
Biochimica et Biophysica Acta 1837 (2014) 139–148

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbab io
Modification of the pheophytin redox potential in Thermosynechococcus
elongatus Photosystem II with PsbA3 as D1
Miwa Sugiura a,b,⁎, Chizuko Azami a, Kazumi Koyama a, A. William Rutherford c,
Fabrice Rappaport d, Alain Boussac e,⁎⁎
a Proteo-Science Research Center, Ehime University, Bunkyo-cho, Matsuyama, Ehime 790-8577, Japan
b PRESTO, Science and Technology Agency (JST), 4-1-8, Honcho, Kawaguchi, Saitama 332-0012, Japan
c Department of Life Sciences, Imperial College London, London SW7 2AZ, UK
d Institut de Biologie Physico-Chimique, UMR 7141 CNRS and Université Pierre et Marie Curie, 13 rue Pierre et Marie Curie, 75005 Paris, France
e iBiTec-S, CNRS UMR 8221, CEA Saclay, 91191 Gif-sur-Yvette, France
Abbreviations: PSII, Photosystem II; Chl, chlorop
ethanesulfonic acid; P680, chlorophyll dimer acting as the
mary quinone acceptor; QB, secondary quinone acceptor;
His-tag on the C terminus of CP43; PQ, plastoquinone 9;W
ing only the psbA1, psbA2, psbA3 gene, respectively; PheoD
monomer of P680 on the D1 or D2 side, respectively; Em,
Thermoluminescence; DCMU, 3-(3,4-dichlorophenyl)-1,
p-benzoquinone; β-DM, n-dodecyl-β-maltoside
⁎ Correspondence to: M. Sugiura, Proteo-Science Rese

Bunkyo-cho, Matsuyama, Ehime 790-8577, Japan. Tel./fax
⁎⁎ Corresponding author. Tel.: +33 1 69 08 72 06; fax: +

E-mail addresses: miwa.sugiura@ehime-u.ac.jp (M. Su
(A. Boussac).

0005-2728/$ – see front matter © 2013 Elsevier B.V. All r
http://dx.doi.org/10.1016/j.bbabio.2013.09.009
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 8 July 2013
Received in revised form 12 September 2013
Accepted 13 September 2013
Available online 20 September 2013

Keywords:
Photosystem II
PsbA
Thermosynechococcus elongatus
Cyanobacterium
Pheophytin
Singlet oxygen
In Photosystem II (PSII) of the cyanobacterium Thermosynechococcus elongatus, glutamate 130 in the high-light
variant of the D1-subunit (PsbA3) was changed to glutamine in a strain lacking the two other genes for D1,
psbA1 and psbA2. The resulting PSII (PsbA3/Glu130Gln) was compared with those from the “native” high-light
(PsbA3-PSII) and low-light (PsbA1-PSII) variants, which differ by 21 amino acid includingGlu130Gln. H-bonding
from D1-Glu130Gln to the primary electron acceptor, PheophytinD1 (PheoD1), is known to affect the Em of the
PheoD1/PheoD1−• couple. The Gln130mutation here had little effect on water splitting, charge accumulation and pho-
tosensitivity but did slowdown S2QA

−• charge recombination and up-shift the thermoluminescencewhile increasing
its yield. These changes were consistent with a ≈−30 mV shift of the PheoD1/PheoD1−• Em, similar to earlier single
site-mutation results from other species and double the ≈−17 mV shift seen for PsbA1-PSII versus PsbA3-PSII.
This is attributed to the influence of the other 20 amino-acids that differ in PsbA3. A computational model for sim-
ulating S2QA

−• recombination matched the experimental trend: the S2QA
−• recombination rate in PsbA1-PSII differed

only slightly from that in PsbA3-PSII, while in Glu130-PsbA3-PSII there was a more pronounced slowdown of the
radical pair decay. The simulation predicted a major effect of the PheoD1/PheoD1−• potential on 1O2 yield (~60% in
PsbA1-PSII, ~20% in PsbA3-PSII and ~7% in Gln130-PsbA3-PSII), reflecting differential sensitivities to high light.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The light-driven oxidation of water in PSII is the first step in the pho-
tosynthetic production of biomass, fossil fuels and O2 on Earth. PSII is
made up of 17membrane protein subunits and 3 extrinsic proteins. Alto-
gether these bear 35 chlorophylls, 2 pheophytins (Phe), 2 hemes, 1 non-
heme iron, 2 plastoquinones (QA and QB), 1 Mn4CaO5 cluster, 2 Cl−,
12 carotenoids and 25 lipids [1]. The excitation resulting from the absorp-
tion of a photon is transferred to the photochemical trap that undergoes
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charge separation. The positive charge is then stabilized on P680 which
is composed of four chlorophyll a molecules, PD1/PD2 and ChlD1/ChlD2,
and two pheophytin a molecules, PheoD1/PheoD2. Then, P680+• oxidizes
TyrZ, the Tyr161 of the D1 polypeptide, which in turn oxidizes the
Mn4CaO5 cluster. On the electron acceptor side the electron is transferred
to the primary quinone electron acceptor, QA, and then to QB, a two-
electron and two-proton acceptor, e.g. [2–5]. The Mn4CaO5 cluster both
accumulates oxidizing equivalents and acts as the catalytic site for water
oxidation. The enzyme cycles sequentially through five redox states,
denoted Sn where n stands for the number of stored oxidizing equiva-
lents. Upon formation of the S4 state two molecules of water are rapidly
oxidized, the S0 state is regenerated and O2 released, e.g. [6–11]. See
also [12–14] for energetic considerations.

