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Abstract

Flash-induced absorption changes in the Soret region arising from the [Pp,Pp,]" state, the chlorophyll cation radical formed
upon light excitation of Photosystem II (PSII), were measured in Mn-depleted PSII cores at pH 8.6. Under these conditions,
Tyrp is i) reduced before the first flash, and ii) oxidized before subsequent flashes. In wild-type PSII, when Tyr,® is present,
an additional signal in the [Pp,Pp,]*-minus-[Pp,Pp,] difference spectrum was observed when compared to the first flash when
Tyrp is not oxidized. The additional feature was “W-shaped” with troughs at 434 nm and 446 nm. This feature was absent
when Tyr, was reduced, but was present (i) when Tyr, was physically absent (and replaced by phenylalanine) or (ii) when
its H-bonding histidine (D2-His189) was physically absent (replaced by a Leucine). Thus, the simple difference spectrum
without the double trough feature at 434 nm and 446 nm, seemed to require the native structural environment around the
reduced Tyr, and its H bonding partners to be present. We found no evidence of involvement of Py, Chl,, Phep;, Phep,,
Tyr,, and the Cytbssq heme in the W-shaped difference spectrum. However, the use of a mutant of the P, axial His ligand,
the D2-His197Ala, shows that the Ppy, environment seems involved in the formation of “W-shaped” signal.
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Abbreviations EPR Electron Paramagnetic Resonance

Chl Chlorophyll Pp, and Py, Individual Chl on the D1 or D2 side,

Chlp,/Chlp, Monomeric Chl on the D1 or D2 side, respectively, which constitute a pair of
respectively Chl with partially overlapping aromatic

Cyt Cytochrome rings (Pgg()

DMSO Dimethyl sulfoxide

1 TInstitut de Biologie Intégrative de la Cellule, UMR9198,
CEA Saclay, 91191 Gif-Sur-Yvette, France

P< Alain Boussac
alain.boussac @cea.fr Proteo-Science Research Center, and Department

of Chemistry, Graduate School of Science and Technology,

Ehime University, Bunkyo-Cho, Matsuyama,

Ehime 790-8577, Japan

Miwa Sugiura
miwa.sugiura@ehime-u.ac.jp

Makoto Nakamura 3

nnakamurammakoto@gmail.com Faculty of Agriculture, Shizuoka University,

Shizuoka 422-8529, Japan

I:z Oaljzrlggo@shizuoka acs 4 Department of Physics, Graduate School of Science, Nagoya
830.1y! -acp University, Furo-Cho, Chikusa-Ku, Nagoya 464-8602, Japan
Takumi Noguchi 5

Institut de Biosciences Et Biotechnologies,, UMR 7265,
Aix-Marseille, CEA Cadarache, Cité des Energies,
13115 Saint-Paul-Lez-Durance, France

tnoguchi @bio.phys.nagoya-u.ac.jp

Stefania Viola

stefania.viola@cea.fr 6 Department of Life Sciences, Imperial College,
A. William Rutherford London SW7 2AZ, UK
a.rutherford @imperial.ac.uk 7

Institut de Biologie Physico-Chimique, UMR CNRS 7141

Julien Sellés
selles@ibpc.fr

Published online: 26 September 2023

and Sorbonne Université, 13 Rue Pierre Et Marie Curie,
75005 Paris, France

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11120-023-01049-3&domain=pdf
http://orcid.org/0000-0002-3441-3861
http://orcid.org/0000-0001-8212-3001
http://orcid.org/0000-0002-3281-6827
http://orcid.org/0000-0003-0773-8158
http://orcid.org/0000-0002-3124-154X
http://orcid.org/0000-0001-9262-8257

Photosynthesis Research

Phep,; and Phe,, Pheophytin on the D1 or D2 side,

respectively

PPBQ Phenyl p—benzoquinone

PSII Photosystem II

Qa Primary quinone acceptor

Qg Secondary quinone acceptor

Tyrp The tyrosine 160 of D2 acting as a
side-path electron donor of PSII

Tyr, The tyrosine 161 of D1 acting as the
electron donor to Pgg

WT*3 T. elongatus Mutant strain deleted of
the psbA; and psbA, genes and with
a His-tag on the carboxy terminus of
CP43

wT T. elongatus Mutant strain deleted of
the psbA;, psbA, and psbD, genes and
with a His-tag on the carboxy terminus
of CP43

EDTA Ethylenediaminetetraacetic acid

Introduction

Oxygenic photosynthesis is responsible for most of the
energy input to life on Earth. This process converts the solar
energy into fiber, food, and fuel, and occurs in cyanobac-
teria, algae, and plants. Photosystem II (PSII), the water-
splitting enzyme, is at the heart of this process, see (Cox
et al. 2020) for a recent review.

Mature cyanobacterial PSII generally consists of 20 subu-
nits with 17 trans-membrane and 3 extrinsic membrane pro-
teins. PSII binds 35 chlorophylls a (Chl-a), 2 pheophytins
(Phe), 1 membrane b-type cytochrome, 1 extrinsic c-type
cytochrome, 1 non-heme iron, 2 plastoquinones (Q, and
Qgp), the Mn,CaOs cluster, 2 C17, 12 carotenoids, and 25
lipids (Suga et al. 2015). The 4th extrinsic PsbQ subunit
was also found in PSII from Synechocystis sp. PCC 6803 in
addition to PsbV, PsbO, and PsbU (Gisriel et al. 2022a, b).

