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The site for water oxidation in Photosystem II (PSII) goes through five sequential oxidation states (Sp to S4) before
0, is evolved. It consists of a MnsCaOs-cluster close to a redox-active tyrosine residue (Yz).Cl™ is also required for
enzyme activity. By using EPR spectroscopy it has been shown that both Ca?*/Sr?* exchange and Cl=/I~
exchange perturb the proportions of centers showing high (S = 5/2) and low spin (S = 1/2) forms of the S,-
state. The Ss-state was also found to be heterogeneous with: i) aS = 3 form that is detectable by EPR and not sen-
sitive to near-infrared light; and ii) a form that is not EPR visible but in which Mn photochemistry occurs resulting
in the formation of a (S,;YZ)’ split EPR signal upon near-infrared illumination. In Sr/CI-PSII, the high spin (S = 5/2)
form of S, shows a marked heterogeneity with a g = 4.3 form generated at low temperature that converts to a
Mn4CaOs cluster relaxed form at g = 4.9 at higher temperatures. The high spin g = 4.9 form can then progress to the EPR detect-
Spin state able form of S3 at temperatures as low as 180 K whereas the low spin (S = 1/2) S,-state can only advance to the S3
EPR state at temperatures > 235 K. Both of the two S, configurations and the two S5 configurations are each shown to
be in equilibrium at >235 K but not at 198 K. Since both S, configurations are formed at 198 K, they likely arise
from two specific populations of S;. The existence of heterogeneous populations in Sy, S, and Ss states may be
related to the structural flexibility associated with the positioning of the oxygen Os within the cluster highlighted
in computational approaches and which has been linked to substrate exchange. These data are discussed in the
context of recent in silico studies of the electron transfer pathways between the S,-state(s) and the Ss-state(s).
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The light-driven oxidation of water in Photosystem II (PSII) is a key
step in photosynthesis, the process that is the main input of energy
into biology and is thus responsible not only for the production of
biomass including food, fiber and fuels (fossil and non-fossil) but also
for putting O, into the atmosphere. PSII in cyanobacteria is made up of
17 membrane protein subunits and 3 extrinsic proteins. Although the
PsbY subunit was not detected in [1] it was seen in [2] and [3]. Altogether
these 20 subunits bear 35 chlorophylls, 2 pheophytins (Phe), 2 hemes, 1
non-heme iron, 2 plastoquinones (Qa and Qg), a Mn4CaOs cluster, 2 C1 ™,

Abbreviations: PSII, Photosystem II; Chl, chlorophyll; MES, 2-(N-morpholino)
ethanesulfonic acid; Pggo, primary electron donor; Pp; and Pp,, Chl monomer of Pggo on
theD1orD2 side, respectively; Qa, primary quinone acceptor; Qg, secondary quinone accep-
tor; EPR, Electron Paramagnetic Resonance; ENDOR, Electron Nuclear Double Resonance
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12 carotenoids and 25 lipids [1]. The excitation resulting from the
absorption of a photon is transferred to the photochemical trap Pggo,
which is composed of four chlorophyll a molecules, Pp;/Pp, and Chlp,/
Chlp,, and two pheophytin a molecules, Phep;/Phep,. Charge separation
then occurs. After some picoseconds the positive charge is mainly stabi-
lized on Pp; but this is often termed Pdgo. Pdgo then oxidizes Yz, the
Tyr161 of the D1 polypeptide, which in turn oxidizes the Mn4CaOs
cluster. On the electron acceptor side, the electron is transferred to the
primary quinone electron acceptor, Qa, and then to Qg, a two-electron
and two-proton acceptor, e.g. [4-6]. The Mn4CaOs cluster accumulates
oxidizing equivalents and acts as the catalytic site for water oxidation.
The enzyme cycles sequentially through five redox states denoted S,
where n stands for the number of stored oxidizing equivalents. Upon
formation of the S, state two molecules of water are rapidly oxidized,
the Sy state is regenerated and O, is released, e.g. [5-12].

The S;-state is the dark-stable state and the S,-state can be formed
from the S;-state either by illumination by one flash at room tempera-
ture or by continuous illumination between 140 K and 230 K where
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the S; to S, transition occurs whereas the electron transfer from Qa to
Qg is blocked thus preventing a second turnover, [13,14] and references
therein. It should be however mentioned that when centers are in the
Qg state prior to the illumination, the electron transfer from Q to Qg
can occur at temperatures as low as 180-190 K [14].

From EPR spectroscopy at helium temperatures, the S,-state may
appear heterogeneous, exhibiting two different ground state configura-
tions depending on the conditions (reviewed in [15,16]). The first S,-
state configuration has a spin S = 1/2 and exhibits a multiline signal
centered at g =~ 2.0, spread over roughly 1800 G and made up of at
least 20 lines, each separated by approximately 80 G [17]. The S,-state
can also exhibit other broad EPR signals, either a derivative-like signal
centered at g =~ 4.1 or more complex signals at lower magnetic fields
(at higher g values) [18-20] also attributed to spin states S = 5/2
[21,22].

In the S;-state, the refined structure of the crystallographic structure
of the Mn4OsCa [1] resembles a distorted chair including a p-oxo-
bridged cuboidal Mn304Ca unit with a fourth Mn attached to this core
structure via two p-oxo bridges involving O4 and Os [1] (see also related
computational studies [12,23-36]). ENDOR analysis and X-ray spectros-
copy of the S, state in the S = 1/2 state have strongly suggested that the
OEC contains one Mn" ion and three Mn'" ions [10,37-40]. Theoretical
studies [29,32] gave a rationale for the interconversion between the
low spin (S = 1/2) and high spin (S = 5/2) S,-states: the two almost
isoenergetic structures share the same coordination environment but
the unique Mn'" ion is located on Mn1 in the low spin S,-state whereas
it is located on the non-core Mn4 in the high spin S,-state. This
switching of the + 3 valence between the Mn4 and the Mn1 is sug-
gested to occur together with a movement of Os that leaves its bridging
position between Mn4 and Mn3 in the low spin S,-state closing the cube
by making a pt-oxo bridge between the Mn1 and the Mn3 in the high
spin Sp-state [29,32].

The S,-state cycle is strongly influenced both by the H-bonding net-
work involving the first coordination sphere of the Mn4CaOs cluster, in
particular the D1-Asp61 residue (see below), and by the H-bonding net-
work that extends well outside the first coordination sphere reviewed
in [41-43]. Biochemical conditions that affect this H-bonding network
also modify the S,-state equilibrium between the low spin and high
spin S,-states of the Mn4CaOs cluster. It has been suggested, e.g. [16],
that the hydrogen bonding of W1 and W2, the terminal water molecules
bound to Mn4, could play and important role in this equilibrium (see
below).