Cyanobacterial species havemultiple psbA variants coding for theD1
protein, e.g. [15–25]. These different genes are known to be differential-
ly expressed depending on the environmental conditions, e.g. [15–23].
In particular, specific up/down-regulations of one of these genes
under high light conditions is indicative of a photo-protection mecha-
nism. For example, the mesophilic cyanobacterium, Synechocystis PCC
6803, has three psbA genes. Although psbAII and psbAIII produce an
identical D1, psbAII is expressed under the standard cultivation
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conditions, transcription of psbAIII is induced by high light or UV light
[18] and that of psbAI seems triggered bymicro-aerobic conditions [21].
Thermosynechococcus elongatus has also three different psbA genes in its
genome [25]. Among the 344 residues of the PsbA proteins, 21 differ be-
tween PsbA1 and PsbA3, 31 between PsbA1 and PsbA2 and 27 between
PsbA2 and PsbA3 [25]. It has also been reported that in T. elongatus psbA1
is constitutively expressed under standard laboratory conditions, while
the transcription of psbA3 occurred under high-light or UV light condi-
tions [19,26,27]. Other cryptic psbA genes were found to be induced in
micro-aerobic conditions [28,29]. A class of “rogue” D1 protein has
also been recently described [30]. Recent reviews on the cyanobacterial
psbA gene family [20] and strategies for the psbA gene expression are
available in the literature [31].

Fig. 1 shows a scheme depicting the energetics and recombination
pathways in PSII. In T. elongatus, the change of PsbA1 for PsbA3 has
been shown to increase the midpoint potential of the PheoD1/PheoD1−•

couple by 17 mV from −522 mV in PsbA1-PSII [32] to −505 mV in
PsbA3-PSII [33] and the midpoint potential of QA/QA

−• by ≈41 mV from
−124 mV in PsbA1-PSII to −83 mV in PsbA3-PSII [34]. These changes
in the Em of PheoD1/PheoD1−• and QA/QA

−• result in a larger energy gap by
24 meV between the two states PheoD1−•QA and PheoD1QA

−• in PsbA3-PSII
than in PsbA1-PSII. All these Em changes are expected to have several con-
sequences: i) an increase in the energy gap between PheoD1−•QA and Pheo-
D1QA

−• would lead to a less efficient repopulation of PheoD1−•QA [35]; ii) the
direct route P680+ QA

−• to P680QA, which very likely occurs in the Marcus
inverted region, would be faster when the Em of the QA/QA

−• couple
increases (this seems likely since there is an experimental evidence indi-
cating that TyrZ• (H+)QA

−• to TyrZQA charge recombination, which has a
smaller driving force, occurs in the Marcus inverted region [36]), and
iii) the indirect route in the P680+• PheoD1−• to P680PheoD1 charge recombina-
tion, which also very likely occurs in the Marcus inverted region [37],
would be faster when the Em of the PheoD1/PheoD1−• couple increases.
Consequently, i) the repopulation of the PheoD1−•QA state from the Pheo-
D1QA

−• is expected to be less efficient in PsbA3-PSII than in PsbA1-PSII
state and ii) the direct route in the P680+ QA

−• to P680QA is expected to
be faster in PsbA3-PSII than in PsbA1-PSII (note that at room tem-
perature the Sn + 1QA

−• to SnQA charge recombination is thought to
occur by repopulating the higher energy radical pairs e.g. P680+• QA

−•
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Fig. 1. Scheme depicting the energetics and recombination pathways in PSII. The energy gaps a
cases studied and these are color coded black for PsbA1-PSII, blue PsbA3-PSII and orange for PsbA
but this is formed from recombination of more stable charge pairs involving TyrZ, the S-states
and P680+• PheoD1−•). These two effects would combine in decreasing the
production of harmful 1O2 from 3P680 formed by charge recombination
in the thermally repopulated 3[P680+• PheoD1−•] state in PsbA3-PSII under
light conditions when the accumulation of QA

−• occurs (see [38] for a
discussion).

The finding that i) the increase of the Em of the PheoD1/PheoD1−• cou-
ple in PsbA3-PSII was half that observed upon single site-directedmuta-
genesis in Synechocystis PCC 6803 [39,40] and ii) the S2QA

−• charge
recombination kinetics were similar in PsbA3-PSII and PsbA1-PSII led
us to propose that the effects of the D1-Q130 to E130 substitution on
the Em of PheoD1/PheoD1−• could be, at least in part, compensated for by
some of the additional amino-acid changes associated with the PsbA3
for PsbA1 substitution [22]. To test this hypothesis and to study the spe-
cific effects due to a change of the Em of the PheoD1/PheoD1−• couple we
have studied the effect of the E130Q single site-directed mutagenesis
in PsbA3-PSII. For earlier studies of relatedmutation in other organisms
see e.g. [41,42].