Among the 35 Chl’s, 31 are antenna Chl’s and 4 (Pp,,
Ppy,, Chlyy,, and Chlp,), together with the 2 Phe molecules,
constitute the reaction center pigments of PSII. After the
absorption of a photon by the antenna, the excitation energy
is transferred and trapped in the reaction center (Mirkovic
et al. 2017). After a few picoseconds, a charge separation
occurs resulting in the formation of the Chl,*Phe,~ and
then of the [Pp,Pp,]*Phep,” radical pair states, with the
positive charge mainly located on Py, e.g., (Capone et al.
2023; Holzwarth et al. 2006; Romero et al. 2017). The main
PSII cofactors are shown in Fig. 1 for PSII with PsbA3 as
the D1 protein (Nakajima et al. 2022).

After the formation of [P, Pp,]*Phep,”, the electron
on Phep, " is transferred to Q,, the primary quinone elec-
tron acceptor, and then to Qg, the second quinone electron
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acceptor. While Q, is only singly reduced under normal con-
ditions, Qg accepts two electrons and two protons before
leaving its binding site and being replaced by an oxidized
plastoquinone molecule from the membrane plastoquinone
pool (Boussac et al. 2010; de Causmaecker et al. 2019;
Fufezan et al. 2005; Sedoud et al. 2011 and references
therein). On the donor side of PSIL, [P, Pp,]* oxidizes Tyr,,
the Tyr161 of the D1 polypeptide. The Tyr,® radical is then
reduced by the Mn,CaOjs cluster, e.g., (Lubitz et al. 2019;
Shevela et al. 2023) for some reviews. After four charge
separations, the Mn,CaOs cluster accumulates four oxidiz-
ing equivalents and thus cycles through five redox states
denoted S, to S,. Upon formation of the S,-state, two mol-
ecules of water are oxidized, the Sy-state is regenerated and
O, is released (Joliot et al. 1969; Kok et al. 1970).

In O, evolving PSII with an intact Mn,CaOjs cluster, the
electron transfer from Tyr, to [P, Pp,]" takes place in time
ranges from tens of ns to tens of ps, e.g., (Renger 2012). The
kinetics in the ns range are sometimes discussed in term of a
pure electron transfer, whereas in the ps range they involve large
proton relaxations in the H-bond network, e.g., (Renger 2012).
The fast electron transfer from Tyr,, to [Pp,Pp,]* occurs with
at,, close to 20 ns (Brettel et al. 1984; Gerken et al. 1987).
The s to tens of ps phases correspond to proton movements in
which the phenolic proton of the Tyr,® radical moves, in a first
step, onto the H-bonded His190 of the D1 polypeptide.

In Mn-depleted PSII, the electron transfer from Tyr, to
[Pp,Pp,]* is strongly pH dependent (Conjeaud and Mathis
1980) with a ;, of ~190 ns at pH 8.5 and~2-10 us at pH 6.5
(Faller et al. 2001). At pH 8.5 and above, Tyrp, the Tyr160
of the D2 polypeptide that is symmetrically positioned with
respect to Tyr, (Fig. 1), is slowly reduced in the dark (Bous-
sac and Etienne 1982) and becomes able to donate an elec-
tron to Pp,* with a #,/, of ~ 190 ns, similar to Tyr, donation
(Faller et al. 2001). Consequently, at room temperature and
pH 8.5, the reduced Tyrp, can donate an electron to [P Pp,]*
in approximately half of the centers upon a saturating ns
flash in Mn-depleted PSII, while in the remaining half of the
centers [Pp,Pp,]" is reduced by Tyr,. Based on the electron
transfer rate and the distance between Tyrp, and Py and Py,
it is considered that Tyr, oxidation occurs by donation to
Pp,,", which shares the cation with Pp,; by a redox equilib-
rium, [Py, "Pp,] <> [Py, Pp, 1, (Rutherford et al. 2004).

The difference spectra [Pp,Pp,]*-minus-[Pp,Pp,] meas-
ured in the Soret region of the Chl absorption, and corrected
for the contribution of Q,~-minus-Q, formation, shows a
large bleaching at~432 nm in wild-type PSII (Diner et al.
2001). Additionally, the difference spectrum exhibits a nega-
tive feature between 440 and 460 nm. The origin of this
additional spectral feature that is observed in both inactive
PSII (Diner et al. 2001) and O,-evolving PSII, e.g., (Sugi-
ura et al. 2004), has not been determined. In this spectral
region, the redox changes of several species, such as the
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Fig. 1 Panel A: Arrangement A
of cofactors of the T. elongatus
PSII involved in the electron
transfers and studied in the
present work together with
some amino acids interacting
with these cofactors. Panel B,
structure of Pp,; and Pp,, with
their amino acid residue ligands.
Panel C, structure around Chlp,;
and Chly,. The PsbA3/E130
residue is H-bonded to Pheyy,
and PsbD1/Q129 residue is
H-bonded to Pheyy,. The figures
were drawn with MacPyMOL
with the A monomer in PDB
7YQ7 (Nakajima et al. 2022).
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Chls, cytochromes, and amino acid radicals may give rise
to absorption changes upon a charge separation event. How-
ever, the difference spectra recorded at time as short as 20 ns
after an actinic ns laser flash and decaying with the same
kinetics as [Pp, Pp,]* cannot originate from states other than
those with [Pp,Pp,]* present. Alternatively, band shifts of
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either Chl’s or cytochromes or amino acid radical(s) induced
by the formation of [P, Pp,]" may also contribute.

In the present work, we have recorded the
[PpPpal T Qa~-minus-[Pp,Pp,]1Q, difference spectra in
PSII from different cyanobacteria species and mutants (see
Fig. 1) in order to clarify the nature of the spectral feature
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between 440 and 460 nm. All the measurements were done
in Mn-depleted PSII after a long dark-adaptation in order
to measure the [PpPp,]*Qa~-minus-[Pp,Pp,]1Q, difference
spectra with Tyrp, either reduced or oxidized, i.e., in the pres-
ence of Tyrp°®.

