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Abbreviations

Chl, chlorophyll;Chlp1/Chlp,, monomeric Chl on the D1 or D2 side, respectivigly;and

Pp2, individual Chl on the D1 or D2 side, respectivethich constitute a pair of Chl with
partially overlapping aromatic ringsedg); Phe: and Phg,, pheophytin on the D1 or D2 side,
respectively; PPBQ, phengt-benzoquinone; PSII, Photosystem Ik, @rimary quinone
acceptor; @, secondary quinone acceptdyyp, the tyrosine 160 of D2 acting as a side-path
electron donor of PSII; Tyrthe tyrosine 161 of D1 acting as the electronodao Rgo.
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Abstract

Flash-induced absorption changes in the Soret megichich originate from the
[PoiPo2] " state, the chlorophyll cation radical formed ugRivotosystem Il (PSII) excitation,
were investigated in Mn-depleted Photosystem II. Imild-type PSIl from
Thermosynechococcus eongatus, the [Ry:1Pp2]-minus-[Pp:Pp;] difference spectrum shows a
main negative feature at 434 nm and a smaller ivegfdature at 446 nm [Boussac et al.
Photosynth Res (2023), https://doi.org/10.1007/201023-01049-3]. While the main feature
at 434 nm is associated withyP formation, the origin of the dip at 446 nm remaiosbe
identified. For that, we have compared the;fB2]-minus-[Pp:Po,] difference spectra from
the PsbA3/H198Q PSII mutant ih elongatus and D2/H197A PSII mutant i8ynechocystis
sp. PCC 6803 with their respective wild type ssaiBy modifying the p; axial ligand with
the H198Q mutation in the D1 proteinThelongatus, the contribution at 434 nm was shifted
to 431 nm, while the contribution at 446 nm wasdhaaffected. InSynechocystis sp. PCC
6803, by modifying the £ axial ligand with the H197A mutation in the D2 f&im, the
contribution at 446 nm was downshifted by nm to~ 443 nm, while the main contribution
at 432 nm was only slightly shifted upwards to #88 This result suggests that the bleaching
seen at 446 nm involvespP This could reflects a change in thep{Pps]<[Pp1Po2]

equilibrium or a more complex mechanism.
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I ntroduction

Oxygenic photosynthesis is responsible for mosthefenergy input to life on Earth.
This process converts the solar energy into fifwer and fuel, and occurs in cyanobacteria,
algae and plants. Photosystem Il (PSII), the wspditting enzyme, is at the heart of this
process, see (Shevela et al. 2023) for a recergwev

Mature cyanobacterial PSII generally consists ofs@Bunits with 17 trans-membrane
and 3 extrinsic membrane proteiRSII binds 35 chlorophylla (Chl-a), 2 pheophytins (Phe),
1 membrane b-type cytochrome, 1 extrinsic c-typéodyome, 1 non-heme iron, 2
plastoquinones (Qand @), the MniCaG; cluster, 2 C| 12 carotenoids and 25 lipids (Suga et
al. 2015). The % extrinsic PsbQ subunit was also found in PSII fi®mechocystis sp. PCC
6803 in addition to PsbV, PsbO and PsbU (Gisrial.e2022). Most of the Chl bound to PSII
have histidine ligands to their Mgions, including B, and R, with the D1/H198 and
D2/H197, respectively (Suga et al. 2015).

Solar energy conversion into chemical energy staittsthe absorption of a photon by a
Chlin the antenna forming an excited state. Thata&kon energy is then transferred to other
chlorophylls until it reaches the key pigments lrowchemical reaction centreg. (Mirkovic
et al. 2017) for a review, with 4 Chl-molecules, B, P2, Chb;, Chb; and 2 Phex
molecules, Phg and Phg,, eg. (Cardona et al. 2012, Holzwarth et al. 2006, $wahand
Pantazis 2023, Romero et al. 2017, Yoneda et aR)20

