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A B S T R A C T   

Photosystem II is the water/plastoquinone photo-oxidoreductase of photosynthesis. The photochemistry and 
catalysis occur in a quasi-symmetrical heterodimer, D1D2, that evolved from a homodimeric ancestor. Here, we 
studied site-directed mutants in PSII from the thermophilic cyanobacterium Thermosynechoccocus elongatus, 
focusing on the primary electron donor chlorophyll a in D1, ChlD1, and on its symmetrical counterpart in D2, 
ChlD2, which does not play a direct photochemical role. The main conserved amino acid specific to ChlD1 is D1/ 
T179, which H-bonds the water ligand to its Mg2+, while its counterpart near ChlD2 is the non-H-bonding D2/ 
I178. The symmetrical-swapped mutants, D1/T179I and D2/I178T, and a second ChlD2 mutant, D2/I178H, were 
studied. The D1 mutations affected the 686 nm absorption attributed to ChlD1, while the D2 mutations affected a 
663 nm feature, tentatively attributed to ChlD2. The mutations had little effect on enzyme activity and forward 
electron transfer, reflecting the robustness of the overall enzyme function. In contrast, the mutations significantly 
affected photodamage and protective mechanisms, reflecting the importance of redox tuning in these processes. 
In D1/T179I, the radical pair recombination triplet on ChlD1 was shared onto a pheophytin, presumably PheD1 
and the detection of 3PheD1 supports the proposed mechanism for the anomalously short lifetime of 3ChlD1; e.g. 
electron transfer quenching by QA

− of 3PheD1 after triplet transfer from 3ChlD1. In D2/I178T, a charge separation 
could occur between ChlD2 and PheD2, a reaction that is thought to occur in ancestral precursors of PSII. These 
mutants help understand the evolution of asymmetry in PSII.   

1. Introduction 

Oxygenic photosynthesis in cyanobacteria, algae and higher plants 
converts solar energy into the chemical bonds of biological carbon 
polymers and of dioxygen. Photosystem II (PSII) begins this process by 
splitting water to obtain electrons in the form of reduced quinone, while 
generating a proton gradient and releasing O2. In cyanobacteria, the PSII 

complex comprises 17 trans-membrane subunits. These subunits bind 35 
chlorophylls (Chl), 2 pheophytins (Phe), a b-type cytochrome (Cytb559), 
1 non-heme iron, 2 plastoquinones (QA and QB), the Mn4CaO5 cluster, 2 
Cl− , 12 carotenoids and 25 lipids [1,2]. In cyanobacteria, PSII binds 3 
extrinsic membrane subunits, PsbO, PsbU and the c-type Cytc550 (PsbV) 
[1,2]. 

Solar energy conversion into chemical energy starts with the 

Abbreviations: Chl, chlorophyll; ChlD1/ChlD2, monomeric Chl on the D1 or D2 side, respectively; Cyt, cytochrome; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethy
lurea; DMPO, 5,5-dimethyl-1-pyrroline-N-oxide; DMSO, dimethyl sulfoxide; EPR, Electron Paramagnetic Resonance; MES, 2-(N-morpholino) ethanesulfonic acid; 
P680, primary electron donor; PD1 and PD2, individual Chl on the D1 or D2 side, respectively, which constitute a pair of Chl with partially overlapping aromatic rings; 
PheD1 and PheD2, pheophytin on the D1 or D2 side, respectively; PPBQ, phenyl p–benzoquinone; PSII, Photosystem II; QA, primary quinone acceptor; QB, secondary 
quinone acceptor; TL, thermoluminescence; TyrD, the tyrosine 160 of D2 acting as a side-path electron donor of PSII; TyrZ, the tyrosine 161 of D1 acting as the 
electron donor to P680; WT*3, T. elongatus mutant strain deleted psbA1 and psbA2 genes and with a His-tag on the carboxy terminus of CP43; WT’, T. elongatus mutant 
strain deleted psbA1, psbA2 and psbD2 genes and with a His-tag on the carboxy terminus of CP43. 
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absorption of a photon by a Chl forming an excited state. Most chloro
phylls play light-collecting roles and when one is excited, the excitation 
energy is then transferred to other chlorophylls until it reaches the key 
pigments in photochemical reaction centre [3]: 4 Chl-a molecules, PD1, 
PD2, ChlD1, ChlD2 and 2 Phe-a molecules, PheD1 and PheD2 (Fig. 1A) 
[4–8]. Most of the Chl bound to PSII have histidine ligands to their Mg2+

ions, including PD1 and PD2 with the D1/H198 and D2/H197, respec
tively, (Fig. 1A) [1,2]. In contrast, ChlD1 has a water ligand that is 
hydrogen bonded to D1/T179, while the water ligand to ChlD2 is not 
involved in H-bonding since the D2/I178 residue, corresponding to D1/ 
T179, is unable to accept an H-bond (Fig. 1B). 