Materials and methods
PSll samples

The PSII samples used in this study were purified from (i) Ther-
mosynechoccocus elongatus (see below), (ii) Chroococcidiop-
sis thermalis PCC7203 grown under far-red light (750 nm,
LED750-33AU from Roithner LaserTechnik), and from the
D2/H197A mutant in Synechocystis PCC 6803 (Hayase et al.
2023). PSII from C. thermalis has 4 Chl-fand 1 Chl-d replacing
5 of the 35 Chl-a (Nurnberg et al. 2018, Judd et al. 2020) see
also (Chen et al. 2010, Gan et al. 2014, Gisriel et al. 2022b).

The T. elongatus strains used in this study, listed in Table 1,
were constructed from a strain with a His-tag on the carboxy
terminus of CP43, called 43H. The mutants in the D2 pro-
tein were constructed in the psb;,; gene with the psb;,, gene
deleted.

PSII purifications from the T elongatus strains were
performed as previously described (Sugiura et al. 2014).
For Mn-depletion, 20 mM NH,OH, from a stock at 1 M at
pH 6.5, and 1 mM EDTA were added to the PSII samples.
After an incubation for approximately 1 min in dim light in
the cold room at 4 °C, the hydroxylamine and EDTA were

removed by washings of the PSII samples by cycles of dilu-
tion (taking each approximately 30 min) in 1 M betaine,
15 mM CaCl,, 15 mM MgCl,, 40 mM MES, pH 6.5, fol-
lowed by concentration using Amicon Ultra-15 centrifugal
filter units (cut-off 100 kDa) until the estimated residual
NH,OH concentration was lower than 0.1 pM in the con-
centrated PSII samples before the final dilution for the AI/I
measurements. In the final dilution step, the PSII samples
were suspended in 1 M betaine, 15 mM CaCl,, 15 mM
MgCl,, 100 mM Tris, pH 8.6.

The PSII from C. thermalis grown under far-red light was
purified as previously described (Nurnberg et al. 2018), and
then also treated with NH,OH as described above. The D2/
H197A with a His-tag was purified with the same protocol
as T. elongatus except the breaking of the cells with the
French press that was done after resuspension of the cells in
100 mM Tris pH 8.0.

UV-visible time-resolved absorption change
spectroscopy

Absorption change measurements were performed with a
lab-built spectrophotometer (Béal et al. 1999) in which the
absorption changes were sampled at discrete times after
the actinic flash by short analytical flashes. These analyti-
cal flashes were provided by an optical parametric oscil-
lator (Horizon OPO, Amplitude Technologies) pumped by
a frequency tripled Nd:YAG laser (Surelite II, Amplitude
Technologies), producing monochromatic flashes (355 nm,
2 nm full-width at half-maximum) with a duration of 5 ns.

Table 1 PSII samples used in Parent strain ®

Nature of D1 ¢

Mutation or modification Reference

this study
43H PsbA1
WT#1 P PsbAl
WT*3 ¢ PsbA3
WT*3 ¢ PsbA3
WT*3 ¢ PsbA3
WT*3 ¢ PsbA3
WT*3-Apsb,), © PsbA3
WT*3 ¢ PsbA3
43H-Apsby, PsbA1l
43H-Apsby, PsbA1l
43H-Apsby, PsbAl
43H PsbAl
Synechocystis PCC 6803 PsbA2
FR C. thermalis PsbA3

PsbA 1l Sugiura and Inoue 1999
PsbA 1l Ogami et al. 2012
PsbA3 Sugiura et al. 2008
PsbA3/H198Q Sugiura et al. 2016
PsbA3/T179H Takegawa et al. 2019
PsbA3/E130Q Sugiura et al. 2014
PsbD1/1178T Sugiura et al. 2024
PsbE/H23A Sugiura et al. 2015
PsbD1/Y 160F Sugiura et al. 2004
PsbD1/H189L Un et al. 2007

PsbD1/Y 160F-H189L
+ 3-fluorotyrosine
PsbD/H197A

1 Chl-d and 4 Chl-f

Sugiura et al. unpublished
Rappaport et al. 2009
Hayase et al. 2023
Nurnberg et al. 2018

# Strains from which the PSII were purified. The asterisk (*) indicates that the CP43 has a His, tag on the

carboxy terminus.
® Apsh ,-Apsb,; strain.
¢ Apsb, -Apsb,, strain.

4 The nature of the D1 protein has been controlled in purified PSII by recording the Qx band shift of Phepy,
upon Q,~ formation, e.g., (Giorgi et al. 1996)
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Actinic flashes, for all the samples studied, were provided
by a second Nd: YAG laser (Surelite I, Amplitude Technolo-
gies) at 532 nm, which pumped an optical parametric oscil-
lator (Surelite OPO plus) producing monochromatic saturat-
ing flashes at 695 nm with the same pulse-length. The two
lasers were working at a frequency of 10 Hz and the time
delay between the laser delivering the actinic flashes and
the laser delivering the detector flashes was controlled by a
digital delay/pulse generator (DG645, jitter of 1 ps, Stanford
Research). The path-length of the cuvette was 2.5 mm.

For the AI/I measurements, the Mn-depleted PSII sam-
ples were diluted in a medium with 1 M betaine, 15 mM
CaCl,, 15 mM MgCl,, and 100 mM Tris with the pH
adjusted with HCI at pH 8.6. All the PSII samples were dark-
adapted for ~3—4 h at room temperature (20-22 °C) before
the addition of 0.1 mM phenyl p—benzoquinone (PPBQ) dis-
solved in dimethyl sulfoxide. In all cases, the chlorophyll
concentration of the samples was ~ 25 ug of Chl mL™!. After
the AI/I measurements, the absorption of each diluted batch
of samples was precisely controlled to avoid errors due to
the dilution of concentrated samples and the AI/I values
shown in the figures were normalized to Ag;3=1.75, with
g~70 mM~'-cm™" at 674 nm for dimeric T. elongatus PSII
(Miih and Zouni 2005).