2. Materials and methods

The construction of the ΔpsbA1ΔpsbA2 and ΔpsbA2ΔpsbA3 T.
elongatus deletionmutants,WT*3 andWT*1 respectively, has been pre-
viously described [43,44]. For making the WT*3/E130Q site-directed
mutant, the position around +382 of psbA3 was modified on the plas-
mid for PsbA3 mutation [43] by a Quick-Change XL Site-Directed Muta-
genesis Kit (Stratagene) as shown in Fig. 2A. Segregation of all the psbA3
copies in genome of the deletion mutant was confirmed by the
digestion of psbA3 with Sal I after PCR amplification of the mutated re-
gion including the promoter region by using the P3 (5′-GGCTGGTT
CGGCGTGTTGATGATCCCCACT-3′) and P4 primers (5′-AACCGTAGTTG
GCAGATTCGGTTTCGGTGG-3′) (Fig. 2B and C). Finally, the genomic
DNA sequences including the mutated regions were confirmed by
sequencing by using a GenomeLab GeXP DNA sequencer (Beckman
Coulter). The transformation of T. elongatus cells was done by elec-
troporation (BioRad gene pulser). The segregated cells were selected
as single colonies on DTN agar plates containing 25 μg mL−1 of spec-
tinomycin, 10 μg mL−1 of streptomycin, 40 μg mL−1 of kanamycin and
5 μg mL−1 of chloramphenicol as described in [43].
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the P3 and P4 primers (lanes 2 and 4) and the products after digestion with Sal I (lanes 3 and 5). Lanes 1 and 6, 100 bp DNA ladder markers (Toyobo, Japan); lanes 2 and 3, WT*3 strain;
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Cells were grown in 1 L of DTN in 3-L Erlenmeyer flasks in a rotary
shaker with a CO2-enriched atmosphere at 45 °C under continuous
light (≈80 μmol of photons m−2 s−1) until they reached an optical
density (O.D.) close to 1.0 at 800 nm. After harvesting by centrifugation,
the cells were washed once with buffer 1 (1 M betaine, 10% glycerol,
40 mM MES, 15 mM MgCl2, 15 mM CaCl2, pH 6.5 (adjusted with
NaOH)) and resuspended in the same buffer, with 0.2% (w/v) bovine
serum albumin, 1 mM benzamidine, 1 mM ε-aminocaproic acid,
and ≈50 μg mL−1 DNase I added, to a chlorophyll concentration
of≈1.5 mg Chl mL−1. The cells were ruptured with a French press. Un-
broken cells were removed by centrifugation (3000 g, 5 min). Mem-
branes were pelleted by centrifugation at 180,000 g for 30 min at 4 °C
and washed twice with buffer 1. Thylakoids (1 mg Chl mL−1, final
concentration after the addition of the detergent) were treated with
0.8% (w/v) n-dodecyl-β-maltoside (β-DM, Biomol, Germany) in buffer 1
supplemented with 100 mM NaCl. After ≈1 min of stirring in the
dark at 4 °C the suspension was centrifuged (20 min, 170,000 g) to re-
move the non-solubilized material. Then, the supernatant was mixed
with an equal volume of ProBond resin (Invitrogen, Groningen, The
Netherlands) that had been pre-equilibrated with buffer 1. The resulting
slurry was transferred to an empty column. After sedimentation of the
resin inside the column, the supernatant was removed. The resin was
washed with buffer 2 (1 M betaine, 10% glycerol, 40 mM MES, 15 mM
MgCl2, 15 mM CaCl2, 100 mM NaCl, 1 mM L-histidine, 0.03% (w/v)
β-DM, pH 6.5) until the O.D. value of the eluate at ≈665 nm decreased
below 0.05 (approximately 15 h). Then, PSII core complexes were eluted
with buffer 3 (1 M betaine, 40 mM MES, 15 mM MgCl2, 15 mM CaCl2,
200 mM NaCl, 180 mM L-histidine, 0.06% (w/v) β-DM, pH 6.5). The elu-
ate was then concentrated and washed in buffer 4 with 1 M betaine,
40 mMMES, 15 mMMgCl2, 15 mMCaCl2, pH 6.5, using centrifugal filter
devices (Ultrafree-15, Millipore). PSII core complexes were finally
resuspended in the same buffer at a Chl concentration of ≈1.5–
2.0 mg Chl mL−1 and stored in liquid N2 before to be used.

Thermoluminescence (TL) glow curves were measured with a
lab-built apparatus [45,46]. PSII core complexes were diluted to
10 μg Chl mL−1 in 1 M betaine, 40 mM MES, 15 mM MgCl2,
15 mM CaCl2, pH 6.5 and then dark-adapted for 1 h at room tem-
perature. Just before loading the sample, 10 μM DCMU was added
to the dark-adapted samples. The samples were illuminated at 1 °C
by using a saturating xenon flash. Immediately after the flash, the
samples were heated at the constant rate indicated in the legend
of the figures and TL emission was detected.

Absorption changesweremeasuredwith a lab-built spectrophotom-
eter [47]where the absorption changes are sampled at discrete times by
short flashes. These flashes were provided by a neodymium:yttrium–

aluminum garnet (Nd:YAG, 355 nm) pumped optical parametric
oscillator, which produces monochromatic flashes (1 nm full-width
at half-maximum) with a duration of 5 ns. Excitation was provided by
a second neodymium:yttrium–aluminum garnet (Nd:YAG, 532 nm)
pumped optical parametric oscillator, which produces monochromatic
saturating flashes at 695 nm (1 nm full-width at half-maximum) with
a duration of 5 ns. The path length of the cuvette was 2.5 mm. PSII
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was used at 25 μg of Chl mL−1 in 1 M betaine, 15 mM CaCl2, 15 mM
MgCl2, and 40 mM MES (pH 6.5). PSII were dark-adapted for ≈1 h at
room temperature (20–22 °C) before the additions of either 0.1 mM
phenyl p-benzoquinone (PPBQ) or 50 μM 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU), both dissolved in dimethyl sulfoxide.

Fluorescence changes were measured with the same spectropho-
tometer using 480 nm as a probe wavelength to excite fluorescence.
The probe pulse was filtered out using a combination of KV550 and
RG690 and RG695 (Schott) filters. For kinetic measurements, the time
delay between the actinic flash and the detector flash was varied.