There is a consensus that ChlD1 is the lowest site energy, e.g. [9,10], 
and the primary donor [5,9,11]. At room temperature, although the 
excited state is more distributed on the core pigments and onto the 
antenna, ChlD1 remains the longest wavelength species and thus *ChlD1 
is the most populated excited state. It has been reported that two 
kinetically distinct steps are observed in the charge separation process at 
77 K: a fast one occurring in the ~1 to 5 ps time-range, which is 
attributed to the *[ChlD1PheD1] → ChlD1

+ PheD1
− reaction; and a slower 

one occurring in 25–30 ps time-range attributed to the *[PD1ChlD1] → 
PD1
+ ChlD1

− reaction [6]. But some data, arguments and calculations sug
gest that ChlD1 is the only or dominant primary donor under physio
logical conditions [5,8,9,12]. 

In either mechanism, the first stabilisation step results in formation 
of the [PD1PD2]+PheD1

− radical pair, where the cation is mainly localised 
on PD1, and the radical pair is further stabilised by the electron transfer 
from PheD1

− to QA, the primary quinone electron acceptor, and then to 
QB, the exchangeable quinone electron acceptor. While QA can only be 
singly reduced and functions as an unprotonated, one-electron relay 
under normal conditions, QB accepts two electrons and two protons 
before leaving its binding site and being replaced by an oxidized plas
toquinone molecule from the membrane plastoquinone pool, e.g. 
[13–15]. On the oxidizing side of PSII, PD1

+ oxidizes TyrZ, the Tyr161 of 

the D1 polypeptide. The TyrZ
● radical is then reduced by the Mn4CaO5 

cluster. After four charge separations, the Mn4CaO5 cluster accumulates 
four oxidizing equivalents and thus cycles through five redox states 
denoted S0 to S4. Upon formation of the S4-state, two molecules of water 
are oxidized, the S0-state is regenerated and O2 is released [16,17] (and 
see e.g. [18,19] for reviews). 

In O2 evolving PSII, the electron transfer from TyrZ to PD1
+ takes place 

in time-ranges from tens of ns to tens of μs. According to the current 
understanding of the multiphasicity of the reduction of [PD1PD2]+, the ns 
components are kinetically limited by the electron transfer process, 
whereas the μs phases are kinetically limited by proton-coupled re
actions, e.g. [20]. The fastest electron transfer from TyrZ to PD1

+ occurs 
with a t1/2 close to 20 ns [21,22]. The μs to tens-of-μs phases correspond 
to proton movements in which the phenolic proton of the TyrZ

● radical 
moves, in a first step, onto the H-bonded D1/His190 [23]. 

The evolution of PSII photochemistry, including the role of ChlD1 and 
ChlD2 in charge separation and comparisons with the purple bacterial 
reaction centre, has been discussed elsewhere [3,24,25]. It seems clear 
that the pseudo-symmetrical structure of PSII, with D1/D2 as the site of 
the photochemistry and both catalytic sites, (namely: i) quinone 
reduction, and ii) water oxidation), has evolved from a homodimeric 
ancestor in which charge separation and, most likely, catalysis, took 
place symmetrically on both sides of the homodimeric D/D proto-PSII 
[4]. The specialized asymmetric D1/D2 PSII evolved for efficiency and 
survival with charge separation now taking place only one side of the 
D1/D2 dimer [4,25]. ChlD1 and ChlD2 are symmetrically arranged and 
their ancestral counterparts may have both functioned as primary do
nors in the homodimeric ancestor. The main difference in the environ
ment of ChlD1 that distinguishes it from ChlD2, is the presence of a 
conserved threonine 179 in D1, which H-bonds the water molecule that 
is the axial ligand to the Mg2+ ion in ChlD1. On the D2 side, the equiv
alent amino acid is a non-H-bonding isoleucine (D2/I178), which is also 
conserved. It seems likely that this threonine/isoleucine swap plays a 

Fig. 1. Arrangement of cofactors in PSII reaction centre (A), structure of ChlD1, PD1, PD2, and ChlD2 with amino acid ligands (B), and structure of the ligands of ChlD1 
and ChlD2 (C). The figures were drawn in MacPyMOL with the A monomer in PDB 4UB6. 
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role in the asymmetry associated with the evolution of one-sided charge 
separation in PSII. 

Experimentally, the QY of ChlD1 was identified by the site-directed 
mutagenesis D1/T179H in Synechocystis 6803 [10] and more recently 
in PSII from T. elongatus [26]. The electrochromic band-shift of ChlD1 
was centred ~681 nm in the wild type and was identified because it red- 
shifted by 2–3 nm in the D1/T179H mutant and blue-shifted by 1 nm in a 
D1/T179Q mutant [10]. This was the case i) when the bandshift was 
induced largely by PD1

+ , which dominated the effect when PD1
+ QA

− was 
present in the ms timescale at 80 K, and ii) when QA

− was the main state 
responsible for the electrochromic shift in illumination-minus-dark 
spectra at 80 K [10]. Similar QA

− -induced band-shifts were obtained at 
~77 K in T. elongatus in the D1/T179H PSII mutant [26]. 