The Ss-state is induced by 2 flashes at room temperature. The com-
plete X-band EPR spectrum [44] was simulated assuming an S = 3
ground state [44,45]. A multi-frequency, multi-dimensional magnetic
resonance spectroscopy study of this EPR detectable Ss-state showed
that all four Mn ions were structurally and electronically similar, with
a +4 formal oxidation state and in an octahedral local geometry [46].
The magnetism of the Mn4CaOs complex was described in terms of
pairwise exchange interactions between the four Mn ions. First, the cou-
pling between the 3 Mn'" ions in the cubane Mn3CaO, part (including
the Mn1, Mn2 and Mn3) were dominantly ferromagnetic, rendering
this fragment high-spin (S = 9/2). Second, an antiferromagnetic cou-
pling between the outer Mn4"V (S = 3/2) and the cubane subunit
(S = 9/2) mediated by a more linear p-oxo/pt-carboxylato bridging net-
work, yields the experimentally observed ground spin state (S = 3)
[46].

An oxo-oxyl mechanism for O-0 formation was suggested based on
computational chemistry before the high resolution structure of the site
was known [23,24]. This model has then received support from subse-
quent spectroscopic and theoretical studies and has undergone some
changes in the detail: the O-0 bond is formed between a bridging
oxygen radical, likely on Os, and a bridging p-oxo (the O originating
from the terminal water ligand, W2, that was bound to Mn4 in the
lower S,-states) between Mn3 and Mn4 [9,23-27,29-31,46-48].
Despite a certain degree of consensus, several mechanistic features,

details and questions remain to be verified, clarified and answered
respectively. One specific problem is to understand the complexity of
the reactions occurring on the S, to Ss transition. It has been proposed
that the formation of Yz in the low spin S,-state leads to the reorienta-
tion of the dipole moment of the Mn,CaOs cluster such that the locus
of negative charge becomes directed toward W1, the other H,O mole-
cule that is bound to Mn4, and its hydrogen bonding partner, D1-
Asp61, resulting into the deprotonation of W1 and the shift of the equi-
librium low spin S, < high spin S; in favor the high spin configuration
[49] (see also [26,27]). In these models only the high spin S,-state was
able to progress to the Ss-state and thus the low spin form of S, had to
become high spin in order to advance [49,50]. These models slightly dif-
fer from those in which the structure of the S,-state that advances to S3
has a di-p-oxo bridge between the Mn3 and Mn4 and an open cubane
structure for the rest of the cluster and yet has the isolated Mn4 position
with 44 valence [27], see also [39,40].

The low spin to high spin transition in the S,-state can also be
induced by near-infrared illumination at temperatures < 150 K
[22,51-54]. The Ss-state is also near-infrared sensitive [55-57]. Near-
infrared illumination of the Ss-state at ~4 K results in the formation
of a split EPR signal attributed to a (S,Y7)’ state formed by near-
infrared-induced conversion of the Mn4CaOs cluster into an “activated”
state able to oxidize Y, and thus leading to the formation of a (S,Y%)’-
state at the expense of the S;Yz-state [55]. However, the formation of
the (S,YZ)’ split signal is not accompanied by a decrease of the S = 3
S5 signal amplitude (Boussac, unpublished, see also [46]), suggesting
that the near-infrared photochemistry and the formation of the S = 3
signal does not occur in the same centers. The question arises whether
this heterogeneity in the Ss-state is related to that known in the S,-state.

Most of the electron pathways and mechanisms summarized above
that result from in silico studies should be tested by in vitro experiments.
Here, we have focused on the S, to Ss transition using Photosystem II
preparations that exhibit both the low spin and high spin states in S,.
The standard preparations of PSII purified from Thermosynechococcus
elongatus (a thermophilic cyanobacterium with PSII almost identical to
that of Thermosynechococcus vulcanus which provided the best resolved
PSII crystal structure), does not exhibit a high spin S,-state (see [52,58]
for conditions where high spin S,-states can be formed). Instead, we
have used either PSII in which Sr?* has been substituted for Ca®>* or
[~ has been substituted for Cl™. In both cases, a high proportion of
high spin S,-state is formed [58,59] possibly as a consequence of a mod-
ification of the H-bond network extending from the Ca site to the halide
site close to the D1-Asp61 site, e.g. [16,59,60]. The results obtained
mainly support or are consistent with predictions from the computa-
tional studies but several new phenomena are reported which need to
be integrated into current models to add more chemical details to the
events occurring during these transitions in the enzyme cycle.

2. Materials and methods

The T. elongatus strain used was the ApsbA1ApsbA2 deletion mutant
[61] constructed from the T. elongatus 43-H strain that had a Hisg-tag on
the carboxy terminus of CP43 [62]. The biosynthetic Ca/Sr exchange,
PSII purification and the biochemical Cl/I exchange were achieved as
previously described [48,63,64].

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 illumina-
tion at room temperature was provided by a Nd:YAG laser (532 nm,
550 mJ, 8 ns Spectra Physics GCR-230-10). PSII samples at 1.1 mg of
Chl mL™" were loaded in the dark into quartz EPR tubes and dark-
adapted for 1 h at room temperature. Then the samples were synchro-
nized in the S;-state with one pre-flash. After a further 1 h dark-
adaptation at room temperature the samples were frozen in the dark
to 198 K and then transferred to 77 K. The samples were degassed at



578 A. Boussac et al. / Biochimica et Biophysica Acta 1847 (2015) 576-586

198 K prior to the recording of the spectra. Near-infrared illumination of
the samples was done directly in the EPR cavity at 4.2 K and was provid-
ed by a laser diode emitting at 820 nm (Coherent, diode S-81-1000C)
with a power of 600-700 mW at the level of the sample (for approxi-
mately 1 min). [lluminations with visible light for approximately
5-10 s with a 800 W tungsten lamp filtered by water and infrared cut-
off filters at temperatures close to 200 K were done in a non-silvered
dewar in ethanol cooled down either with liquid nitrogen or with dry
ice for illumination at 198 K. No artificial electron acceptors were
added to avoid the oxidation of the non-heme iron which gives an
EPR signal that overlaps with parts of the high spin EPR signals in S,
and with the S = 3 S3 signal. In separate experiments it was verified
that essentially similar results were obtained in the absence and the
presence of the electron acceptor phenyl-para-benzoquinone (not
shown).