To probe the light sensitivity of theWT*3 andWT*3/E130Q cells they
were first pre-cultivated until O.D.730 ≈ 0.7, i.e. in the exponential phase,
at 45 °C under continuous white light (≈60 μmol of photons m−2 s−1

fluorescent tubes (Grolux, Sylvania)) and fixed on a rotary shaker
(120 rpm). Just before the measurements, the cells were diluted to
O.D.730 = 0.3 (250 mL final volume) into 500-mL Erlenmeyer flasks.
High light illumination was done with fluorescent light tubes (Toshiba
Plantlux, Japan, with an emission spectrum more intense between 600
and 700 nm and between 400 nm and 500 nm) with a light intensity
equal to ≈800 μmol of photons m−2 s−1 for the periods indicated in
the figures. Then, when indicated, the light intensity was decreased to
≈60 μmol of photonsm−2 s−1.When added, the concentration of linco-
mycinwas adjusted to 200 μgpermLof culture. It has been checked that a
two times larger concentration of lincomycin resulted in similar results
showing that the concentration used here was saturating [44].

For the oxygen evolution measurements with whole cells about
30 mL of cells was quickly taken from the 250-mL cultures and then
pelleted by centrifugation. After the washing of the cells in 40 mM
MES buffer (pH 6.5) containing 15 mM CaCl2 and 15 mM MgCl2, they
were suspended in the same buffer at a concentration of 3 μg of Chl
mL−1. The O2 activity wasmeasured at 25 °C by using a Clark type oxy-
gen electrode (Hansatech) with continuous saturating white light
through infrared andwater filters. The activity wasmeasured over a pe-
riod of 1.5 min in the presence of 0.5 mM2,6-dichloro-p-benzoquinone
(dissolved in dimethyl sulfoxide) as an electron acceptor.

3. Results

Fig. 3 shows in the Qx absorption region the electrochromic blue
shift undergone by PheoD1 upon reduction of QA and known as the
C-550 bandshift in PsbA1-PSII (blue trace), in PsbA3-PSII (black trace)
and in PsbA3/E130Q-PSII (red trace). For thesemeasurements, the sam-
ples were first dark-adapted for 1 h at room temperature then, the
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Fig. 3. Light-induced difference spectra around 545 nm. The flash-induced absorption
changes were measured in PsbA1-PSII (blue trace) and PsbA3-PSII (black trace) and in
PsbA3/E130Q-PSII (red trace). Measurements were performed 15 μs after the flash and
were averaged from the 2nd to 7th flash given to dark-adapted PSII. Upon dark-adaptation
for 1 h at room temperature, 100 μMPPBQ (dissolved in dimethyl sulfoxide)was added to
the samples (Chl concentrationwas 25 μg mL−1). The difference spectrawere normalized
to the same amplitude.
absorption changesweremeasured 15 μs after each actinic flash in a se-
ries. The data shown in Fig. 3 are the average of the individual absorp-
tion changes induced by the 2nd to 7th flashes. The red shift by
≈3.0 nm of the C550 band-shift for the PsbA3-PSII sample, relative to
the PsbA1-PSII sample, reflects the stronger hydrogen bond to the
113-keto of the PheoD1 from the carboxylate group of E130 in PsbA3-
PSII than from Q130 in PsbA1-PSII, as previously shown [48,49]. In the
PsbA3/E130Q-PSII sample the electrochromic bandshift was similar to
that in the PsbA1-PSII sample, showing that the 20 other amino acid
substitutions between PsbA1 and PsbA3 have negligible influence on
the electrostatic interaction responsible for the C550 electrochromic
bandshift.

Fig. 4 shows the amplitude of the absorption changes associated
with the stepwise oxidation of the water oxidizing complex in PsbA3-
PSII (black squares) and in PsbA3/E130Q-PSII (red circles). The absorp-
tion changes weremeasured at 292 nm [50–52] 200 ms after each flash
in a series, i.e. after completion of the reduction of TyrZ• by the water oxi-
dizing complex. At thiswavelength the reduction of PPBQdoes not lead to
any absorption changes and the successive oxidation steps of the water
oxidizing complex have significant extinction coefficient [50–52]. The
pattern, oscillating with a period of four, is clearly observed for both
types of PSII preparations with a very similar damping, assuming the
samemiss parameter (here,≈10%) on all S-state transitions (not shown).

Thermoluminescence is well suited to probe the Em of the
PheoD1/PheoD1−• couple [42,53,54]. In conditions where only the Em of the
PheoD1/PheoD1−• couple varies, a more negative value is expected to trans-
late into ahigher peak temperature, owing to a larger energy gapbetween
the PheoD1−•QA and the PheoD1QA

−• pairs and a larger intensity of the TL
glow curve owing to a smaller energy gap between P680*PheoD1
and P680+• PheoD1−•, see [42,53,54] for a detailed explanation of the TL
glow curve dependence upon changes of the various energy levels
of the radical pairs involved in luminescence.

Fig. 5 shows the TL glow curves arising from the S2QA
−• charge re-

combination in PsbA3-PSII (black trace) and in PsbA3/E130Q-PSII (red
trace) in the presence of DCMU as an inhibitor of the reoxidation of
QA
−• by QB. The peak temperature Tm was upshifted by ≈14 °C from

≈18 °C in PsbA3-PSII to≈32 °C in PsbA3/E130Q-PSII and the intensity
of the glow curve in PsbA3/E130Q-PSII was approximately twice that in
PsbA3-PSII. These effects are very similar to those observed in
Synechocystis 6803 in which the Q130 to E130 mutation induced a
downshift by ≈15 °C of the peak temperature of the glow curve with
intensity approximately 4 fold smaller [53].