Results and discussion

Figure 2 shows the observation that triggered this study. In
this experiment, the AI/I was measured from 401 to 457 nm,
20 ns after each saturating ns laser flash of a series of 10
fired with an interval of 2 s. The material was a Mn-depleted
PsbA3/PSII which was dark adapted for ~3—4 h at pH 8.6.
This long dark-incubation allows Tyrp to be reduced in the
great majority of the centers (Boussac and Etienne 1982;
Faller et al. 2001). The black spectrum was recorded after
the first flash, i.e., it corresponds to the formation of the
[Py Ppa]TQ4 ™ state when Tyrp, is not yet oxidized. The red
spectrum is an average of the AI/I measured from the 5 to
10% laser flash illumination, i.e., it corresponds to the forma-
tion of the [Pp,Pp,]TQ, " state in the presence of Tyrp® after
it is formed on the first actinic flashes.

In Fig. 2, the maximum bleaching in the two spectra is
at 432 nm as expected for the [Pp,Pp,] -minus-[Pp,Pp,]
difference spectrum (Diner et al. 2001). However, the two
spectra differ significantly. The blue spectrum, which is
the red spectrum minus the black spectrum, shows that,
once Tyrp® has been formed after the first flashes, the
[Py Ppa] Q" -minus-[Pp,Pp,1Q, difference spectrum
exhibits a “W-shaped” spectrum with two additional nega-
tive features, with troughs at ~434 nm and ~446 nm. This
difference spectrum was calculated assuming that the same
amount of [Py, Pp,]* was formed after the 1st flash and the

—_
(=1

o—0—0__
] ./.—. o —0

o & bV o N s o ®

AI/T at 20 ns x 10

400 410 420 430 440 450 460

wavelength (nm)

Fig.2 Spectra recorded 20 ns after a laser flash illumination in Mn-
depleted PsbA3-PSII which was dark-adapted for 3-4 h at pH 8.6 to
allow the reduction of Tyrp,. The black full circles were recorded after
the 1st flash of a sequence of 10 flashes fired 2 s apart. The red full
circles are the average the measurements done from the 5th to the
10th flash. The blue spectrum is the red spectrum minus the black
spectrum. The Chl concentration was 25 pg mL™' and 100 uM PPBQ
was added before the measurements.

followings which is very likely to be the case in this sam-
ple. The very small negative contribution at 446 nm in the
black spectrum is most likely due to the small fraction of
centers in which Tyrp® remained after the dark-adaptation.
The trough at 434 nm in the blue spectrum could arise
from the bleaching of the radical cation with a higher pro-
portion of Pp," in [Pp,Pp,]". However, this would imply
a difference spectrum with a more derivative shape with
a contribution of the band which disappears, something
that is not observed. The difference has therefore a more
complex origin.

Panel A in Fig. 3, shows the results of the same experi-
ments as in Fig. 2 but using a Mn-depleted PsbA1-PSII. The
results are very similar to those in Mn-depleted PsbA3-PSII,
with the additional feature in the red spectrum presenting a
trough at 446 nm. The major bleaching peaks at~434 nm in
the red spectrum, showing that the two troughs in the blue
spectrum of Fig. 2 are also present here. The similarities
of these results with those in Fig. 2 shows that the nature
of PsbA, i.e., PsbAl vs PsbA3, does not affect the forma-
tion and spectrum of the additional “W-shape” structure
observed after the 5th to 10th flashes. In Fig. 3A a small
negative contribution at 446 nm in the black spectrum (i.e.,
after the 1st flash) is detected and this contribution is larger
than that in Fig. 2. This difference reflects a slight variation
in the proportion of centers in which the oxidized Tyrp, was
still present upon the dark adaptation. This proportion is
very weak but may vary from sample to sample.
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Fig.3 Panel A, spectra recorded 20 ns after a laser flash illumina-
tion in Mn-depleted PsbA1-PSII which was dark adapted for 3-4 h
at pH 8.6 to allow the reduction of Tyrp. The black full circles were
recorded after the 1st flash and the red full circles are the average the
measurements done from the 5th to the 10th flash. The blue spectrum
is the red spectrum minus the black spectrum. Panel B, decay kinetics
measured from 10 ns to 1 ms in Mn-depleted PsbA1-PSII, either at
446 nm (orange) or at 432 nm (blue). The data points are averaged
from the 5th to the 10th flash, i.e., when all Tyrp® was formed in all
centers. The amplitude of the signal at 10 ns was normalized to — 1.
The Chl concentration was 25 ug mL™! and 100 uM PPBQ was added
before the measurements.

Panel B in Fig. 3 shows the decay kinetics measured in
the Mn-depleted PsbA1/PSII at 432 nm (blue points) and
446 nm (orange points). The data points were averaged from
the 5th to the 10th flash when Tyr,* was formed in all the
centers. With the semi-logarithmic plot used in Panel B of
Fig. 3, the decays at both 432 nm and 446 nm were almost
linear from 10 ns to 1 ps and had a similar #,,, of ~200 ns.
The Pgg* reduction has been studied earlier in detail in the
conditions used (Faller et al. 2001; Rappaport et al. 2009;
Sugiura et al. 2010). The ¢,,, value in Fig. 3B is very close
to the value of 190 ns found previously (Faller et al. 2001;
Rappaport et al. 2009).