The spectroscopic characterization of these mutants also confirmed 
that the triplet state, produced upon charge recombination from 
3[P680

+ Phe− ], was localised on ChlD1 [10,27], in agreement with earlier 
EPR [11] and infrared spectroscopy [28] studies. 

The D1/T179H and D1/T179V mutants in T. elongatus were fully 
active for O2 evolution and this allowed the thermoluminescence 
emission of these mutants to be studied [26]. The radiative S2QA

− /DCMU 

recombination was interpreted as occurring via the repopulation of 
*ChlD1 itself and that the immediate precursor state of the radiative 
excited state was the ChlD1

+ PheD1
− radical pair [26], as suggested in [24]. 

In addition, chlorophyll bleaching due to high intensity illumination 
correlated with the amount of 1O2 generated. Comparison of the 
bleaching spectra with the QA

− -induced electrochromic shifts of the ChlD1 
absorption spectrum, indicated that in the D1/T179H mutant and in the 
WT*3 PSII, the ChlD1 itself was the chlorophyll that was first damaged 
by 1O2, whereas in the D1/T179V mutant, a longer wavelength, antenna 
chlorophyll was damaged. Thus, ChlD1 appears to be one of the primary 
sites of damage in recombination-mediated photoinhibition [26]. 

In this paper, we describe experiments aimed at characterizing new 
site-directed mutants modifying the environment of ChlD1 and ChlD2. A 
range of biophysical methods (EPR, absorption spectroscopy at ~77 K, 
time-resolved UV–vis absorption spectroscopy, O2 polarography, and 
thermoluminescence) and biochemical approaches (SDS-PAGE and 
immunoblot anti-DMPO antibody staining) were used to monitor the 
effects of the mutations on PSII activity, electron transfer, back-reactions 
and photodamage. 

The mutants studied were constructed in a strain with PsbA3 as the 

Fig. 2. Construction of the psbA3 and psbD1 genes in 
the D1/T179 and D2/I178 site-directed mutants, 
respectively. (A) Nucleotide sequences of psbA3 and 
psbD1 and their amino acid sequences around D1/ 
T179 and D2/I178. Red letters indicate substituted 
amino acids. The text in italic shows the restriction 
site for creating the mutation. (B) Physical map 
around psbA3 and psbD1, and results of agarose gel 
electrophoresis. Asterisks are positions around muta
tion. PCR products using the primers were loaded on 
2 % agarose gel before (lanes 2, 5, 7, 10, 13, and 15) 
and after digestion with restriction enzymes (lanes 3, 
4, 6, 8, 11, 12, 14 and 16). Lanes 1 and 9, 100 bp DNA 
ladder markers (Nacalai, Japan); lanes 2 to 4, WT*3 
strain; lanes 5 and 6, D1/T179H strain; lanes 7 and 8, 
D1/T179I strain; lanes 10 to 12,WT’ strain; lanes 13 
and 14, D2/I178H strain; lanes 15 and 16, D2/I178T 
strain. Amplified DNA were digested with Msc I (lanes 
3 and 6), Ssp I (lanes 4 and 8), BsrB I (lanes 11 and 
14), Acl I (lanes 12 and 16).   
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D1 protein and PsbD1 as the D2 protein. Four novel mutations were 
made and studied: i) the D1/T179I to make the environment of ChlD1 
more like that of ChlD2; ii) the D2/I178T to make the environment of 
ChlD2 more like that of ChlD1; iii) the D2/I178H to make the environment 
of ChlD2 more like those of the majority of Chl-a molecules in PSII; and 
iv) the D1/T179H-D2/I178H, the symmetrical double histidine envi
ronment. For comparison, several experiments were also done in the D1/ 
T179H previously studied [26]. 

2. Materials and methods 

2.1. Construction of site-directed mutants 

For the construction of the ChlD1 mutants, D1/T179H and D1/T179I, 
the T. elongatus strain used was the ΔpsbA1, ΔpsbA2 deletion mutant [29], 
called WT*3, constructed from the T. elongatus 43-H strain that had a 
His6-tag on the carboxy terminus of CP43 [30]. The construction of the 
D1/T179H site-directed mutant has been described earlier [26]. The 
D1/T179I mutant was constructed with the procedure described in [26]. 
As host cells for the ChlD2 mutants, D2/I179H and D2/I179T, the WT’ 
strain (with deleted psbA1, psbA2 and psbD2 genes and with a His-tag on 
the carboxy terminus of CP43 [29]) was used. Fig. 2 shows a summary of 
the constructions and confirmation of the site-directed mutations. 