As discussed in [53,54] when repopulation of the potentially lumi-
nescing excited state is the only possible pathway for charge
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Fig. 4. Sequence of the amplitude of the absorption changes at 292 nm. Themeasurements
were done during a series of saturating flashes (spaced 200 ms apart) given to dark-adapted
PsbA3-PSII (black trace) or PsbA3/E130Q-PSII (red trace). The samples ([Chl] =
25 μg mL−1) were dark-adapted for 1 h at room temperature before the addition
of 100 μM PPBQ. The measurements were done 200 ms after each flash. The buffer
was 1 M betaine, 15 mM CaCl2, 15 mM MgCl2, 40 mM MES, and pH 6.5.
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recombination, the intensity of the TL curve is proportional to the
heating rate. Numerous studies have shown that charge recombination
may occur via several competing pathways, e.g. [35,37,38,40,42,53,54]
and, as a result, TL intensity in PSII is non-linearly related to the heating
rate and the deviation to linearity is all the more pronounced as the rel-
ative weight of the non-radiative pathways is important. In PsbA3/
E130Q-PSII due to the more negative value of Em of the PheoD1/PheoD1−•

couple, the proportion of centers inwhich the charge recombination oc-
curs by non-radiative pathways is expected to increase as demonstrated
earlier [42,53,54]. Indeed, in PsbA3/E130Q-PSII, the curve deviatesmore
pronouncedly from linearity as expected from a larger weight of the
non-radiative routes (see Supplementary material).

The comparison of the recombination kinetics in PsbA3-PSII and
PsbA3/E130Q-PSII provides another tool to study the different contribu-
tions of the thermally activated repopulation of the P680+• PheoD1−• state to
this process in the two samples. Fig. 6 shows the decay of the fluores-
cence yield after a single saturating flash in the presence of DCMU, in
PsbA3-PSII (black symbols) and PsbA3/E130Q-PSII (red symbols).
Owing to the non-linear dependence of fluorescence upon the fraction
of PSII being in the QA

−• state, the decay of QA
−• associated with charge

recombination can only be obtained with negligible distortion when
using non-saturating flashes [41]. The data shown in Fig. 6 were
obtained using an actinic flash hitting about 10–15% PSII's. In line with
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Fig. 6. Fluorescence decay. The dark-adapted samples were illuminated by a non-saturating
flash, then the decay was followed by a train of detecting flashes at the indicated times. The
measurementswere done at room temperature in PsbA3-PSII (black symbols) and in PsbA3/
E130Q-PSII (red symbols) in the presence of DCMU. The traces were normalized to the
amplitude of the first point measured at 100 ms after the actinic flash. The samples
([Chl] = 25 μg mL−1) were dark-adapted for 1 h at room temperature before the addition
of the herbicide (dissolved in dimethyl sulfoxide) at 100 μM.
the previous observations, the S2QA
−• decay was about two-fold slower

in the mutant than in the control case.
All the results described above are consistent with the E130 to Q130

single site directed mutant having the expected effect on the Em
(PheoD1/PheoD1−•) value. It is well documented that changes in the Em
of the PheoD1/PheoD1−• couple modify the rate of the photodamage of
PSII due to the production of 1O2 [37,53], see also [38]. To examine the
effect of the E130 to Q130 mutation in PsbA3-PSII, the O2 evolution ac-
tivity was measured in WT*3 cells (which express only PsbA3 as D1)
andWT*3/E130Q cells (which express the PsbA3/E130Q asD1) after pe-
riods from 0 to 4 h under a light intensity close to 800 μmol of photons
m−2 s−1 either in the presence (Fig. 7A) or in the absence (Fig. 7B) of
lincomycin, a protein synthesis inhibitor. After incubation for 4 h, the
light intensity was decreased to 60 μmol of photons m−2 s−1, a
growth light intensity routinely used for cell cultivation. These ex-
periments allow us to separately monitor the photo-damage and
the repair processes.

In the absence of lincomycin, in WT*3 cells the O2 evolution de-
creased during the first hour to a value close to 70% of the starting
value and then remained constant during the next 3 h of high light illu-
mination. When the light intensity was decreased after cultivation for
4 h under high light intensity, the activity recovered its original value
in ≈1 h. These results are in agreement with those already observed
in the sameWT*3 cells [44]. InWT*3/E130Q cells, both the O2 evolution
inhibition and recovery occurred with a similar time-course as that
obtained with WT*3 cells. In the presence of lincomycin, the O2 evolu-
tion activity decreased to less than 5% of the starting value in both
WT*3 cells and WT*3/E130Q cells with very similar kinetics.

In the absence of lincomycin, the same kinetics for the recovery is
not unexpected because the same promoter is involved for PsbA3 and
PsbA3/E130Q. In contrast, based on the literature, e.g. [55], it would be
predicted that WT*3/E130Q cells would be more susceptible to
photodamage under high light conditions than WT*3 cells. Experimen-
tally, this turns out not to be the case. Furthermore, after 1 h under high
light conditions in the presence of lincomycin, the WT*3/E130Q cells
appeared to be very slightly less affected than WT*3 cells (see also the
supplementary material). Although this effect is very small it corre-
sponds to an average of 7 experiments which gives it some credibility.
To further test this property of WT*3/E130Q cells we have compared
their growth rates under various light intensities to those of WT*3
cells (Fig. 8).Whatever the light intensity from10 to 80 μmol of photons
m−2 s−1, the growth rate of WT*3-E130Q cells was faster than that of
WT*3 cells.