A few picoseconds after the excitation reachespCH charge separation occurs
resulting in the formation of the GhfPhe: and then of the [RPpz]"Phey: radical pair
states, with the positive charge mainly locatedPen e.g. (Holzwarth et al. 2006, Romero et
al. 2017, Sirohiwal and Pantazis 2023). After tbemfation of [B:Ppz] 'Phey, the electron
on Phe; is transferred to Q the primary quinone electron acceptor, and tleed, the
second quinone electron acceptor. WhileifQonly singly reduced under normal conditions,
Qs accepts two electrons and two protons before igaits binding site and being replaced
by an oxidized plastoquinone molecule from the memé plastoquinone pookg. (de
Causmaecker et al. 2019). On the donor side of PS1 oxidizes Tyg, the Tyr161 of the D1
polypeptide. The Ty’ radical is then reduced by the MiaQ; cluster,e.g. (Shevela et al.
2023) for a recent review. After four charge sepamna, the MaCaG cluster accumulates
four oxidizing equivalents and thus cycles throdigk redox states denoted ® S. Upon
formation of the $state, two molecules of water are oxidized, thst&te is regenerated and
O, is released (Joliot et al. 1969, Kok et al. 1970).
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The [R1Pp2]-minus-[Pp1Pp7] difference spectrum is much less studied and nsholed
in the Soret region than in the @d Q regionse.g. (Krausz 2013, Reimers et al. 2013). For
example, in wild-type PSII, when Tyk is present, an additional signal in the] -
minus-[Pp;Pp;] difference spectrum was recently observed whenpeaoed to the first flash
when Typ is not oxidized (Boussac et al. 2023). The add#ideature was “W-shaped” with
troughs at 434 nm and 446 nm. This double troughufe in the [BiPp2] -minus-[Pp:Po2]
difference spectrum was seemingly unmodified iroathe mutants studied except in the P
mutant, D2/H197A, inSynechoscystis sp. PCC 6803 in which the trough at 446 was
downshifted by~ 3 nm. In this study, however, we lacked the:fB2]"-minus-[Pp:Pp2]
difference spectrum in wild-typ8ynechoscystis sp PCC 6803, which would have been the
optimum spectrum for the comparive study. We hawerefore measured this difference
spectrum in the present work. Thep{Psz] -minus-[Pp:Po,] difference spectrum in the
PsbA3/H198Q mutant was only reported in our previsork in Q-evolving PSII at low pH
values (Boussac et al. 2023). Therefore, we has@rakasured this spectrum in Mn-depleted
PsbA3/H198Q-PSII at pH 8.6, as for the other spedtr a better comparison although the

Mn-depletion seemed to have no detectable effetihese spectra.

M aterials and M ethods

PSl samples.

The His-tagged PSIlI samples from elongatus used in this study, PsbA1-PSllI,
PsbA3-PSII and PsbA3/H198Q-PSIl, were purified ascdbed previously (Boussac et al.
2023). The His-tagged PSIlI samples fr@mechocystis sp PCC 6803 used in this study,
D2/H197A-PSIl and WT-PSII (Hayase et al. 2023), evpurified as described previously
(Boussac et al. 2023). The Mn-depletion procedums hlso been described previously
(Boussac et al. 2023). In the last step, all thié $#8nples were suspended in 1 M betaine, 15
mM CaC}, 15 mM MgCh, 100 mM Tris, pH 8.6.

UV-visible time-resol ved absor ption change spectroscopy.

Absorption change measurements were performed withmodified lab-built

spectrophotometer (Béal et al. 1999) describecifaikin (Boussac et al. 2023).
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For theAl/l measurements, the Mn-depleted PSIlI samples wiuéed in a medium
with 1 M betaine, 15 mM Cag;115 mM MgC}, and 100 mM Tris with the pH adjusted with
HCI at pH 8.6. All the PSIl samples were dark-addgfor ~ 3-4 h at room temperature (20—
22°C) before the addition of 0.1 mM phem#benzoquinone (PPBQ) dissolved in dimethyl
sulfoxide. In all cases, the chlorophyll concentrapf the samples was ~ 25 pg of ChithL
After the Al/l measurements, the absorption of each dilutadhbaf samples was precisely
controlled to avoid errors due to the dilution @incentrated samples and th#l values
shown in the figures were normalizedAgrs = 1.75, withe ~ 70 mM*cm™ at 674 nm for
dimericT. elongatus PSIl (Mih and Zouni 2005).