To study the S; to S, transition, after synchronization in the S;-state
as indicated above, the PSII samples were illuminated either at room
temperature by one saturating laser flash or by a continuous illumina-
tion for a few seconds at low temperature. Then, the EPR spectra were
recorded. The S3-state was induced either directly in samples in the
Sq-state by two saturating laser flashes given at room temperature or
by a continuous illumination for a few seconds at low temperature of
a sample already in the S,-state. Then, the EPR spectra were recorded.
The equilibria between the two S,-states and the two Ss-states were
studied by a further incubation of the S,-samples and Ss;-samples at
the indicated temperatures for the indicated duration.

3. Results

Formation of the S,-state was monitored in Sr/CI-PSII either after 1
flash given at room temperature (Fig. 1A) or after continuous illumina-
tion for 5 s at 198 K (Fig. 1B). The black spectra were recorded in the
dark-adapted state, i.e. in the S;-state, and the red spectra were record-
ed after illumination. The blue spectra are the “light”-minus-“dark” dif-
ference spectra. Two observations can be made from these spectra.
Firstly, the illumination by 1 flash at room temperature induced the for-
mation of the S = 1/2, Sr-type [65,66] multiline signal in a proportion of
PSII centers and an S = 5/2 signal at g ~4.9 (turning point at =~ 1385 G)
in the other PSII centers (Fig. 1A). Secondly, the illumination at 198 K
(Fig. 1B) also induced the formation of the Sr-type S = 1/2 multiline sig-
nal in a proportion of PSII centers but, here,an S = 5/2 signal at g ~ 4.3
(=~1560 G) was formed in the other PSII centers instead of the g =~ 4.9
signal seen in Fig. 1A. It should be noted here that the g ~ 4.9 signal
was reported earlier but misattributed to a component of the non-
heme iron signal [57]. Upon the illumination at 198 K, a large Qa
Fe?"Qg signal at g =~ 1.6 [13,14,67] was detected. This indicates that
in the absence of an added artificial acceptor, Qg was present in a
large proportion of centers (=~40%) in the dark-adapted T. elongatus
PSII sample, as previously reported under comparable conditions [14,
68].

Fig. 1C shows the effect of annealing of the sample previously illumi-
nated at 198 K. The black spectrum was recorded in the dark-adapted
sample and the red spectrum was recorded after an illumination at
198 K followed by a brief annealing (1-2 s) at room temperature. The
blue spectrum is the “hv 198 K + annealing”-minus-“dark” difference
spectrum. This annealing resulted in the complete conversion of the
g =~ 4.3 signal into the g =~ 4.9 signal with an amplitude for the
g =~ 4.9 signal similar, or slightly larger than that in the 1 flash sample.
After annealing, the amplitude of the S, multiline signal became also
similar to that after the 1 flash at room temperature. The slightly larger
S, multiline signal upon 198 K illumination than after flash illumination
at room temperature was likely due to the expected smaller “miss
parameter” under continuous illumination at 198 K when compared
to that under flash illumination and possibly to imperfect synchroniza-
tion leaving some centers in the S;-state but with a reduced Tyrp [69].
Consequently, the g ~ 4.9 signal was slightly larger after annealing
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Fig. 1. EPR spectra recorded in Sr/CI-PSII. In Panels A, B and C the black spectra were
recorded in the S;-state. Panel A: the red spectrum was recorded after 1 flash at room
temperature. Panel B: the red spectrum was recorded after an illumination at 198 K.
Panel C: the red spectrum was recorded after an annealing at room temperature of the
sample previously illuminated at 198 K in Panel B. In the 3 panels, the blue spectra are
the “light"-minus-“dark” difference spectra. The vertical scale is the same in the 3 Panels.
Other instrument settings: [Chl] = 1.1 mg-ml~'; Temperature, 9.6 K; modulation
amplitude, 25 G; microwave power, 20 mW; microwave frequency, 9.4 GHz; modulation
frequency, 100 kHz. The Y}, spectral region at g =~ 2 was deleted.

than after the flash illumination. Nevertheless, since the S, multiline sig-
nal was slightly smaller upon annealing we cannot discard the possibil-
ity that in a very small fraction of centers a fast charge recombination
between the high spin and low spin S, states and Qa also occurred
during the warming of the Sr/CI-PSIl. However, taken together and
assuming that all centers are detected by EPR, these data show that
both the g ~ 4.3 signal and the g =~ 4.9 signal correspond to a compara-
ble proportion of PSII centers in the high spin S, configuration.
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Fig. 2 shows a Sr/CI-PSII sample which was first illuminated by 1
flash at room temperature and then further illuminated either by a
second flash given at room temperature 1 s after the first flash
(Fig. 2A) or by continuous illumination at 198 K (Fig. 2B). In Fig. 2A
the black spectrum was recorded in the dark-adapted state, i.e. in the
Sq-state, and the red spectrum was recorded after 2 flashes given at
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Fig. 2. EPR spectra recorded in Sr/CI-PSIL In Panel A, the black spectrum was recorded in
the S;-state and the red spectrum after two flashes given at room temperature. In Panel
B, the black spectrum was recorded after 1 flash at room temperature and the red spec-
trum after a further illumination at 198 K. The blue spectra in Panels A and B are the
“red”-minus-“black” difference spectra. Panel C shows the difference spectrum “1
flash + hv 198 K + warming at 235 K"-minus-“1 flash room temp. + hv 198 K”. Panels
A, B and C have the same vertical scale and instrument settings as in Fig. 1. The Yp, spectral
region at g =~ 2 was deleted. Panel D: zoom on the “1 flash + hv 198 K”-minus-“1 flash”
difference spectrum in red and the “2 flashes”-minus-“dark” difference spectrum in black.

