. However, in the same work [16], it is argued that a
closed configuration is never involved in the S, to S; transition. So,
there is still a contradiction with works in which the closed config-
uration is proposed to be the only one able to give an electron to Tyrz-,
e.g. [17,24,35,54]. Starting from a closed configuration in S, to arrive in
an S; open configuration with a new water bound on Mn1 has been
proposed to occur, at room temperature, via either a pivot [49] or
carousel [22] mechanism involving the water molecules bound to the
Mn4. However, such mechanisms have also been rule out for energetic
reasons in [16].

In several computational studies the S;-state may exhibit several
configurations in equilibrium at room temperature, e.g. [50], and 3 of
them have been discussed in detail, e.g. [11]. The main one, derived
from the study of the S = 3 EPR signal [42] and designated either S;AW
in [11], or (R)-opened hydroxide in [18,50], is the S; configuration
reached by two flashes at room temperature with an open configura-
tion, a new water (OH™) bound on Mnl, a di-p-oxo bridge between
Mn3 and Mn4 and W1(OH ™) and W, (H>0) bound to Mn4. It seems
rather unlikely that such a structure could be reached at temperatures
as low as 77 K from a S,™™ closed configuration as that one described in
[34] due to the large structural reorganization which would be re-
quired. A second S3 configuration, noted $:5Win [11], in equilibrium at
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room temperature with S;*%, has also been proposed. This structure
has a closed configuration with only O4 bridging Mn3 and Mn4 and 3
water molecules bound to Mn4, W,..(H>0), W1(OH ™), W2(OH ™). It is
moreover proposed that such a structure is expected to exhibita S = 3
signal very similar to that from S;™W [11], in cw-EPR. Therefore, it
seems possible that the S;®" state corresponds to the EPR signal de-
tected at g ~ 10 upon 77 K illumination of the S,™S-state. However,
although the structural changes in this model are less than those re-
quired to form the S5 state when the starting state is a S,"5-state as
defined in [34], a new water molecule should nevertheless bind to Mn4
and this also seems rather unlikely at 77 K. Alternatively, it is possible
that W,y was already bound to Mn4 in the S,"S-state at pH 8.6. It was
indeed already shown that the proton that is released in the S, to S3
transition at pH 6.5, is very likely released in the S;"5Tyr;- — S,"5Tyr,-
step, i.e. in the S, — S, transition induced by Tyry-, and that in-
creasing the pH to 8.6 had a similar effect to the oxidation of Tyrz [37].
So, it can be proposed that the high pH also favors the binding of Wy
to Mn4 after (or concomitantly to) the release of one proton from W1.
This would be in agreement with an FTIR study in which the movement
of a water molecule located near Tyrz- and to the Mn,CaOs cluster was
observed before the electron transfer occurred [58]. In DFT [52] and
QM/MM studies [48], the additional water molecule has also been
proposed to bind to the Mn4 in a transient closed configuration of the
cluster in the S;Tyr,- state. In another QM/MM study [22] the insertion
of the new water molecule in the S, to S; transition also occurs in a
closed configuration. However, in this work [22], the final S; state
remains in a closed configuration which is difficult to reconcile with the
model proposed here.

An L-opened oxo structure with a 05-06 distance equal to 2.43 A
and with a valence +4 for the 4 Mn has been also proposed to be EPR
active with a spin S = 3 [18,50]. As in this structure the new water
molecule is bound to Mn1 this would imply with the same reasoning as
above that it is already bound in the S," state at high pH. In the
computational approach done by Siegbahn [16] where there is no
closed configuration involved in the S, to S; transition, the water mo-
lecule (W3 coming from the Ca site in this model) is already bound to
Mnl in the S,™-state even at low pH values. In such a model, the S;
state induced at 77 K from the S,"° state at pH 8.6 would be similar to
that induced by two flashes at room temperature if we except probable
small structural rearrangement around the cluster which are not pos-
sible at 77 K and which would be likely at the origin of the lower ef-
ficiency.

Experimentally, two transient states have been observed at 150 us
and 400 s by XFEL spectroscopy after a flash given on PSII in the S,"S
state ie. in the time-range where the electron transfer from the
Mn,CaOs cluster to Tyrz+ occurs [13]. At 150 ps, i.e. much after the
proton release (t;,» = 30 s, [57]1), Mnl would move away from Mn4
by 0.2A. Then, at 400 ps, Ox becomes visible as a ligand to the Mn1
open coordination site with Ox being previously the W3 bound to Ca®*.
In computational works [18,50], a R-opened oxo intermediate with the
intermediate 05-06 distance equal to 2.21 A and a + 4 valence for the 4
Mn has been proposed to also be EPR active with a spin S = 3. Such a
structure could be similar to that proposed in [13] for the structure
detected at 400 ps. Although such intermediate could indeed exist, at
400 ps the S, to S3 transition is fully completed in more than half of the
centers and the detection of the intermediate states discussed here
would require a measurement at times much shorter than 150 ps, i.e.
when the great majority of centers are still in the S;Tyrz- state.