2.2. PSII samples 

Fully active His-tagged PSII from the T. elongatus mutants were pu
rified as previously described [31]. For the triplet EPR signal detection 
in Mn-depleted PSII, the samples were prepared as follows. For Mn- 
depletion, ~10 mM NH2OH, from a stock at 1 M at pH 6.5, and 1 mM 
EDTA were added to the PSII samples. Then, the hydroxylamine was 
removed by washing of the PSII samples by cycles of dilution in 1 M 
betaine, 15 mM CaCl2, 15 mM MgCl2, 40 mM MES, 100 μM EDTA, pH 
6.5, followed by concentration using Amicon Ultra-15 centrifugal filter 
units (cut-off 100 kDa), until the estimated residual NH2OH concen
tration was lower than 0.1 μM in the concentrated PSII samples before 
the final dilution. In the final dilution step, the PSII samples were sus
pended in 1 M betaine, 15 mM CaCl2, 15 mM MgCl2, 100 mM MES, pH 
6.5. 

2.3. SDS-polyacrylamide gel electrophoresis of PSII polypeptides by high- 
light illumination 

Purified PSII samples suspended in 40 mM MES/NaOH (pH 6.5) 
buffer containing 10 mM NaCl, 10 mM CaCl2, 10 mM MgCl2 and 0.03 % 
n-dodecyl-β-D-maltoside were illuminated at ~800 μmol photons m− 2 

s− 1 for 20 min. The PSII (8 μg Chl each) before and after high-light 
illumination were solubilized with 2 % lithium laurylsulfate, and then 
loaded on an SDS-15 % polyacrylamide gel containing 7.5 M urea as 
previously described in [32]. The polypeptides were visualised by 
Coomassie brilliant blue R-250. 

2.4. Immunoblot staining of protein radicals 

Detection of radical proteins was done according to [33]. One μg Chl 
mL− 1 of PSII complexes were mixed with 50 mM 5,5-dimethyl-1-pyrro
line-N-oxide (DMPO) (Dojindo) as a spin trap, then the samples were 
illuminated at 800 μmol photons m− 2 s− 1 for 30 min. The high-light 
illuminated samples were loaded onto an SDS-15 % polyacrylamide 
gel containing 7.5 M urea (1 μg Chl each lane). After the electrophoresis, 
polypeptides on the gel transferred onto a polyvinylidene difluoride 
membrane (Hybond-P, GE Healthcare) by using a semi-dry electro
blotter (Bio-Rad Laboratories). Polyclonal anti-DMPO antibody (Abcam) 
was used to detect radical proteins on the blots. The blots were devel
oped with a goat anti-rabbit IgG-alkaline phosphatase conjugate (Santa 
Cruz Biotechnology). 

2.5. Singlet oxygen production 

Singlet oxygen production was detected by histidine-mediated oxy
gen uptake measurements under high-light illumination conditions 
(20,000 μmol photons m− 1 s− 1) at 25 ◦C, as previously described in [26]. 
The activity was measured in 20 mM MES buffer (pH 6.5) containing 15 
mM CaCl2, 15 mM MgCl2, 20 mM NaCl in the presence of 10 mM L- 
histidine and 25 μM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) 
at 2 μg Chl mL− 1 by using a Clark-type oxygen electrode (Hansatech). 

2.6. UV–visible time-resolved absorption change spectroscopy 

Time-resolved absorption changes measurements were performed 
with a lab-built spectrophotometer [34] described in detail in [31]. For 
the ΔI/I measurements in O2 evolving PSII the samples were diluted in 1 
M betaine, 15 mM CaCl2, 15 mM MgCl2, and 40 mM MES (pH 6.5). PSII 
samples were then dark-adapted for ~1 h at room temperature 
(20–22 ◦C) before the addition of 0.1 mM phenyl p–benzoquinone 
(PPBQ) dissolved in dimethyl sulfoxide. 

The chlorophyll concentration of all the samples was ~25 μg of Chl 
mL− 1. After the measurements, the ΔI/I values were normalized to 
exactly A673 = 1.75, that is very close to 25 μg Chl mL− 1 with ε ~ 70 
mM− 1⋅cm− 1 at 674 nm for dimeric PSII [35]. 

2.7. High-light-minus-dark absorption spectra at room temperature 

PSII complexes were suspended in 20 mM MES buffer (pH 6.5) 
containing 15 mM CaCl2, 15 mM MgCl2, 10 mM NaCl and 200 mM 
mannitol at 6.5 μg Chl mL− 1. Then, the PSII complexes were illuminated 
with ~500 μmol photons m− 2 s− 1 at 45 ◦C for 60 min. Absorption 
spectra of dark adapted PSII and high-light illuminated PSII were 
recorded using a spectrophotometer U-3900 (Hitachi High Tech. Co., 
Japan) at room temperature. The wavelength accuracy was ±0.2 nm, 
the spectral band-pass was 2 nm and the scan speed was 120 nm min− 1. 