The detection of the feature with troughs at 434 nm and
446 nm at times as short as 10-20 ns after the flash shows
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that it cannot originate from anything other than [Py, Pp,]"
or Q. because the reduction of [Pp,Pp,]* and the oxida-
tion of Q,~ are not significant at that time (¢, for [P, Pp,]"
reduction ~200 ns, and for Q,~ oxidation ~400 ps to 1 ms).
As mentioned in the introduction, the “W-shape” structure
between 440 and 460 nm was also observed in spectra after
the removal of the Q, ~-minus-Q, contribution (Diner et al.
2001). In addition, the decay with a t,,, of ~200 ns is much
too fast to correspond to the forward electron transfer from
Q4™ to Qg or Qg nor to charge recombination between
Q4™ and [P, Pp,]* (~ 1 ms). Furthermore, the ¢, of ~200 ns
corresponds well with the kinetics for the electron transfer
from Tyr, or Tyrp, to [Py, Pp,]* (Faller et al. 2001). Finally,
this negative spectral feature is not observed after the first
flash, while Q,~ is also formed 20 ns after the first flash,
confirming that the spectral feature does not arise from
Q,~ itself.

These considerations argue strongly in favor of [Pp,Pp,]*
rather than Q,~ being the species responsible for the spec-
tral feature between 440 and 460 nm. The question is
now whether these absorption changes originate from the
[PpPp,l* species or if they originate from an electrochro-
mic response of a pigment and/or cofactor induced by the
formation of [Pp,Pp,]*. In order to obtain information on
this subject we have recorded the [Pp,Pp,]"-minus-[Pp,Pp,]
difference spectra in various types of PSII with mutations
known to affect some of the cofactors in the vicinity of Py,
or Pp,.

The first of these PSII was the Tyrp-less mutant (Sugiura
et al. 2004). The experiment in Fig. 2 shows the W-shaped
double trough feature at 434 nm and 446 nm is absent
when Tyrp, is reduced and present when Tyr,® is present.
It therefore seemed possible that this feature arises from an
absorption change in Tyrp® generated by the formation of
[PpPp,]™.

Figure 4 shows the spectra recorded 20 ns after the
laser flash illumination in Mn-depleted Tyrp-less PSII
with PsbAl as the D1 protein (i.e., PsbA1/PsbD1-Y160F
PSII) dark adapted for ~3—4 h at pH 8.6. The black spec-
trum was recorded after the first flash and the red spectrum
is an average of the AI/I measured from the 5th to 10th
laser flash illumination. The two spectra are very similar,
if not identical, and, surprisingly, they are identical to the
[PpPp,] " -minus-[Pp,Pp,] difference spectra in the presence
of Tyrp® and not to those in the presence of Tyrp,. The blue
spectrum that is the red spectrum minus the black spectrum
is flat around 446 nm.

It is clear from the results in Fig. 4 that the presence of
Tyrp® is not required for the detection of the 440 nm to
460 nm double-trough spectral feature and is not directly
responsible for this spectral feature. The structure of PSII
around Tyrp, at pH 8.6 is unknown (see for example Hiener-
wadel et al. 2008) and the same is true when Tyry, is replaced
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Fig.4 spectra recorded 20 ns after a laser flash illumination in Mn-
depleted PsbA1/PsbD1-Y 160F PSII dark adapted for 3-4 h at pH 8.6.
The black full circles were recorded after the 1st flash and the red full
circles are the average the measurements done from the 5th to the
10th 5 ns laser flash. The blue spectrum is the red spectrum minus the
black spectrum. The Chl concentration was 25 ug mL™! and 100 uM
PPBQ was added before the measurements.

by phenylalanine in the Tyrp-less mutant, however it seems
possible that the local electrostatic environment in this
mutant could mimic the situation occurring in presence of
Tyrp®. To test the effects of modifications in the H-bond net-
work in this region, the spectra were recorded in two other
mutants.

These two mutants were PsbA1-PsbD1/HI189L single
mutant (Un et al. 2007), in which the H-bonding histidine
partner of Tyrp, is absent, and the PsbA1-PsbD1/Y 160F-
H189L double mutant (Sugiura et al. unpublished) in which
both Tyrp, and its H-boning histidine partner are absent. In
the PsbA1-PsbD1/H189L single mutant, the oxidation of
Tyrp occurs with a very low efficiency. Consequently, the
spectra after the 1st or following flashes are taken in condi-
tions where Tyrp® is not present. The results obtained in
these two mutants are shown in Fig. 5. Panel A in Fig. 5
shows the spectra recorded in the PsbA1-PsbD1/H189L sin-
gle mutant. Panel B shows the spectra recorded in the double
mutant PsbA1-PsbD1/Y 160F-H189L. The black full circles
were recorded after the 1** flash and the red full circles are
the average of the measurements done from the 5th to the
10th flash.

In the PsbA1-PsbD1/H189L mutant, the spectral feature
that best appears, as a dip at 446 nm, is present when Tyrp,
is not oxidized whatever the number of flashes given to the
sample. This contrasts with the situation in PsbA1-PSII
and PsbA3-PSII, where its formation required the pres-
ence of Tyrp®. In the PsbA1-PsbD1/Y 160F-H189L dou-
ble mutant, the modification of the H-bond network due
to loss of the Tyrp and its H-bond partner, His 189, had
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Fig.5 Spectra recorded 20 ns after a laser flash illumination in
PsbA1-PsbD1/H189L PSII (Panel A) and in PsbA1-PsbD1/Y 160F-
H189L (Panel B). The samples were dark adapted for 3-4 h at pH 8.6
before the measurements. The black full circles were recorded after
the 1% flash and the red full circles are the average the measurements
done from the 5th to the 10th flash. The blue spectra are the red spec-
tra minus the black spectra. The Chl concentration was 25 pg mL™!
and 100 uM PPBQ was added before the measurements.

no effect when compared with the PsbA1-PsbD1/Y 160F
single mutant. It should however be noted that when com-
pared to the situation in PsbA1-PSII and PsbA3-PSII, the
spectra between 432 and 440 nm appeared slightly broader
on the longer wavelength side of the spectrum. In Fig. 5SA
and B, the blue spectra, which are the red spectrum minus
the black spectrum, are flat around 446 nm.