In the model proposed in [11] the Mn hyperfine coupling constants
should differ in the S5®" and S;*" something that could deserve to be
studied in future by redoing the >Mn-EDNMR measurements as in [42]
on the S3°=3 signal generated at low temperature. The g value (~ 4.5)
of the S, signal at pH 8.6 slightly differs from the S,™ signal (~ 4.1)
previously simulated [34] and such a modification could result from the
binding of Wy on Mn4 at pH 8.6. Testing this hypothesis by >>Mn-
EDNMR measurements is however not possible because the S, EPR
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signal has too fast relaxation properties. Vibrational spectroscopies like
FTIR could be an alternative approach.

The S;™-state which is NIR sensitive can be formed down to 4.2 K.
If we refer again to the model in [11], this state would be analogous to
the S3® state, described as possibly EPR silent, in which there is a closed
cubane with W, not yet bound. Of the three S; structures, S5»"%, S55W
and S35, the latter is the closest to the S, simulated structure [34]. So,
this would not be surprising that the S,"Tyr,+ — S3PTyr; reaction may
occur until 4.2 K since the proton is already released during the S;"S to
S,MS transition induced by increasing the pH. A Ss-state with a five-
coordinated Mn4"¥ has been estimated as probably too high in energy to
be involved in the S, to S; transition [66]. However, it remains un-
certain if such conclusion could be affected by talking into account all
the amino residues surrounding the cluster in the different spheres of
coordination.

There is a probability that > 3 S3-states are in equilibrium at room
temperature [50]. However, the 3 structures S3*%, $;%W and S3® seem
enough to explain the data reported here. The other S; configurations
could be transient states between the 3 states identified and discussed
here. As discussed above, in our experiments we cannot distinguished
the S;™" state formed at room temperature from the 5" state that
can be formed until 77 K. In ~ 60% of centers, a simple model for the
sequence of events at room temperature would be: S,"Tyr,- —
SsBWTyr, — S3»WTyr,. The first step would occur down to 77 K and at
room temperature there would be an equilibrium in favor of S3*" via a
relaxation process, such as a change in the H-bond network. In the other
~ 40% of centers, the reaction would be S,™5Tyr,- — S3®Tyr,. The S5®
state would be functional for O, evolution. Indeed, after 3 flashes the
NIR-induced split signal attributed to the (S,Tyrz-) -state is much less
intense than after two flashes (not shown, see also [44]). This means
that either the S5 state is a functional state which can be oxidized by
Tyrz- or the conversion of the S;® state into the S;»W state is also
triggered by the formation of Tyrz-. This model implies a heterogeneity
in the S,™ configuration that does not seem to translate into different
EPR signals as it seems unlikely they would have escaped detection.
However, there is a precedence where a heterogeneity is difficult to
detect. Indeed, in the S,"S-state, the centers susceptible to NIR light and
those which are not exhibit multiline signals which only slightly differ
[67]. The origin of this heterogeneity therefore remains difficult to
identify but it is evident that there are a huge number of possibilities
due to the high number of small adjustments in the H-bond network, for
example, in the environment of cluster. In the case of the Siegbahn
model [16] there would be only one EPR detectable Ss-state that could
be formed at temperatures as low as 77 K and the sequence of events
would be SszTyrZ- — S3Tyrz with the binbing of W3 to Mn1 in the
S,"STyr,- at low pH values.

In conclusion, in this work and in the previous one [37], the ex-
perimental results support the involvement of the S,™ configuration as
a transient state in the S, — S5 transition. The existence of a hetero-
geneity in S3 [11,50] is experimentally supported and the different Ss-
states experimentally observed could be intermediate states in the S-
state cycle. The formation of one of these Ss-states, which is supposed to
have a structure with the water molecule normally inserted in S, to S3
transition at temperatures as low as 77K, suggests that this water
molecule is already bound in the S,™ state at pH8.6 prior to the
freezing of the sample. Assuming that increasing the pH to 8.6 mimics
the formation of Tyrz-, as previously discussed [37], it is proposed that,
at pH 6.5, the proton release [57], the S," to S,™ conversion [37] and
the binding of the water molecule are all triggered by the formation of
Tyrz- in the S, to S; transition.
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