4. Discussion

A change of themidpoint potential of the PheoD1/PheoD1−• couple can
be achieved by modifying the strength of the hydrogen bond between
PheoD1 and the amino acid residue at position 130 in the D1 protein.
The consequences of a modification of the value of the Em of the
PheoD1/PheoD1−• couple on the electron transfer have been already exten-
sively studied both theoretically and experimentally in the literature,
see e.g. [17–19,37–42,53–55] for detailed analysis. The aim of this
paper was therefore not to reinvestigate this issue but rather to under-
stand why in T. elongatus, the amino acid differences between PsbA1
and PsbA3, which include the Q130 to E130 substitution in addition to
20 other amino acid changes, hardly affect the S2QA

−• charge recombina-
tion rate and TL properties [22,27,33] whereas the single Q130E muta-
tion in Synechocystis 6803 and E130Q mutation in Chlamydomonas
reinhardtii did [39–42].

The peak temperature of the glow curve has been shown here
(Fig. 5) to be upshifted by ≈14 °C from ≈18 °C in PsbA3-PSII to
≈32 °C in PsbA3/E130Q. According to the empirical relationship be-
tween the shift in free energy and in the peak temperature discussed
in [53,54], the expected shift in the Em of the PheoD1/PheoD1−• couple
resulting from the E130 to Q130 single site directed mutation in



Fig. 7. Relative oxygen-evolving activity ofWT*3 cells (black traces) andWT*3-E130Q cells (red traces) in the presence (Panel A) and in the absence (Panel B) of lincomycin. The activities
are indicated in percentage relatively to the activities at 0 h. At t = 0, the activities were≈300–350 μmol O2 (mg Chl)−1 h−1 inWT*3 cells and≈350–400 μmol O2 (mg Chl)−1 h−1 in
WT*3-E130Q cells. The activities under continuous saturating light intensity were measured by using the cells previously incubated under the high light conditions (HL = 800 μmol of
photons m−2 s−1) and then under growth light conditions (GL = 60 μmol of photons m−2 s−1) at 45 °C. The results of 7 independent experiments with lincomycin and 3 independent
experiments without lincomycin with different batches of cells have been averaged and the activity of each batch of cells has been measured 5 times.
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PsbA3-PSII is≈30 mV i.e. a downshift of similar extent as that observed
in C. reinhardtii [42] upon the same single site directedmutagenesis and
as that observed upon the Q130E single site directed mutagenesis in
Synechocystis PCC 6803, although in the opposite direction [39,40,53].

The results obtained here, show that, reassuringly, the same cause
has the same effect and that T. elongatus PSII does not escape this rule
since the site-directedmutagenesis E130 to Q130 yielded similar effects
as those observed previously mutation in Synechocystis 6803 and
C. reinhardtii [39–42]. This brings supports to our earlier suggestion
[22,33] that some or all of the 20 other additional amino-acid changes
associatedwith the PsbA3 for PsbA1 substitution partly cancel the effect
of the E130Q substitution on the Em value of the PheoD1/PheoD1−• couple
since it increased by only 17 mV in PsbA3-PSII. Site-directedmutagenesis
Fig. 8. Cell growth ofWT*3 cell (black traces) andWT*3-E130Q cell (red traces) strains under th
at 45 °C.
among other amino acid substitutions between PsbA1 and PsbA3
together with theoretical work, particularly quantum mechanical/
molecular mechanical calculations, would be useful to decipher the influ-
ence of these 20 amino acids.

To reconcile the presence of PsbA3 under high light conditions
with a higher Em value for the PheoD1/PheoD1−• couple, a condition
that should facilitate the thermal repopulation of the PheoD1−•QA

state from the PheoD1QA
−• state and thus increase damaging 3Chl forma-

tion [35], it was initially suggested [37] that a higher Em (Pheo/Pheo−•)
value in PsbA3-PSII would also favor charge recombination of the singlet
state of the P680+• PheoD1−• radical pair at the expense of that of the triplet
state thus disfavoring the production of harmful 1O2 (see Fig. 1). This rea-
soning relied on the likely assumption that the charge recombination
e light condition of (A) 10 μmol of photonsm−2 s−1 and (B) 80 μmol of photonsm−2 s−1

image of Fig.�8


1 It shouldbenoted that in our previouswork [44] theWT*1 strainhadonly thepsbA1 gene
whereas in [27] the strain expressing PsbA1 contained both the psbA1 and psbA2 genes. We
have indeed observed that the lag phase of the growth curve of the psbA3-deleted mutant
cells, containing both the psbA1 and psbA2 genes, was shorter than that of WT*1 cells (that
contain only the psbA1 gene) under the illumination of 60 μmol photonsm−2 s−1. This result
suggests that the psbA2 gene could be possibly transcribed during the lag phase in the psbA3-
deleted mutant [27].
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between Pheo−• and the donor-side occurs in the inverted region of the
Marcus curve where the rate constants increase with decreasing driving
force. For this hypothesis to be valid it required that the increased direct
decay of P680+• PheoD1−• vs. the triplet route had to outweigh the increased
repopulation of the P680+• PheoD1−•pair fromtheP680+• PheoD1QA

−• state because
of the smaller energy gap between them. This was discussed and it was
suggested that the higher Em of the Pheo/Pheo−• couple might be better
rationalized if the main recombination state occurring under high light
were P680+• PheoD1−•QA

−• rather than P680+• PheoD1QA
−• [38]. In this case the en-

ergy gap between P680+• PheoD1QA
−• and P680+• PheoD1−• would be less relevant

and the faster decay of P680+• PheoD1−• vs. the triplet route would be a clear
advantage. While this made sense for high light conditions, it did not re-
solve the problem of the smaller energy gapwhichwould be predicted to
give greater photodamage under lower light conditions. This was re-
solvedwhen itwas discovered that PsbA3-PSII unexpectedly had a higher
Em for the QA/QA

−• couple, upshifted compared to that in PsbA1-PSII by
≈41 mV [33].