In the following, we address the situation in other
mutants known to modify the spectral properties of Pp,
and of some of the cofactors around it.

The first of these mutants is the PsbA3/H198Q, in which
the His ligand of Py, is replaced by a Gln, see Fig. 1. In this
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mutant, the [Py, Pp,]*-minus-[Pp,Pp,] difference spectrum is
shifted to the blue by ~3 nm (Diner et al. 2001; Sugiura et al.
2016). Despite this blue shift in the main bleach, the 440 nm
to 460 nm spectral feature remained unaffected both in inac-
tive (i.e., Mn-depleted) PSII from Synechocystis PCC6803
(Diner et al. 2001) at pH 5.9 and in O, evolving PSII from
T. elongatus at pH 6.5 (Sugiura et al. 2016), with a trough at
446 nm in these two types of PSII.

The second mutant is the PsbA3/T179H in which the
properties of Chlp, are strongly modified (Schlodder et al.
2008; Takegawa et al. 2019). In this mutant, the Qy transi-
tion of Chly,, is shifted to the red by ~2 nm both in inactive
PSII from Synechocystis PCC6803 (Schlodder et al. 2008)
and in O, evolving PSII from T. elongatus at pH 6.5 (Takeg-
awa et al. 2019). In the PsbA3/T179H T. elongatus mutant,
the feature with a trough at 446 nm remained unaffected.
However, this negative result can only be taken as inconclu-
sive evidence against a role of Chl; in forming the spectral
feature with the trough at 446 nm.

The third mutant on the D1 side is the PsbA3/E130Q
mutant. The residue 130 of PsbA is H-bonded to the 13!-keto
of Phep,;, affecting its midpoint potential and shifting its Qx
band in the ~ 535-545 nm spectral region due to the chang-
ing strength of the H-bond (Merry et al. 1998; Sugiura et al.
2014). Figure 6 shows that the 440 nm to 460 nm spec-
tral feature (i) remained unaffected in Mn-depleted PsbA3/
E130Q PSII at pH 8.6 and (ii) was absent on the first flash
as in Mn-depleted PsbA3 PSII (Fig. 2). The data here show
that the mysterious spectral feature in the Soret region does
not seem to contain a contribution from a Phep,; bandshift.

6 & B L o v s o ®
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Fig.6 spectra recorded 20 ns after a laser flash illumination in Mn-
depleted PsbA3/E130Q PSII, which was dark adapted for 3-4 h at pH
8.6. The black full circles were recorded after the 1st flash and the
red full circles are the average the measurements done from the 5th to
the 10th flash. The blue spectrum is the red spectrum minus the black
spectrum. The Chl concentration was 25 pg mL™! and 100 uM PPBQ
was added before the measurements.
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However, it is not certain that a change in the Qx band of the
absorption spectrum of Phep,; would also be accompanied by
a change in the Soret region (Sugiura et al. 2014).

Probing the modifications on the D2 side is more difficult.
By comparing the electrochromic band-shifts of Phe,; and
Phepy, in the Qx band region around 550 nm, which are trig-
gered by the formation of either Tyr,* or Tyrp® in PsbAl-
PSII and PsbA3-PSII, it was shown that the Qy bandshift of
Phepy, induced by Tyrp* formation was slightly red shifted
by 2-3 nm compared to the Phep, bandshift observed upon
the formation of Tyr,*. This was interpreted by taking into
account, as shown in Fig. 1, that the H-bonded residue to
Phep,, is a glutamate (PsbA1/E130) and the H-bonded resi-
due to Phep, is a glutamine (PsbD/Q129) (Boussac et al.
2020). However, once again the conclusion remains tenta-
tive, as a modification of the Qx band does not necessar-
ily imply a change in the Soret region making again this
negative result as an inconclusive evidence against a role of
Phepy, in the feature at 446 nm.

Figure 7 shows the spectra recorded in a PsbA3-PsbD1/
1178T mutant PSII (Sugiura et al. 2024). The modifications
of the Chlp, in this mutant are expected to be comparable
to those of the Chlp,; in the equivalent D1 mutation, i.e.,
PsbA3/T179 (Takegawa et al. 2019). Figure 7 shows again
that there is no effect of the PsbD1/I178T mutation on the
[PpPpol*-minus-[Pp,Pp,] spectra, and this is taken as an
indication that Chlp, is not the origin of the 440 nm to
460 nm double trough absorption feature.

Two other types of modified PSII from T. elongatus have
been studied. Panel A of Fig. 8, shows that the 43H (His

A/l at 20 ns x 10°
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Fig. 7 spectra recorded 20 ns after a laser flash illumination in Mn-
depleted PsbA3-PsbD1/1178T PSII, which was dark adapted for 3-4 h
at pH 8.6. The black full circles were recorded after the 1st flash and
the red full circles are the average the measurements done from the
5th to the 10th flash. The blue spectrum is the red spectrum minus the
black spectrum. The Chl concentration was 25 ug mL™! and 100 uM
PPBQ was added before the measurements.
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tagged) strain grown in the presence of 3-Fluorotyrosine.
In the 43H PSII purified from these culture conditions, the
tyrosine residues are replaced by a 3-Fluorotyrosine (Rap-
paport et al. 2009). Despite that, there was no significant dif-
ference in the [Pp, Py, -minus-[Pp,Pp,] spectra with respect
to the spectra in Fig. 3, recorded with a normal PsbA1-PSII.
The second PSII, in Panel B of Fig. 8, is a mutant in which
the D1 protein is PsbA3 and in which the heme of Cytbss,
is lacking (Sugiura et al. 2015). As the heme of Cytbss,
has a Soret absorption in the spectral region studied here
(Kaminskaya et al. 1999), a putative electrochromic band
shift of either the reduced or the oxidized form of this heme
was a possible candidate as the source of the 440 to 460 nm
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Fig.8 Spectra recorded 30 ns after a laser flash illumination in
PsbA1-PSII containing 3-Fluorotyrosine (Panel A) and in the PsbA3/
PsbE-H23A PSII (Panel B). The samples were dark adapted for
3-4 h at pH 8.6 before the measurements. The black full circles were
recorded after the 1st flash and the red full circles are the average the
measurements done from the 5th to the 10th flash. The blue spectra
are the red spectra minus the black spectra. The Chl concentration
was 25 pg mL"! and 100 uM PPBQ was added before the measure-
ments.