room temperature. The “2 flashes”-minus-“dark” difference spectrum
in blue exhibits the most characteristic features of the S = 3 S; signal
[44,46]. The main spectral signature of this signal is at ~720 G
(g = 9.5). The “2 flashes”-minus-“dark” spectrum also exhibit the
g~ 49 and multiline S, signals. The amplitude of the S, multiline signal
is approximately 20% of that in Fig. 1B. This value is in agreement with
the “miss parameter” (o = 10%, [63]) in the S; to S, and S; to S5 transi-
tions in Sr/CI-PSIL In Fig. 2B the black spectrum was recorded after 1
flash at room temperature, i.e. in the S,-state, and the red spectrum
was recorded after a further continuous illumination at 198 K following
the one flash illumination at room temperature. The blue spectrum is
the “1 flash + hv 198 K”-minus-“1 flash” difference spectrum. Apart
from the appearance of a large Qx Fe? *Qg signal at g ~ 1.6, again indi-
cating the presence of Qg prior to the illumination at low temperature
[13,14,68], three important observations can be made in the difference
spectra: i) the S, multiline signal formed by the 1-flash illumination
was not affected by the further 198 K illumination; ii) the S, g ~ 4.9 sig-
nal fully disappeared upon the 198 K illumination; iii) the S = 3 S5 signal
was formed to the almost same extent as in the 2-flash sample. This is
better illustrated in Panel D, which shows the magnetic field region
where the main feature at g = 9.5 of the S = 3 S3 signal contributes.
The “1 flash + hv 198 K”-minus-“1 flash” difference spectrum in red
has the same amplitude as the “2 flashes”-minus-“dark” difference spec-
trum in black. The differences on the right side of the g = 9.5 signal are
due to different contributions from other signals in the base line like the
S> g = 4.9 signal (see the full spectra in Panels A and B).

The full conversion of the high spin S,-state into the EPR-detectable
Ss-state at 198 K shows that the oxidation of Y efficiently occurs in
these centers at this temperature. Therefore, since the illumination of
Sr/Cl-PSII at 198 K also induces the formation of a S, Tyr7 state in centers
in which the low spin S,-state can be detected as a split signal after a
further illumination at helium temperature following the 198 K illumi-
nation [57], the oxidation of Y occurs efficiently in both the high spin S,
and low spin S, configurations at 198 K.

In the S,-state, the equilibrium at room temperature between the
high spin configuration and the low spin configuration previously pre-
dicted in unmodified PSII [29,32] can be probed here in the Sr/CI-PSII
sample. Indeed, after 1 flash at room temperature and a further low
temperature illumination the data above indicate that all the centers
in the high spin configuration were converted into centers exhibiting
the S = 3 S5 signal, whereas the low spin S, configuration remained
unaffected. After these two illuminations, warming of the sample to
temperatures where the low spin < high spin equilibrium [32] can
occur should result in the formation of a g ~ 4.9 S, signal at the expense
of the low spin S, population. The spectrum in Panel C of Fig. 2,
which corresponds to the difference spectrum “1 flash + hv
198 K + warmed to 235 K"-minus-“1 flash room temp. + hv 198 K",
shows that this indeed occurred. Despite the large change in the Qa
Fe? Qg signal at g =~ 1.6 that makes the detection of the S, multiline
signal difficult in the magnetic field range above 3500 G, the spectrum
in Panel C shows that the S, multiline signal disappeared in a proportion
of the centers. From the amplitude of the negative multiline signal
detected in the difference spectrum in Fig. 1C, approximately 25-30%
of the multiline signal present prior to the warming procedure disap-
peared. It seems unlikely that the formation of the g =~ 4.9 S, signal,
which occurs at the same time as a loss in the multiline signal, could
be due to a back-reaction between the S = 3 S5 state (the only
S3-state configuration formed here) and an electron from the reduced
acceptor side. Indeed, as shown below, the lifetime of the Ss-state is
too long (ty,, > 120 s at room temperature, see below) to observe a
decay during the ~5 s warming process at 235 K used here.

The simplest explanation of the results in Fig. 2B is that the Sr/CI-PSII
centers in the S = 5/2 S, configuration are able to progress to Ss at 198 K
(this transition fully occurred down to at least 180 K, not shown),
whereas those in the S = 1/2 S, configuration cannot advance to S; at
198 K.



580 A. Boussac et al. / Biochimica et Biophysica Acta 1847 (2015) 576-586

In Fig. 3A, some consequences of the simple scheme proposed above
were tested. Spectrum a in Fig. 3A is the difference spectrum “after”-
minus-“before” near-infrared illumination at 4 K in the 2-flash sample;
this corresponds to the maximum amount of the (S,YZ)’ split signal
that can be generated in the Sr/CI-PSII. As described in the introduction
section (Boussac, unpublished and [46]), this formation was not accom-
panied by a disappearance of the S = 3 S; signal, thus showing that the

0 1000 2000 3000 4000 5000

Magnetic Field (gauss)

200 400 600 800 1000
Magnetic Field (gauss)

Fig. 3. EPR spectra recorded in Sr/CI-PSIL Panel A, spectrum a is the difference spectrum
“after”-minus-“before” near-infrared illumination at 4 K in the 2-flash sample. Panel A,
spectrum b is the difference spectrum “after near-infrared illumination at 4 K"-minus-
“before near-infrared illumination” in a sample first illuminated by one flash at room
temperature and then by 198 K illumination. Panel A, spectrum c is the difference spec-
trum “after near-infrared illumination at 4 K”-minus-“before near-infrared illumination”
in a sample previously illuminated by one flash at room temperature then by an illumina-
tion at 198 K followed by an annealing at 235 K. Same instrument settings as in Fig. 1. The
Yp spectral region at g = 2 was deleted. Panel B, the black spectrum is the difference spec-
trum “1 flash at room temperature + hv 198 K"-minus-“1 flash at room temperature”.
Panel B, the red spectrum is the difference spectrum “1 flash at room temperature + hv
198 K + annealing”-minus-“1 flash at room temperature + hv 198 K”. Panel B, the blue
spectrum is the black spectrum times —0.3. Same instrument settings as in Fig. 1.

near-infrared induced conversion occurs in centers different from those
exhibiting the S = 3 signal. Spectrum b in Fig. 3A shows the effect of
near-infrared illumination at 4 K in a sample firstly illuminated by 1
flash at room temperature and then at 198 K by continuous light, i.e.
conditions in which the S = 3 S5 signal is fully generated from the
high spin S,-state, whereas the low spin S,-state is not affected (see
Fig. 1). In this case, a small split signal, different from that in spectrum
a of Fig. 3A, was induced. This split signal likely corresponds to a
(S1YZ2)’ split signal formed from the low spin S,-state [70]. Indeed, a sim-
ilar split signal could be induced upon near-infrared illumination at 4 K
in a 1 flash sample (not shown but see the supplementary material). A
careful examination of spectrum b in Fig. 3A also shows that in a small
proportion of centers the low spin S,-state (a decrease in the S, multi-
line signal) was converted into the high spin S,-state by near-infrared
illumination at this low temperature, i.e. at a lower temperature than
in previous studies [71].