2.8. Light-induced absorption changes at 77 K 

Light-induced absorption spectra were measured basically as in our 
previous paper [26] using a spectrophotometer U–3900H (Hitachi High 
Tech. Co., Japan) equipped with a cryostat OptistatCF (Oxford In
struments) for low temperature measurements. The PSII samples were 
suspended in 20 mM MES buffer (pH 6.5) containing 15 mM CaCl2, 15 
mM MgCl2, 10 mM NaCl and 65 % glycerol. After dark adaption for 60 
min, the PSII samples at 0.2 mg Chl mL− 1 were illuminated for 30 s with 
a ~ 30 mW cm− 2 cw light source (MSG3-1100S-SD; Moritex Co., Japan) 
to induce the formation of QA

− (the oxidized species in this experiment 
being mainly the Cytb559 [26]). The wavelength accuracy was ±0.2 nm, 
the spectral band-pass was 2 nm and the scan speed was 120 nm min− 1. 

2.9. EPR spectroscopy 

X-band cw-EPR spectra were recorded with a Bruker Elexsys 500 X- 
band spectrometer equipped with a standard ER 4102 (Bruker) X-band 
resonator, a Bruker teslameter, an Oxford Instruments cryostat (ESR 
900) and an Oxford ITC504 temperature controller. O2-evolving PSII 
samples were loaded in the dark into quartz EPR tubes at 1.1 mg of Chl 
mL− 1 and dark-adapted for 1 h at room temperature. The samples were 
then synchronized in the S1-state with one pre-flash [36]. Flash illumi
nation at room temperature was provided by a neodymium: 
yttrium–aluminum garnet (Nd:YAG) laser (532 nm, 550 mJ, 8 ns Spectra 
Physics GCR-230-10). After a further 1 h dark-adaptation at room 
temperature the samples were frozen in the dark to 198 K in a dry-ice/ 
ethanol bath and then transferred into liquid N2 (77 K). Prior to 
recording the spectra, the samples were degassed at 198 K. In these 
samples, the S2 multiline state was induced by illumination with an 800 
W tungsten lamp filtered by water and infrared cut-off filters for 
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approximately 5–10 s at 198 K in a non‑silvered Dewar in ethanol cooled 
with dry ice. 

For the recording of the triplet EPR signals, ~ 40 mM sodium 
dithionite (from a 1 M stock freshly prepared in water) was added into 
the EPR tube. The EPR tube were then illuminated for ~5 min at room 
temperature with the 800 W tungsten lamp described above to achieve 
the double reduction of QA in a high proportion of the centers [11]. 
Then, the samples were dark-adapted for ~30–60 min at room tem
perature to allow the Phe− anion radical, also produced under the 
continuous illumination, to be reoxidized [11] prior to the freezing of 
the samples. The triplet EPR signals were then generated by continuous 
illumination at 4.2 K inside the EPR cavity [11]. The illumination was 
done with a low voltage halogen lamp (Philips GX5.3, 24 V, 250 W) 
filtered by water and infrared cut-off filters. 

2.10. Thermoluminescence measurements 

Thermoluminescence (TL) glow curves were measured with TL500 

(Photon Systems Instruments). Ten μg of purified PSII were suspended in 
50 μL of 40 mM MES buffer (pH 6.5) including 15 mM MgCl2, 15 mM 
CaCl2 and 1 M betaine. After dark-relaxation for 1 h on ice, 10 μM DCMU 
was added. 70 μL of the sample (10 μg Chl) was loaded onto 15 mm × 15 
mm filter paper (0.23 mm thickness, Advantec No.3), then one satu
rating LED flash was given at − 15 ◦C. The thermoluminescence emission 
was measured during warming the sample with a heating rate of 40 ◦C 
min− 1. 

3. Results 

3.1. Intactness of the purified mutant PSII’s 

All the T. elongatus mutant cells studied here were able to grow 
photo-autotrophically, although the growth of D2/I178T and D1/T179I 
cells were slower and more sensitive to light than other strains. The 
intactness of the purified PSII cores was monitored by the amplitude the 
period-of-four oscillations arising from absorption changes of the 

Fig. 3. Upper panels, sequence of the amplitude of 
the absorption changes at 291 nm using a series of 
saturating flashes spaced 400 ms apart. The mea
surements were done in PsbA3-PSII (black), D1/ 
T179I-PSII (red), D2/I178T-PSII (blue), and D2/ 
I178H-PSII (green). The samples ([Chl] = 25 μg 
mL− 1) were dark-adapted for 1 h at room tempera
ture before the addition of the electron acceptor 
system, 100 μM PPBQ dissolved in dimethyl sulfoxide 
and 100 μM ferricyanide. The ΔI/I were measured 
100 ms after each flash. The continuous lines joining 
the points are drawn for clarity. Lower Panel, EPR 
spectra recorded in PsbA3-PSII (black spectrum), D1/ 
T179I-PSII (red spectrum), D2/I178T-PSII (blue 
spectrum) and D2/I178H-PSII (green spectrum). 
Spectra were recorded after white light illumination 
at 198 K for ~5 s. [Chl] = 1.1 mg⋅mL− 1. Instrument 
settings: temperature, 8.6 K; modulation amplitude, 
25 G; microwave power, 20 mW; microwave fre
quency, 9.4 GHz; modulation frequency, 100 kHz.   
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Mn4CaO5 measured at 291 nm generated by a sequence of saturating 
laser flashes. Fig. 3 (upper panels) shows the data generated by a flash 
sequence in PsbA3-PSII (black), D1/T179I PSII (red), D2/I178T PSII 
(blue), and D2/I178H-PSII (green) after dark adaptation. At 100 ms after 
each flash, electron donation from the Mn4CaO5 to the TyrZ

• is complete 
and the absorption change at 291 nm arises only from changes in the 
redox state of the Mn4CaO5 cluster itself [37]. 