spectral feature. As it can be seen in Panel B of Fig. 8, this
hypothesis can be ruled out since the difference between the
red and black spectra is similar to that in PsbA3-PSII.

The same measurements were made in a PSII variant that
has more significant modifications, namely PSII purified
from C. thermalis grown under far-red light, in which Chly,;
is supposed to be a Chl-d, or less likely a Chl-f, (Nurnberg
et al. 2018). Indeed, a recent cryo-EM structure argued for
Chlp, being the Chl-d in the far-red PSII of Synechococcus
elongatus PCC7335 (Gisriel et al. 2022a, b). In addition to
this Chl-d/f in the reaction center, 4 Chl-f (or 1 Chl-d and 3
Chl-f) replace 4 of the others 34 Chl-a. The location of these
additional antenna pigments in the far-red PSII of C. therma-
lis has not been determined experimentally yet, but candi-
dates have been proposed based on structural considerations
(Nurnberg et al. 2018). For this sample, the spectra, shown
in Panel A of Fig. 9, were recorded 20 ns after the flashes.
The first observation here is that the bleaching induced by
the formation of [Pp,Pp,]* peaks at the same wavelength
(~432 nm) as in Chl-a only PSII. It should be noted that, in
methanol, the Soret band of Chl-fis blue-shifted to~400 nm
and that of Chl-d is red-shifted to ~456 nm when compared
to Chl-a, e.g., (Chen 2019). If, as seems likely, some shifts
in the absorption occur also when these chlorophyll variants
are located in the PSII reaction center, this would indicate
that neither Chl-f nor Chl-d would be involved in the Py, Py,
pair, in agreement with the suggestion of Nurnberg et al.
(2018), but discussed by Judd et al. (2020). Nevertheless the
fact that the [P, Pp,]™ signal at 432 nm was larger after the
1! than after the followings, the spectral differences between
440 and 460 nm remain clearly unaffected in this PSII with
a trough at 446 nm that is observed predominantly after the
5th to 10th flash.

Panel B of Fig. 9 compares the decay at 432 nm at pH 8.6
of [Pp,Pp,]" in the Mn-depleted PSII from WT*1 T. elon-
gatus (blue data points) with that from C. thermalis (green
data points) In C. thermalis, the decay of [Pp,Pp,]* occurred
with a #,, close to 400 ns (to be compared to the ¢,,, close to
200 ns in PsbA1-PSII from T. elongatus). Because the width
of the spectrum in Fig. 9A is comparable to that in wild-type
PSII from T. elongatus, a change in the Py, *Pp, <> Py Pp,*
equilibrium seems unlikely to explain the decay rate of
[Pp;Ppy]? twice as slow in C. thermalis than in PsbA1-PSII
in T. elongatus. It has been discussed that in C. thermalis
grown under far red light the D1 protein has the highest
sequence identity with PsbA3 in 7. elongatus (Viola et al.
2022). Since in PsbA3-PSII from T. elongatus the [Pp,Pp,]*
decay rate in Mn-depleted PSII and at high pH was slowed
down by a factor ~2 when compared to PsbA1-PSII (Sugiura
et al. 2010) the ¢,,, are similar in C. thermalis grown under
far red light and PsbA3-PSIl in T. elongatus. This confirms
that the energy levels of the electron transfer cofactors Tyr,
and Pgg are similar in the two PSII (Viola et al. 2022).
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Fig.9 Panel A, spectra recorded 20 ns after each of a series of laser
flash illuminations in Mn-depleted PSII purified from C. thermalis
grown under far red light. The spacing between the 10 flashes of the
sequence was 2 s. The sample was dark adapted at room temperature
for 3-4 h at pH 8.6 before the recording of the spectra. The black full
circles were recorded after the Ist flash and the red full circles are
the average the measurements done from the 5th to the 10th flash.
The amplitude of the spectra was normalized to a Chl concentration
of 25 pg mL"!. Panel B, decay kinetics measured at 432 nm from 10
ns to 1 ms in Mn-depleted PsbA1-PSII (blue data points) and in Mn-
depleted PSII from C. thermalis (green data points). The data points
are averaged from the Sth to the 10th flash, i.e., when all Tyr,® was
formed in all centers. The amplitude of the signal at 10 ns was nor-
malized to — 1. The Chl concentration was 25 ug mL™! and 100 uM
PPBQ was added before the measurements.