Spectrum c in Fig. 3A shows the effect of near-infrared illumination
at 4 K on a sample illuminated by 1 flash at room temperature followed
by an illumination at 198 K and then a brief warming (=5 s) at 235 K.
The temperature of 235 K was chosen because this is a temperature at
which the Mny cluster and its protein and H-bond environment is not
fully frozen and thus equilibria involving structural changes and proton
movements can still occur, e.g. [72]. In this sample, the (S,Y7)’ split sig-
nal was again detected. The most obvious explanation for the formation
of the near-infrared sensitive S3-state upon annealing to 235 K is that
the two S5 configurations equilibrate at this temperature. Spectrum c
also shows that, as with spectrum b, both the (S;Yz)’ split signal and
the high spin configuration of the S,-state were formed from the low
spin multiline S,-state by the near-infrared illumination.

After taking into account the contribution of the (S;YZ)’ split signal
formed in centers in the low spin S,-state (spectrum b in Fig. 3A) in
spectrum a and spectrum c, the proportion of centers in the near-
infrared sensitive Sz configuration state can be estimated to be about
40 + 10% of that after 2 flashes at room temperature. Altogether, the
data in spectra a, b and ¢ show the existence of an equilibrium at tem-
peratures as low as 235 K between the centers exhibiting the S = 3 S3
signal and those which are not EPR detectable but in which the (S,YZ)’
split signal can be induced by near-infrared illumination. Importantly,
since the near-infrared sensitive S;-state was formed at 235 K from
the centers exhibiting the S = 3 S5 signal formed at 198 K, it seems un-
likely that this is an intermediate state between the high spin S,-state
and the EPR detectable Ss-state.

Spectrum b in Fig. 3A also shows that the QxFe?"Qp signal
decreased upon near-infrared illumination. This is often observed
upon near-infrared illumination and we have not yet an explanation
for this phenomenon. A change in the electronic configuration of the
non-heme iron resulting in a decoupling of the magnetic interaction
between the quinone radicals and the metal could be involved. However,
no EPR signals originating from uncoupled radicals were detected. This
effect will be addressed in future work.

The black spectrum in Fig. 3B that is the difference spectrum “1 flash
atroom temperature + hv 198 K”-minus-“1 flash at room temperature”
shows the main feature of the S = 3 EPR signal, on an expanded scale,
that can be induced with this protocol. From the results above, the
warming at 235 K of this sample is expected to result in a decrease of
this signal due the equilibrium between the two S3 forms. Indeed, the
red spectrum in Fig. 3B that is the difference spectrum “1 flash at
room temperature + hv 198 K + warming at 235 K”-minus-“1 flash
at room temperature + hv 198 K” shows a negative S = 3 EPR signal.
The blue spectrum that is the black spectrum times — 0.3 shows that
approximately 30% of the Ss signal disappeared upon the warming at
235 K, a value close to that estimated from the appearance of the
(SoYz)’ split signal induced by near-infrared illumination upon the
warming at 235 K.

The equilibrium between the two Ss-states, i.e. one that is not
near-infrared sensitive but is detectable by EPR and the other that is
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near-infrared sensitive but not detectable by EPR, was further moni-
tored in the experiment reported in Fig. 4. In this experiment the Ca/
CI-PSII sample (black symbols), the Sr/CI-PSII sample (red symbols)
and the Ca/I-PSII sample (blue symbols) were illuminated by two
flashes at room temperature. Then, the 2-flash samples were frozen
after variable dark periods at room temperature following the two
flashes and the EPR spectra were recorded before and after a further
near-infrared illumination. No artificial electron acceptor was added to
allow the Ss-state to decay by charge recombination with an electron
stored on the acceptor side. The amplitude of the S = 3 S5 signal was
monitored by measuring the amplitude of the main feature at low
field (around 800 G). The amount of centers not EPR-detectable but
near-infrared sensitive was monitored by measuring the amplitude of
the (S,YZ)’ split signal and that of the g ~ 5.3 signal, both of which are
generated by near-infrared illumination [58,73]. Within the accuracy
limit of the experiment, Fig. 4 shows that all species, in a given sample,
decayed with the same rate thus reinforcing the idea that the two S3-
states are in equilibrium at room temperature. As previously observed,
the decay of S3 was much slower in Sr/CI-PSII than in Ca/CI-PSII [74]
whereas in Ca/I-PSII it is shown here to be similar to that in the native
Ca/CI-PSIL

The formation of a high spin S,-state in PSII from T. elongatus is also
favored by a Cl/I exchange (Ca/I-PSII) [59]. Fig. 5 shows the effect of 1
flash given at room temperature (Fig. 5A) or the effect of a 198 K illumi-
nation (Fig. 5B) using Ca/I-PSII (the amplitudes of the spectra in Panel B
was divided by two when compared to those in Panel A to allow the
display of the split signal in Panel B). The black spectra were recorded
in the dark-adapted state, i.e. in the S;-state, and the red spectra after
illumination. The blue spectra are the “light”-minus-“dark” difference
spectra. As in Sr/CI-PSII, the amplitudes of the low spin S, multiline
signal were similar in both conditions but, in contrast to Sr/CI-PSII, in
Ca/I-PSII the same high spin S, signals at g = 4.09 and g =~ 9.5 (725 G)
were observed whatever the temperature at which the S,-state was
formed (note that the signal at g =~ 9.5 was not detected in [59] due to
the superimposition of the non-heme iron signal in this previous work).

Panel A in Fig. 6 shows the effect of 2 flashes given at room temper-
atures and the effect of a further near-infrared illumination using Ca/I-
PSIL The black spectrum was recorded in the dark-adapted state, the
red spectrum after 2 flashes given at room temperature and the blue
spectrum is the spectrum recorded after a further near-infrared illumi-
nation at 4 K of the 2-flash sample. An Ss signal with the main feature at
g~ 12.5 (=540 G) was detected in the 2-flash sample and, as in the
other types of PSII studied here, the near-infrared illumination resulted

100
90- [ ]
80-
70-
60-
50-
40-
30-
20-
10-
o-...............................
0 50 100 150 200 250 300
Time (s)

Amplitude (a.u.)
b 1|
o ®
ama
m
()
e

X

Fig. 4. Kinetics of the decay in the dark and at room temperature measured after two
flashes in Ca/Cl-PSII (black symbols), Sr/CI-PSII (red symbols) and Ca/I-PSII (blue symbols)
of the g = 5.3 signal (crosses), of the split signal (full circles) and of the S = 3 S5 signal (full
squares). Same instrument settings as in Fig. 1 except for the temperature which was 4.2 K.
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Fig. 5. EPR spectra recorded in Ca/I-PSIL. In Panels A and B the black spectra were recorded
in the Sq-state. Panel A: the red spectrum was recorded after 1 flash at room temperature.
Panel B: the red spectrum was recorded after an illumination at 198 K. The blue spectra are
the “light”-minus-“dark” difference spectra. The vertical scale in Panel B is twice that in
Panel A. Other instrument settings as in Fig. 1.

in a (S,Yz)’ split signal without affecting the main features of the S;
signal.