Results and Discussion

The two Panels in Fig. 1 show the averageghfR] -minus-[PpiPps] difference
spectra measured 20 ns after tfet& 10" flashes flash illumination. The 4 first flashesreve
given to fully oxidize Tys (Boussac et al. 2023).

Panel A in Fig. 1 shows the spectra in PsbAl-PBlkhck spectrum with closed
symbols), PsbA3-PSII (blue spectrum with closed lsyis), and PsbA3/H198Q-PSIl (red
spectrum with closed symbols). Two observationgaaly reported (Boussac et al. 2023), can
be madei) the nature of PsbA.e. PsbAlvs PsbA3, hardly affects the §iPp2] -minus-
[PoiPp2] difference spectrum, and) the largest trough in the §Pp2] -minus-[Pp:Ppo2]
difference spectrum in the PsbA3/H198Q-PSII muisustifted towards the blue by3 nm,
as already reported both $gnechocystis 6803 andr. e ongatus (Diner et al. 2001, Sugiura et
al. 2016), whereas the minor bleaching at 446 naini®st unaffected.

Panel B in Fig. 1 shows thefPo,] -minus-[Pp1Pp;] difference spectra in the wild-
type Synechocystis 6803 PSII (black spectrum with open symbols) ar&iH297A mutant
PSII (green spectrum with open symbols). Again, tmain observations can be madgethe
largest trough in the B2Po,]"-minus-[Pp1Pp;] difference spectrum in the wild-type PSII is at
~ 432 nm while in the D2/H197A mutant is slightlyifséd to the red by 1 nm to~ 433 nm,
andii) the trough at 446 nm in the wild-type PSII is more significanglgifted to the blue at
~ 443 nm in the mutant.

Diner et al. (2001) have reported that ther:fB.]"-minus-[PpoiPps] difference
spectrum was red shifted byl nm from~ 432 nm to~ 433 nm due to the D2/H197A

mutation. Fig. 2 shows on the same graph theFR] -minus-[Pp:Po2] difference spectra in
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wild-type Synechocystis 6803 (black spectrum with open symbols) and tH8ARSPSII from

T. elongatus (black spectrum with closed symbols). This congmariclearly shows that the
main trough of the spectrum in wild-ty@nechocystis 6803 is slightly blue-shifted when
compared to the spectrum in elongatus (in contrast to the trough at 446 nm that is not
affected). As we did not used the proper contre@cspim in (Boussac et al. 2023%. the
wild-type PSIlfrom Synechocystis 6803, the small red shift due to the D2/H197A riata
escaped our detection.

The R, mutant, D2/H197A, is the only one in which theugh at 446 nm in the
[Po1Po2] -minus-[PpiPoy] difference spectrum is significantly affected. igrsupports the
hypothesis that the bleaching seen at 446 nm iegoRy,. The two spectral features could
reflects the [By'Po2]<>[Pp1Po2'] equilibrium. The relative amplitudes of the trouat 446 nm
and 434 nm are indeed in agreement with the relgtioportions of p," and B," in the
[PoiPo2]” cation, roughly 80% and 20%, respectively, fronpesimental estimates.g.
(Rigby et al. 1994, Diner et al. 2001, Okubo et28l07, Nagao et al. 2017). Alternatively, it
could be due to something more complex due to aogglbetween several pigments or
charge fluctuations between them (Narzi et. 20IR)ese data could be useful for
computational works aiming at understanding the:PR] -minus-[PpoiPp2] difference
spectrum in the Soret region.
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L egends of figures

Figure 1 Panel A, averaged spectra recorded 20 ns atestto 10" laser flash illumination

at pH 8.6 in Mn-depleted PsbA1-PSIl (black speckuMn-depleted PsbA3-PSII (blue
spectrum), and PsbA3/H198Q-PSII frdmelongatus. Panel B, averaged spectra recorded 20
ns after the 8to 10" laser flash illumination at pH 8.6 in Mn-depletes|l (black spectrum),
and Mn-depleted D2/H198Q PSII fro8gnechocystis 6803. The Chl concentration was 25 ug

mL™* and 100 pM PPBQ was added before the measurements.

Figure 2 Replot of the spectrum in PsbA1-PSll frdmelongatus (closed symbols, full line)
and in the wild-type PSII frorBynechocystis 6803 (open symbols, dashed line).
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