Since this increase in the Em for theQA/QA
−• couple is larger than that in

the Em of the Pheo/Pheo−•, couple the energy gap between PheoD1QA
−•

and PheoD1−•QA is expected to be larger in PsbA3-PSII than in PsbA1-PSII.
This larger energy gap is expected to make the thermal repopulation of
the 3[P680+• PheoD1−•] state from the [P680+• QA

−•] state less probable. We have
shown that, at least at cryogenic temperatures, the direct recombination
involving QA

−• occurs in the Marcus inverted region [36]. Thus, following
the same reasoning as thatmade above for PheoD1−•, we suggest that thedi-
rect charge recombination betweenQA

−• and the donor side to be faster in
PsbA3-PSII than in PsbA1-PSII and this, again, should decrease the yield of
production of 1O2. All these different expectations can be numerically
assessed by the appropriate modeling of electron transfer reactions in
PSII. Suchmodeling has been done previously byMoser et al. [56]who re-
lied on the knowledge provided the X-ray structure of the distances be-
tween the different redox cofactors in PSII and applied their empirical
ruler that allows electron transfer rates to be calculatedwhen thedistance
between the electron donor and acceptor and the driving force of the re-
action are known [56,57].We followed a similar approach to compare the
time courses of the redox changes of the main cofactors in PsbA1-PSII,
PsbA3-PSII and PsbA3/E130Q-PSII. The forward electron transfer rates
were estimated using the empirical formula derived byMoser andDutton
[56,57]: Log(kf) = 13 − 0.6(R −3.6) − 3.1(λ − ΔG)2 / λ − ΔG / 0.06
where R is the edge-to-edge distance between the electron donor and ac-
ceptor (in Å), ΔG is the free energy change associated with the reaction
(in eV) and λ is the reorganization energy (in eV). R was taken from the
Photosystem II atomic structure PDB: 3ARC [1]. The various parameters
used in the simulations have been adjusted so as to mimic as closely as
possible the redox changes of the various cofactors involved in Photosys-
tem II function, while keeping these parameters as close as possible to
their experimental values when this one is knownwith sufficient accura-
cy. The set of differential equations that describe the above set of individ-
ual reactions was simulated numerically using the Copasi software (see
Supplementary material for the value of these parameters). The three
studied cases differed only in terms of the Em values for Pheo/Pheo−•

and QA/QA
−•. The time courses of the redox changes of the cofactors in-

volved in the electron transfer reactions in PSII are shown in Fig. 9.
These have been discussed in detail in [56] and here our main conclusion
is that the computed time-course satisfyingly resembles that experimen-
tally observed and that the changes in the energy level of Pheo−• or QA

−•

have only limited impact on the overall turnover of the enzyme. In partic-
ular they hardly affect the quantum efficiency as characterized by the
yield of S2QA

−• formation. This is consistent with the results in Fig. 4,
which show that the period four oscillations are hardly changed by the
E130Q mutation and with previous reports [58] in which the Q130E
change barely affected the nanosecond quantum yield of radical pair
formation.

Fig. 10 shows the simulated kinetics for S2QA
−• charge recombination

and on the associated formation of singlet oxygen. This was obtained by
adding in the model two routes for the decay of the 3Chl triplet state
formed upon charge recombination of the P680+• PheoD1−• state: one associ-
ated with 1O2 formation, with a rate constant of 3 · 104 s−1 [59], and
the other one associated with the formation of the ground state with a
rate constant of 600 s−1, so that every single 3P formed yields singlet
oxygen with a probability of 98% [59]. These values were obtained
from isolated D1/D2/Cytb559 reaction centers and these are significantly
modified compared to intact PSII. They lack quinones, iron and Tyr func-
tion and more than 20 flanking and capping subunits. It is quite likely
that the reactivity of the triplet bearing chlorophyll is somewhat differ-
ent in the two cases. The present values for triplet yield are presented
here with the proviso that the actual numbers may be different, proba-
bly over estimated. The computed time-course for S2QA

−• charge recom-
bination qualitatively match the trend observed experimentally: the
PsbA1 (Q130) and PsbA3 (E130) only slightly differ and the PsbA3/
E130Q shows a more pronounced slowdown of the radical pair decay.
The more noticeable difference between PsbA1 and PsbA3 is the faster
decay in PsbA3-PSII of the singlet radical pair 1[P680+• PheoD1−•] to the
ground statewhich decreases the yield of 3P680 formation. Themore no-
ticeable difference between PsbA3-PSII and PsbA3/E130Q-PSII is the
rate for [P680+• PheoD1−•] (singlet + triplet) formation. Finally, the yield of
singlet oxygen formation is ~60%, ~20% and ~7% in PsbA1-PSII, PsbA3-
PSII, PsbA3/E130Q-PSII, respectively. This qualitatively correlates with
the differential sensitivity to high light for PsbA1 vs. PsbA3, e.g. [44],
and as we have shown here with the lack of detectable difference be-
tween PsbA3 and PsbA3/E130Q.