Fig. 6B shows the effect of a further 198 K illumination (for =5 s)
given to the 1-flash Ca/I-PSIL The black spectrum is a re-plot of the spec-
trum recorded in the 1-flash sample and the red spectrum was recorded
after a further 198 K continuous illumination. A large S,;Tyrz split signal,
much narrower than in Ca/CI-PSII and Sr/CI-PSII [57], was induced.
At the same time, the multiline signal amplitude decreased whereas
the g =~ 4.09 S,-signal did not decrease showing, that in Ca/I-PSII,
the S,Tyr? is formed only in centers in the low spin S, configuration,
as seen in the Sr/CI-PSIL In contrast to Ca/Cl-PSII and Sr/CI-PSII
[45,54,75], the S,Tyrz split signal induced in the S,-state by visible
light in Ca/I-PSII is stable at 198 K so that a further illumination
with visible light at 4 K was not required for inducing this signal.

The second important difference with the Sr/CI-PSII is that in Ca/I-
PSII centers neither the high spin S, configuration nor the low spin S,
configuration are able to progress to the S state upon illumination at
198 K. The narrow split signal seen after 198 K illumination in Fig. 5B
is similar to the split signal induced after the illumination at 198 K of
the 1-flash sample (Fig. 6B) with an amplitude that is approximately
half of that in the 1-flash sample that was further illuminated at
198 K. The formation of this split signal that required two charge sepa-
rations at 198 K could be induced in centers with Qg present prior to the
illumination. The first illumination would produce the Qa Fe>*Qjg state.
Then, after the electron transfer from Q4 to Qg at 198 K in a proportion
of centers [14], Q4 would be again available to accept an electron. The
possibility that this split signal originates from a S,Y7 state different
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Fig. 6. EPR spectra recorded in Ca/I-PSIL Panel A: the black spectrum was recorded in the
S;-state, the red spectrum was recorded after 2 flashes given at room temperature and the
blue spectrum was recorded after a further near-infrared illumination at 4 K. Panel B: the
black spectrum was recorded after 1 flash given at room temperature and the red spec-
trum after a further illumination at 198 K. The vertical scales in Panels A and B are the
same as in Panels A and B in Fig. 5, respectively. Other instrument settings as in Fig. 1.

from the S,Y7 state does not seems likely because it does not resemble
the SoYz, the S1YZ generated by visible light illumination of Ca/I-PSII in
the So-state and S;-state, respectively, the (S;Yz)’ state nor the (S;Yz)’
state generated by near-infrared illumination of Ca/I-PSII in the S,-
state and Ss-state, respectively (see supplementary material).

4. Discussion

The electron pathways between the S,-state and the Ss-state have
been investigated in PSII from T. elongatus in which either the native
Ca®" in the active site was replaced by Sr** [2,63,74] or the native CI~
was replaced by I~ [59,76]. These modifications allow the S,-state to
be generated in both high spin and low spin configurations. The Ca bind-
ing site and the Cl binding site are localized within the same H-bonding
network [1,2,76] and this probably explains why modification of these
ions produce some effects in common, including favoring the formation
of a high spin S,-state, e.g. [16]. Although a high proportion of high spin
S,-state is formed in both Sr/CI-PSII and Ca/I-PSII, these two types of
sample however, do differ significantly from each other. Similarities, dif-
ferences and consequences on the electron pathways between the S,-
state and the Ss-state are summarized in Fig. 7 and are discussed below.

In this study, the transitions between some of the S-states were gen-
erated at high temperatures above 180 K while the S-states themselves
were identified using their EPR characteristics at helium temperatures.
A reviewer points out that the use of low temperatures may affect

distributions of spin states etc. and this could skew the interpretation.
This problem is intrinsic to all studies in which cryogenic temperatures
are used (EPR, EXAFS, UV-vis, vibrational spectroscopy and X ray crys-
tallography) and while the problem has remained potential rather
than real in nearly all cases, it cannot be wholly eliminated. Most
researchers using these methods are quite aware of the problem. In
Photosystem II, an attempt was made to address this question using
EXAFS [77] and only minor differences were recorded between 290 K
and 18 K. No strong conclusions concerning temperature dependence
were drawn. In the present work, the effect of low temperatures in
some EPR is not ignored. It is discussed with regard to temperature
dependence of redox transitions and deprotonation reactions and is
dealt with explicitly in theoretical studies, e.g. [32].

In Sr/CI-PSII, in addition to the modified S = 1/2 multiline signal
[65,66], two different S = 5/2 EPR signals, corresponding to two high
spin configurations, can be detected in the S,-state: a g =~ 4.9 state in-
duced by flash illumination at room temperature and a g = 4.3 signal in-
duced by illumination at 198 K. The g = 4.3 state seems to be a precursor
state of the g =~ 4.9 state since warming of the sample after the illumina-
tion at 198 K induces the conversion of the g =~ 4.3 to g = 4.9 form. Re-
markably, the centers exhibiting the g = 4.9 form of S, are able to
advance to S3 down to temperatures as low as 180 K, while those show-
ing the multiline signal behave “normally” in that they are unable to ad-
vance to S; at these low temperatures.

It is well established that the S, to S; transition involves a deproton-
ation, with the proton release thought to precede electron transfer from
the cluster to Y7, e.g. [78-82], see also e.g. [6,41-43] for more recent rel-
evant reviews, and for theoretical treatments see [26,27,49]. Since the
proton released corresponds (at least formally) to the positive charge
already accumulated on the S; to S, transition, it seems unlikely that
S3 can be formed without a prior deprotonation event. This deproton-
ation step is considered to be responsible for the block in S; to Ss tran-
sition at low temperature temperatures close to 200 K (e.g. [26,49,
72]). The observation that the g = 4.9 form of S, is able to advance to
Ss3 suggests that this new form of S, may be deprotonated. This sugges-
tion is apparently contradicted by the fact that the proton release
pattern in Sr/Br-PSII [48] is essentially similar to that of the native
Ca/CI-PSII [78-82] (nb. the preparations used for the deprotonation
experiments did show the same high spin to low spin ratios in S, as
seen with the present preparations (not shown)). Nevertheless, the
possibility remains that the g = 4.9 form of S, does represent a state
in which a proton movement has occurred in the vicinity of the active
site and yet the proton is not released to bulk. The relaxation of the
low temperature form of the high spin state (showing the g = 4.3 sig-
nal) at high temperatures to form the g = 4.9 high spin configuration
could represent this local deprotonation event.