In the upper Panels of Fig. 3 no significant differences in both the 
oscillating pattern and the amplitude of the oscillations were observed in 
the PSII mutants compared to the PsbA3-PSII. This shows that the pu
rified PSII cores are all fully active at room temperature under a satu
rating flash illumination. Similar results were obtained in the D1/T179H 
mutant [26]. 

The formation of the S2 multiline EPR signal induced by an illumi
nation at 198 K was also monitored in the 3 mutants and compared to 
that in PsbA3-PSII. The lower Panel in Fig. 3 shows the EPR spectra 
recorded after a continuous illumination for ~5 s at 198 K in the 3 
mutants. In the D1/T179I (red spectrum), the D2/I178T (blue spectrum) 
and D2/I178H (green spectrum), the S2 multiline signal is identical and 
has a comparable amplitude to that in PsbA3-PSII (black spectrum). This 
shows that the charge separation at 198 K under continuous illumina
tion is equally effective in forming the S2 state as previously reported for 
other mutants as the D1/T179H, D1/T179V and D1/H198Q [26]. 
Therefore, mutations affecting the Chl-a molecules constituting the 
photochemical trap do not perturb the environment of the Mn4CaO5 
cluster. 

The other features in the EPR spectra are all well-known (Fig. 3 lower 
panel): i) The saturated signal centered at ~3385 gauss originated from 
TyrD

• [38]; ii) The signal at ~2250 gauss is the gz signal of the oxidized 
cytochromes (the Cytc550 with a small proportion of Cytb559) [39]; iii) 
The signal at ~4100 gauss is the QA

− Fe2+QB
− signal induced in centers in 

which QB
− is present prior to the 198 K illumination. In the other centers, 

the signal of QA
− Fe2+ is detected at ~3450 gauss [13]. The presence of 

these signals in comparable amounts also points to intactness and good 
comparability between all the samples. 

The SDS-polyacrylamide gel electrophoresis (Fig. 4A, the lanes 
labelled “dark”) shows no loss of subunits in PSII from any of the mu
tants. More detailed explanations of the results in this figure are given 
later. These results are consistent with the spectroscopic and mecha
nistic data indicating that the mutants are essentially intact and com
parable with each other and the non-mutated strain. 

3.2. Flash-induced absorption changes in the Soret region in O2 evolving 
PSII 

The effects of the mutations on the P680
+ QA

− -minus-P680QA difference 
spectrum in the Soret region were measured at room temperature by 
recording the time-resolved flash-induced absorption changes around 
430 nm. In this spectral region, the redox changes of several species, 
such as the Chls, cytochromes, Tyr radicals and semi-quinones, give rise 
to absorption changes. These changes also include electrochromic band 
shifts of pigments in response to the formation of the P680

+ QA
− state (see e. 

g., [40] and references therein). Twenty ns after a laser flash the most 
prominent change is a strong Soret band bleaching around 432 nm that 
is associated with the formation of [PD1PD2]+ [10]. Fig. 5 shows the 
absorption changes measured 20 ns after the first flash given to dark- 
adapted PSII. These spectra therefore corresponded to the to 
S1TyrZ[PD1PD2]+QA

− QB-minus-S1TyrZ[PD1PD2]QAQB difference spectrum. 
In all the mutants, the largest bleaching was between 432 nm and 433 
nm for the 4 samples thus indicating that the PD1

+ PD2 ↔ PD1PD2
+ equi

librium seems hardly affected 20 ns after the flash. In the D1/T179I 
mutant the spectrum was reproducibly broader on its long-wavelength 
side between 435 and 445 nm. 

Note that the spectral contribution between 440 nn and 460 nm, 
which has an unknown origin, and discussed in detail in [41], is 
insensitive to mutations affecting either ChlD1 or ChlD2. It is thus 

unlikely that this feature originates from a band-shift of either ChlD1 or 
ChlD2. It was observed previously [26], at shorter times after the flash (5 
ns instead of 20 ns here), that the spectrum was very slightly broaden on 
the long-wavelength side in the D1/T179H mutant and to the shorter 
wavelength side in the D1/T179V mutant. 

3.3. Decay kinetics of [PD1PD2]+ in O2 evolving PSII 

Fig. 6 shows the decay kinetics of [PD1PD2]+ measured at 432 nm 
after the first flash given to dark-adapted PsbA3-PSII (black), D1/T179I- 
PSII (red), D2/I178T-PSII (blue) and D2/I178H-PSII (green). In the D2/ 
I178T mutant the multiphasicity in the decay at 432 nm the global t1/2 
appears to be slightly slower in the 100 ns to 5 μs time range, while at 
times longer than 5 μs the kinetic are similar in all samples. 