Finally, we have repeated the experiment in the D2/
H197A mutant done in Synechocystis PCC 6803 (Hayase
et al. 2023). In this mutant, the histidine axial ligand of Pp,
has been replaced by an alanine unable to bind to the Mg>*
of Py, (see Fig. 1B) and it has been already studied (Diner
et al. 2001; Hayase et al. 2023). Panel A in Fig. 10 shows
the spectra recorded 20 ns after the laser flash illumination
in Mn-depleted D2/H197A-PSII dark adapted for~3-4 h
at pH 8.6. The black spectrum was recorded after the first
flash and the red spectrum is an average of the AI/I meas-
ured from the 5th to 10th laser flash illumination. The two
spectra are very similar, if not identical. For comparison,
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Fig. 10 Panel A, spectra recorded 20 ns after a laser flash illumina-
tion in Mn-depleted PsbD/H197A PSII from Synechocystis 6803,
which was dark adapted for 3-4 h at pH 8.6. The black full circles
were recorded after the Ist flash and the red full circles are the aver-
age the measurements done from the 5th to the 10th flash. The blue
spectrum is the red minus the black spectrum. The green spectrum
recorded in WT*1-PSII is replotted from Fig. 3. Panel B, decay kinet-
ics at 432 nm in Mn-depleted PsbA1-PSII (orange) and PsbD/HI97A
(red). The amplitude of the signal at + = 0 was normalized to — 1.
The Chl concentration was 25 ug mL™' and 100 uM PPBQ was added
before the measurements in both samples. Panel C, EPR spectra
around g = 2 in the dark-adapted PsbD/H197A PSII (black spectrum)
and after 9 flashes given at room temperature. Instrument settings:
temperature 15 K, modulation amplitude, 2.8 G; microwave power, 2
uW; microwave frequency, 9.4 GHz; modulation frequency, 100 kHz.
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the averaged spectrum from the 5th to the 10th flash and
recorded in WT*1-PSII from T. elongatus is also shown in
(open circles). Two main observations can be done.

Firstly, although we cannot say if the
[PpPpo] QA ~-minus-[Pp,Pp,1Q, difference spectrum is red
shifted by 1-2 nm as previously mentioned (Diner et al. 2001),
the difference spectrum is significantly broader than in WT*1-
PSII as previously observed (Diner et al. 2001). Such a broad-
ening could arise from a more delocalized positive charge in
[Pp;Pp,]*. Unfortunately, the broadening of the spectrum does
not allow us to detect clearly a shift of the “W-shaped” spec-
trum. To test the hypothesis of a more delocalized cation, the
decay of [PpPp,]* has been measured at 432 nm after sev-
eral flashes, i.e., when all Tyry, is expected to be oxidized and
the electron donor is only Tyr,. Panel B in Fig. 10 shows the
results. The green data points are those recorded in WT*1-PSII
and the red data points are those recorded in the D2/H197A-
PSIL Clearly, the decay is~5 times slower in the D2/H197A-
PSII. This slowdown is not due to a species effect (Synecho-
cystis vs T. elongatus) because we have seen that the decay of
[PpPpo]* (measured at 820 nm) occurred with the same rate
(t,/,~200 ns) in both species (Faller et al. 2001). The possibil-
ity that the cation is more localized on P, in the D2/H197A is
therefore a likely hypothesis. Diner et al. (2001) have estimated
that, in this mutant, the difference in the reduction potential
between the couples Tyr,*/Tyr, and [Pp,Pp,]*/[Pp,Pp,] was
decreased by 31 mV and that the Em of the [P, Pp,]*/[Pp,Pps]
couple was decreased by 19 mV. By measuring the thermolumi-
nescence arising for the S,Q, /DCMU charge recombination
in whole cells we found comparable results (not shown). Such
effects of the D2/H197A mutation are expected to slow down
the electron transfer from Tyr;, to [Pp,Pp,]™.

Secondly, and surprisingly, the feature at around 446 nm
is already present on the first flash. From what we have
observed above either Tyr, would be not oxidizable in
this mutant or Tyr,® would be present in the dark-adapted
PSII. We have therefore recorded the EPR spectra in the
dark-adapted D2/H197A-PSII (black spectrum in Panel C
of Fig. 10) and after 9 flashes given at room temperatures
(red spectrum in Panel C of Fig. 10). Without any ambigu-
ity, Tyrp® is not detectable in the dark-adapted PSII and is
formed by the flash illumination.

Conclusion

Wild-type PSII showed a double trough feature in the Soret
region of the absorption spectrum when [Pp, Pp,]* was formed
in the presence of Tyrp® (see Fig. 2 blue spectrum). This
“W-shaped” signal formed with [Pp,Pp,]*, with troughs at
434 nm and 446 nm, is not detected on the first flash when
Tyrp is reduced and it becomes detectable after the subse-
quent flashes when Tyrp, has been oxidized. From this result,

we could expect the “W-shaped” signal to be absent in the
Tyrp, less mutant, regardless of the number of flashes. Surpris-
ingly, the opposite was observed with the “W-shaped” signal
detected after all the flashes. Similarly, the “W-shaped” sig-
nal was also formed on all the flashes in the PsbD1/H189L
mutant in which Tyrp, is present but not oxidable. Finally, the
“W-shaped” signal was observed after all the flashes in the
PsbD1/H197A mutant in which the residue that coordinates
P, has been changed. These results are consistent with the
view that changes in the hydrogen bond network or protein
conformation around Py,,, either in mutants (PsbD1/Y 160F,
PsbD1/H189L, PsbD/H197A) or upon the oxidation of Tyrp,
somehow affect either a pigment band, likely a Chl, or the
couplings between several pigments. Which pigment and
how remain to be elucidated. A range of PSII samples from
mutants and variants (as listed in Table 1) were also studied
and the double trough feature was seemingly unmodified in
all of them. Therefore, there was no evidence for this spectral
feature arising from Py, Chly,, Phep, Phep,, Tyr,, Tyrp, and
the Cytbssq heme. Nevertheless, Py, remains a candidate for
the “W-shaped” feature as it is the pigment that is most closely
associated with both P, and Tyrp, and the spectroscopic prop-
erties of which could be tuned by the H-bond network on the
D2-side.
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