As a shift by approximately 30 mV can be easily achieved by a single
amino acid substitution, we have simulated what would be the conse-
quences of such a shift in the PsbA1 context (i.e. with the midpoint po-
tential of QA/QA

−• being −120 mV and that of Pheo/Pheo−• being
downshifted by 30 mV, Em ≈ −552 mV). The simulation shows that
the singlet oxygen yield is similarly decreased to that upon shifting
from PsbA1 to PsbA3. Yet, the lifetime of the radical pair is strongly in-
creased (see Supplementary material). In search of a rationalization for
the evolutionary advantage for the presence of multiple mutations be-
tween the PsbA1 and PsbA3 genes rather than the single Q to E change
at position 130, the reason could be that it is more “advantageous” to
decrease the singlet oxygen yield without affecting too much the decay
of S2QA

−• state. Indeed, it seems likely that a longer-lived S2QA
−• state

would increase the probability that either S2 and/or QA
−• get involved in

unwanted reactions.
The sensitivity of PSII to high light intensity has been found to be

different with PsbA1 (WT*1) or PsbA3 (WT*3) as the D1 protein
[27,44,55]. When the cells were cultivated under high light conditions
the following results were found [44]1: (i) The O2 evolution activity de-
creased faster in WT*1 cells than in WT*3 cells both in the absence and
in the presence of lincomycin, a protein synthesis inhibitor; (ii) InWT*1
cells, the rate constant for the decrease of the O2 evolution activity was
comparable in the presence and in the absence of lincomycin; (iii) The
D1 content monitored by western blot analysis decayed similarly in
both WT*1 and WT*3 cells and much more slowly than O2 evolution;
and (iv) The faster decrease in O2 evolution in WT*1 than in WT*3
cells correlated with a much faster inhibition of the S2-state formation.
All these results were in agreement with a photo-inhibition process
resulting in the loss of the O2 activity much faster than the D1 turnover
in PsbA1-PSII and this seems likely to correspond to a greater produc-
tion of reactive oxygen species under high light conditions in WT*1
than in WT*3. However, the finding that the recovery of the O2 evolu-
tion under low light intensity is faster in WT*3 cells than in WT*1 cells
[27,44], seems inconsistent with the observation that under the same
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Fig. 9. Electron tunneling simulations of PSII electron transfer on a logarithmic scale after a flash illumination.
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low light intensity the PSII in WT cells is constituted of PsbA1. So it ap-
pears that PsbA3 is not expressedwhen the 3 genes are presentwhereas
it is expressed, even under low light, when the psbA1 and psbA2 genes are
deleted. As a tentative explanationwe proposed that (i) the expression of
the psbA3 gene in WT cells is down-regulated by the expression of
the psbA1 gene and (ii) strong light intensities inhibit the transcrip-
tion of psbA1 which in turn cancels the down-regulation of the psbA3

transcription. The mechanism for such a regulation remains to be
identified.

One of the important features in the response of WT*1 and WT*3
cells to environmental changes is that the psbA1 and psbA3 genes do
not have the same promoter and this allows their transcription to be
regulated independently. In contrast to this, in the present study the
psbA3 gene and the gene encoding PsbA3/E130Qhave the same promot-
er. Thus the effects of the E130 to Q130 substitution on the sensitivity to
high light conditions can be assigned to the structural changes this mu-
tation induces without additional contributions from changes in the
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for the electron tunneling simulations of PSII electron transfer for all species after a flash
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transcription level of the corresponding genes. Using a heterologous ex-
pression system for the two D1 isoforms of PsbA of Synechococcus
elongatus PCC 7942 in the green alga C. reinhardtii, showed functional
advantages when D1:1-PSII and D1:2-PSII were expressed at low and
high light regimes, respectively [60]. It has also been shown recently
in Synechocystis 6803 that a D1-Q130E mutant appeared to produce
less 1O2 concomitantly with a decreased rate of the photodamage rela-
tive to the wild type [55].

From these results and those discussed above, we expected that in
T. elongatus the WT*3/E130Q cells would exhibit greater resistance to
high light conditions than the WT*3 cells. Although the growth rates
of WT*3/E130Q cells were slightly faster than WT*3 cells even with a
light intensity equal to 80 μmol of photons m−2 s−1

, the resistance
under a high light intensity (800 μmol of photonsm−2 s−1) was hardly
affected.

The present data and those obtained in Synechocystis 6803 can
yet be reconciled. First, the light intensity used may differ in the var-
ious experiments reported in the literature. This will influence the
steady state concentration of PheoD1−•QA

−• vs. PheoD1QA
−• and thus

the sensitivity of the 1O2 yield on the E130Q mutation. At higher
light intensities PheoD1−•QA

−• is accumulated, the energy gap between
PheoD1QA

−• and PheoD1−•QA has little consequence on the 1O2 yield,
whereas the Em of Pheo/Pheo−• will influence the direct recombina-
tion rate in competition with the triplet route [38]. Under lower light
intensities, both the energy gap between PheoD1QA

−• and PheoD1−•QA and
the Emvalue of Pheo/Pheo−•matter. Ifwe consider that in our case, the ac-
cumulated state is PheoD1QA

−• (as in the simulations shown above), the
benefit of a larger energy gap between PheoD1QA

−• and PheoD1−•QA

(41 mV) in PsbA3/E130Q-PSII compared to that in PsbA3-PSII
(26 mV) is likely offset by the disadvantage of a much lower value
by 30 mV for the Em of Pheo/Pheo−•. The case where PheoD1−•QA

−• is
photoaccumulated is unlikely because we would expect more
photodamage something that is not observed. Finally, the fact that
the downshift by 30 mV of the Em of Pheo/Pheo−• in PsbA3/
E130Q-PSII did not decrease the rate of the photodamage of the
cells when compared to WT*3 cells could suggest that in T. elongatus
and in PsbA3-PSII the Em of Pheo/Pheo−• is not the only important
parameter in the protection against photodamage. It is possible
that the other 20 amino acid changes occurring within the PsbA1
to PsbA3 swap could play a totally different protective role.

image of Fig.�9
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