Fig. 4. Panel A: Coomassie brilliant blue-staining of SDS-polyacrylamide gel 
electrophoresis of dark-adapted and high-light (HL) illuminated PSII samples; 
PsbA3-PSII (WT), D1/T179H-PSII, D1/T179I-PSII, D2/I178H-PSII and D2/ 
I178T-PSII. Panel B: Edited part of gels showing CP47, CP43, D2 and D1 
from Panel A. Squares surrounded by dashed lines indicate bands that degrade 
significantly under high-light illumination. 
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3.4. Thermoluminescence 

The intactness of the Mn4CaO5 cluster in the mutants studied here 
makes possible a study of the charge recombination process by ther
moluminescence as previously reported [26]. Fig. 7 shows the TL curves 
resulting from the S2QA

− /DCMU charge recombination after 1 flash given 
at − 15 ◦C in the presence of DCMU. The curves were recorded in PsbA3- 
PSII (black), D1/T179I-PSII (red), D2/I178T-PSII (blue) and D2/I178H- 
PSII (green) with a heating rate of 40 ◦C min− 1. For a better comparison 
with the previous data [26], the TL was measured again in the D1/ 
T179H-PSII (brown curve) in the conditions used for Fig. 7. 

In the PsbA3-PSII, the TL signal peaked at ~21 ◦C for a heating rate 
of 40 ◦C min− 1. In both the D1/T179I-PSII and D2/I178H-PSII, the 
amplitude was significantly decreased, whereas the peak temperature 
was hardly affected. In the D2/I178T-PSII, the TL peak temperature was 
slightly upshifted to ~23 ◦C and had an amplitude similar to that in 

PsbA3-PSII. The TL in the D1/T179H-PSII, as reported earlier [26], had a 
much lower amplitude and the residual TL peak had a much lower 
temperature (~ 5 ◦C). 

The amplitude of TL is inversely proportional to the fraction of 
centres having QB

− present in the dark. This reflects the binding of DCMU 
displacing QB from its site when it is transiently formed in the QAQB

− ↔ 
QA
− QB equilibrium, thereby forming the stable QA

− /DCMU state in the 
dark. Consequently, centres with QA

− present in the dark will not be able 
to form S2QA

− upon excitation. We verified that in the samples studied in 
Fig. 7, after incubation in the dark for ~1 h, about half of the centers 

Fig. 5. Light-minus-dark spectra recorded 20 ns after the first laser flash illu
mination given to dark-adapted PSII. Black, PsbA3-PSII; red, D1/T179I-PSII; 
blue, D2/I178T-PSII; green, D2/I178H-PSII. The spectra were normalized to a 
Chl concentration of 25 μg mL− 1. 100 μM PPBQ was added before the 
measurements. 

Fig. 6. Kinetics of flash-induced absorption changes measured at 432 nm in 
PsbA3-PSII (black), D1/T179I-PSII (red), D2/I178T-PSII (blue) and D2/I178H- 
PSII (green). The amplitudes of the kinetics were normalized to a Chl concen
tration of 25 μg/ml. 100 μM PPBQ was added before the measurements 
were taken. 

Fig. 7. Thermoluminescence curves from S2QA
− /DCMU charge recombination 

measured after one flash given at − 15 ◦C. Panel A: PsbA3-PSII (black trace), 
D1/T179I-PSII (red trace), D1/T179H-PSII (brown curve). Panel B: PsbA3-PSII 
(black trace), D2/I178T-PSII (blue trace), D2/I178H-PSII (green trace). The 
samples were dark-adapted at room temperature for 1 h prior to the addition of 
DCMU. The heating rate was 40 ◦C min− 1. 
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were in the QB
− state based on the amplitude of the EPR Fe2+QB

− signal 
(not shown) but see [13,14,26]. Therefore, the differences in the am
plitudes of the TL curves is not due to the initial proportion of QB

− . 
However, the D2/I178T-PSII, did not behave like the other samples; in 
this mutant the amplitude of the TL peak doubled after 4 h of dark 
adaptation (see the supplementary material), while in all the other 
mutants the TL peaks maintained the same amplitude (not shown). 
Preliminary EPR experiment (see the supplementary material) showed 
that the decay of QB

− in D2/I178T-PSII was possibly slightly faster than in 
PsbA3-PSII, resulting in higher proportion of open centers after the 
addition of DCMU. 