An alternative possibility that is worth considering is the following:
rather than a true proton movement, the proton to be released is primed
on the g = 4.1 to g = 4.9 step by tuning of H-bonds lowering the energy
barrier for deprotonation. This could allow deprotonation at lower
temperatures. In recent models based on the crystal structure and com-
putational chemistry, it was suggested that the water W1, which is
liganded between Mn4 and Asp61 undergoes deprotonation on the S,
to Ss transition, being triggered by changes in the hydrogen bonding
network that connects to Yz [25-27,30-32,49]. There is precedence for
low temperature deprotonation reactions in PSII associated with tyro-
sine oxidation [53,83]. Unusually short, single-well H-bonds exist
between the Tyr-OH and the histidine that act as its H-bonding partner
[84,85]. For Yz, the tuning is achieved by additional H-bond donation to
the phenolic by water molecules. Thus the g = 4.1 to the g = 4.9 tran-
sition could involve water movement, halide movement and/or small
changes in the protein etc., leading to a rearrangement of the H-bond
network that results in a shortening of a specific H-bond or bonds, rath-
er than a deprotonation reaction per se. In this case, the deprotonation
itself would actually occur rapidly at low temperature during the S, to
Ss transition, prior to oxidation of the cluster.
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Fig. 7. Electron pathways from the S;-state to the Ss-state in Sr/CI-PSII and Ca/I-PSII based on the literature and on the present work. “This percentage is based on the proportion of centers
in which the split (S,Y)’ signal induced by near-infrared illumination in the Ss-state is detected. "Equilibrium as proposed in [30,32]. °The question mark indicates that the direct route
from the low spin S, configuration to the S; configuration not detectable by EPR cannot be discarded. “Equilibrium postulated from the literature in Ca/CI-PSIl and the present work in Sr/
CI-PSIL. It cannot be probed here because the S, to S; transition occurs at the same temperature for the high spin S, and low spin S, configurations. *Possible heterogeneity in S;. The
equilibrium between low spin S, and g = 4.9 form of the high spin form may occur with the g = 4.3 form as an intermediate. The transition from the g = 4.3 form to the g = 4.9

most likely involves proton movement.

The high spin and low spin forms of S, equilibrate at temperatures of
235 K and above. This is seen as the appearance of the g = 4.9 form at
the expense of the low spin form. It seem possible, even likely, that
this equilibrium occurs via formation of the state that gives rise to the
g = 4.3, the unrelaxed high spin form but the conditions of the experi-
ment do not allow the intermediate state to be detected.

In the Sr/Cl-PSII, the centers exhibiting the low spin multiline signal
do not advance to Ss at 198 K. This is also a demonstration that the low
spin to high spin transition in S, does not occur at a significant rate at
this temperature. In the native Ca/CI-PSII, although the S = 1/2 and
S = 5/2 configurations are computed to be almost isoenergetic and in
equilibrium at room temperature [30,32,35,36,49]. It was predicted
that due to the slight endergonicity of the low spin S, to high spin S,
transition (with AG =~ 1.1 kcal mol ~!) and the relatively large activation
barrier (with AG* of =~ 10.6 kcal mol 1), the half-time of the low spin to
high spin conversion becomes very slow at low temperature [32]. The
data shown here in Sr/CI-PSII are fully consistent with these predictions.
Indeed, nevertheless the presence of both high spin and low spin forms
in S, in the Sr sample which indicates that they are likely to be similar in
energy and nevertheless the formation of Y7 in both the high spin and
low spin forms in S,, no S, multiline signal disappeared upon 198 Kiillu-
mination. These observations strongly indicate that the low spin to high
spin conversion does not occur at 198 K.

When the high spin S,-state had been converted to the S3-state by
illumination at 198 K, the remaining S, state in its low spin form was
stable at this temperature and the low spin configuration only equili-
brated, forming the high spin configuration of S, at temperatures signif-
icantly higher than 198 K. These results, when taken with the
observation that the high spin and the low spin S, configurations are
both observed after an illumination at 198 K, indicates that two different
configurations also exist in the S;-state as specific precursors of the high
spin S,-state or the low spin S,-state. Such a situation has been implicit
in the EPR literature for decades and has recently been proposed based
on computational analysis of the crystal structure, e.g. [12]. This is

worthy of future study to see if the two S; states are distinguishable
spectroscopically.

The results also show the existence of a heterogeneity in the Ss-state
in the samples studied (Sr/CI-PSII and Ca/I-PSII) as well as in native PSII
[46]: i) the well-studied EPR detectable S = 3 form and ii) a form that is
not seen by EPR but which is sensitive to near infrared light giving rise to
a (S,Y7)’ split signal. After 2 flashes at room temperature, the S = 3 S5
EPR signal is observed in a proportion of centers comparable to that in
which the high spin state was present in the S,-state. The percentage
of centers that were not EPR detectable in S3 were estimated to be 30-
40% by comparing the area of the field-swept echo spectrum of the
near infrared-induced (S,Yz)’ split signal to that of the Yp, (e.g. [86]
for a similar procedure aimed at quantifying the split signal in
Ca-depleted PSII). The two forms of S states seem to be in equilibrium
at 235 K. This conclusion was drawn from the observation that warming
to 235 K of samples containing only the EPR-detectable S = 3 form of S3
resulted in a decrease in this form and an increase in the other (EPR
invisible) form, as monitored by the near infrared-induced (S,Yz)’
split signal (Fig. 3A and B). The equilibrium proportions of each form
were close to those seen for the two forms when generated by flashes
at room temperature. The findings here thus indicate that the invisible
Ss-state is not a precursor of the EPR detectable Ss-state in disagreement
with a recent suggestion [46].

It is tempting to relate the apparently similar proportions of the two
configurations detected in S, and S and conclude that they have a com-
mon structural determinant: flexibility in the cluster as suggested for
the S,-state. This is probably too simplistic since the redox state of the
Mn ion has important influences of the structure as well as reactivity.
Computational chemistry has suggested that the high spin form of S,
is an obligatory intermediate in the S, to Ss transition [30,32]. Here we
report that the S; state is formed at low temperature only from the
high spin form and that the low spin form of S, only advances when it
is possible to equilibrate, thus allowing formation of the high spin
form. These results seem to be at least consistent with a high spin S,
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as an obligatory intermediate in S3 formation. However, we also found a
second form of the S5 state that was formed from the EPR detectable
S = 3 Ss3-state when equilibration could occur (at 235 K). The second
form of S, which is characterized as giving rise to a split (S,YZ)’ signal
as a result of photochemical excitation of the Mn cluster, also appears
to be a high spin state based on the EPR spectrum of the S,-state that ap-
peared when the split (S,YZ)’ signal was generated [73]. One possibility
to explain the two S3 configurations is that the protonation of a group
would be responsible for this heterogeneity. However, the amplitude
of the near-infrared-induced (S,YZ%)’ split signal remained unaffected
between pH 5.5 and 8.2 making this possibility unlikely. Note that in
spinach PSII the yield of the split signal decreased below pH ~ 5 and
above pH =~ 7.5 [87].

While our data are consistent with the computational chemistry
models, from the results above we cannot totally rule out other path-
ways such as the direct progress from the low spin S, toward the EPR
silent Ss-state without populating the high spin S, configuration. How-
ever, this would be at odds with the theoretical studies mentioned
above [30,32] and it seems unlikely that the presence of Sr, in the pres-
ent work, rather than Ca in the native PSII can explain this discrepancy.
Furthermore, the fact that in native Ca/CI-PSII two populations of S3
similar to those observed here are present and yet the S, state shows lit-
tle high spin form argues against the simplistic argument based on pro-
portionality that the high spin S, advances to the EPR detectable form of
S3, while the low spin S, advances directly to the EPR invisible Ss state.

Another computational study put forward a slightly different model
for the S, to Ss transition: a S,-state having an intermediate structure
with an open cubane and a di-p-oxo bridge between the Mn4 and the
Mn3, as in the low spin S, configuration, but with the Mn' on the
pendant Mn4 [27], as in the high spin S, configuration for [30,32]. This
model was less directly influenced by the EPR studies on high spin
and low spin forms of S, so we do not consider it justified to use the
ambiguity it provides to put forward the idea that the low spin S, tran-
sitions to S3 without going through the high spin transition. However,
the present work does not allow us to rule out that possibility.

The conclusion made here seems in contradiction with a previous
study done in Ca/CI-PSII from plant in which it was proposed that the
multiline conformation was an intermediate state between the g =
4.1 S, conformation and the Ss-state [88]. However, the main experi-
ment in [88] actually showed that, upon an illumination at 226 K of a
sample in the S,-state, the multiline signal remained unaffected where-
as the g = 4.1 signal disappeared and the S5 signal appeared. Upon illu-
mination at higher temperatures, the multiline signal disappeared
without a matching increase in the formation of the S5 signal which
continued to follow the loss of the g = 4.1 signal. All these observations
are in agreement with the model proposed here and suggest that, very
likely, the same events in the S, to Ss transition occur in plant PSII and
cyanobacterial PSIL

The data in Fig. 2 also allow us to give some rationale to a previously
unexplained result concerning the S,Y7 split signal formed from the
Sy-state. This S,Y7 split signal is generated in samples after one flash at
room temperature to form the S,-state, followed by an illumination at
198 K with visible light. Upon the 198 K illumination, the S,Y7 state is
not stable and decays in part during the time required for the transfer
of the EPR tube into the cryostat [53,54,57,75]. The S,Y7 split signal
can then be fully regenerated by an illumination by visible light at
helium temperatures in centers that had previously been in the S,Y7
state at 198 K. Given the prediction [49] that it is the formation of Y7
that triggers the low spin S, to high spin S, transition, and given the
demonstration here that only the S, high spin configuration is able to
progress to Sz at 198 K, this explains why the S,Y7 split signal induced
by visible light illumination was only detected in centers in the low
spin S, multiline configuration and not in those in the high spin S,
configuration.

As mentioned earlier [24-27], the halide is thought to bind to the
water molecule W1 that is bound to Mn4 and thought to become

H;07 on the S, to S transition. It is therefore expected that, in addition
to the effect on the high spin S, to low spin S, ratio seen here, the halide
exchange modifies the S, to S transition. It is shown here that this is
indeed the case. In Ca/I-PSIl, the same proportion of high spin S, signal
was detected whatever the temperature of formation of the S,-state.
Although we cannot strictly compare the high spin signal formed in
Ca/I-PSII with the high spin signals formed in Sr/CI-PSI], the g = 4.09
is more similar to the g = 4.1 signal than to the g = 4.9 signal. An impor-
tant difference with the Sr/CI-PSIl is that in the Ca/I-PSII sample the high
spin form of S, is unable advance to S3 at 198 K. It has been observed
that the lag phase at 292 nm in the Ss to Sy transition, which is attributed
to the first proton release occurring in this transition, was much slower
in Ca/I-PSII [59]. It is possible that the two phenomena, the longer lag
phase and the inhibition of the S, to Ss transition at low temperatures,
originate from the same modification of the water/proton channel,
and both involve the halide. The finding here that the S,Y7 split signal
that is induced by visible light in S, is stable at 198 K in Ca/I-PSII, as
shown here (Fig. 6) may be a further consequence of iodide-induced
modification of the hydrogen bonding environment.

The electron pathways found here are summarized in Fig. 7. These
results provide several new insights into the electron pathways from
the S;-states to the Ss-states. Firstly, it provides the first experimental
evidence for a S, state high spin intermediate that is able to advance
to S3 at temperatures as low as 180 K. The difference between this
high spin state and that which is unable to advance at 180 K (the low
spin S, state) is likely to be linked to its protonation state. The data
are consistent with the prediction from several theoretical studies that
the high spin form of S, is an obligate intermediate for advancement
to Ss3, however the experimental data alone do not rule out the possibil-
ity that the low spin form is unable to advance to S3 at room tempera-
ture. Secondly, it provides evidence for a second form of S3 which
appears to be in equilibrium with the better studied form (the one
which exhibits an EPR signal) and we argue that this indicates that it
is not a precursor of this well-studied form of S5 state. Thirdly, experi-
mental evidence is provided that two forms of S; exist, those that are
the precursors of the high and low spin forms of S,. These new observa-
tions should be integrated into future theoretical models to improve
understanding of these important steps in the cycle.
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