3.5. The triplet formation 

The non-radiative charge recombination process occurs via different 
routes and one of these is the pathway involving the formation of the 
3ChlD1 triplet state from the 3[PD1

+ PheD1
− ] radical pair, e.g. [42–44]. We 

have therefore looked for possible changes in the triplet EPR signals in 
the mutants. It is necessary to double reduce the quinone QA to facilitate 
the detection of the 3ChlD1 [45] this results in a marked increase in the 
lifetime of 3ChlD1 [42]. We have reported previously [26] that at pH 
values ≥8.0 the amplitude of the triplet EPR signals were much smaller 
in PsbA3-PSII when compared to what is observed in plant PSII [11,46], 
but see [42]. Here we found that this was in part due to a greater sta
bility of the PheD1

− radical in PSII from T. elongatus in the presence of 
dithionite after the double reduction of QA. In those centres where PheD1

−

is present in the dark, illumination at 4.2 K does not result in charge 
separation and consequently 3ChlD1 is formed in a lower proportion of 
centers. Here we increased the redox potential of the dithionite by 
working at pH 6.5, allowing PheD1

− to decay and indeed, the triplet EPR 
signals where much larger. The shape of the spectra in the PsbA3-PSII 
and D1/T179H-PSII (not shown), were as previously as seen in cyano
bacterial PSII [26,42,47]. 

Fig. 8, upper Panel, compares the triplet EPR signals in PsbA3-PSII 
(black spectra), in D2/I178T-PSII (blue spectrum) and D1/T179I-PSII 
(red spectrum). 

The triplet signals in the D2/I178T-PSII (and D2/I178H-PSII, not 
shown) have the same spin polarisation, typical of radical pair recom
bination [48] and the same splittings (612 gauss typical for chlorophyll 
a) as those of the equivalent triplet in the native PsbA3-PSII. This is 
attributed to the triplet state localised on ChlD1 [11]. In contrast, the 
spectrum recorded in the D1/T179I-PSII (Fig. 8 upper panel, red spec
trum) exhibits two different triplet signals both with similar polarisation 
patterns but with different splittings. The triplet signal has Z peak 
splittings (610 gauss) very similar, but not identical, to the classic 
radical pair recombination ChlD1 triplet (612 gauss) (see Fig. 8 lower 
panel). The slightly narrower Z splitting for what is assumed to be ChlD1 
triplet in D1/T179I-PSII, was also observed in the D1/T179H-PSII [26]. 

Fig. 8 shows the triplet signal in D1/T179I-PSII in which the second 
and broader signal is encircled in the left half of the spectrum. Sub
tracting the PsbA3-PSII spectrum from the total spectrum to obtain the 
new triplet signal alone is difficult because as shown in the lower Panel 
of Fig. 8, that is a zoom of the feature at ~3694 gauss, this band was very 
slightly shifted in the D1/T179I-PSII as also observed in the D1/T179H- 
PSII [26]. The ZFS parameters and the polarisation pattern indicate this 
second triplet is located on a pheophytin and is formed by radical pair 
recombination [49]. One possibility considered at one time was that 
during the treatment of PSII to allow the formation of the triplet, ChlD1 
lost its Mg2+ in a proportion of the centres. As the amplitude of the EPR 
signal of the second triplet is always the same when compared to the 
3ChlD1 triplet in all the samples studied, this hypothesis seems unlikely. 
In the literature, triplet with a similar ZFS D parameter was reported as a 
second minor contaminant in PSII D1/D2 particles [50]. In [50] the lack 
of resolved X and Y peaks and its lack of response to Phe reduction led to 
its attribution to contaminating pheophytin formed during the isolation 
processes. 

3.6. Electrochromic band shifts at 77 K in the Qy spectral region upon QA
−

formation 

Fig. 9 shows the electrochromic shifts in QY region of the spectra 
upon QA

− formation at ~77 K in the mutants studied. The D1/T179H 
mutant, reported earlier [26] is re-measured here for comparison. The 
blue-shift centered at ~686 nm in PsbA3-PSII was red-shifted by ~3 nm 
from ~686 nm to ~689 nm in the D1/T179H-PSII as reported earlier 
[26]. In the D1/T179I-PSII, the blue-shift at ~686 nm was significantly 
less resolved, showing with a weaker feature at ~686 nm. The 686 nm 
blue-shift feature was unaffected by the ChlD2 mutations. These data 
indicate that the 686 nm band arises largely from ChlD1. This conclusion 
agrees with earlier site-directed mutation studies from Synechocystis PCC 
6803 [9,26,51], from T. elongatus [26] and other spectroscopic and 

Fig. 8. Triplet EPR signals in PsbA3-PSII (black spectrum), D2/I178T-PSII (blue 
spectrum) and D1/T179I-PSII (red spectrum). The samples were pretreated 
with 40 mM dithionite and illumination at room temperature for 5 min fol
lowed by dark adaptation for 30 min at room temperature before freezing. 
Panel A shows the full spectra and Panels B shows the external line at high field 
with an expended magnetic field scale in PsbA3-PSII (black trace) and D1/ 
T179I-PSII (red trace). The spectra were recorded under continuous illumina
tion at 4.2 K. Instrument settings: modulation amplitude, 25 G; microwave 
power, 63 μW; microwave frequency, 9.4 GHz; modulation frequency, 100 kHz. 
The center of the spectra in Panel A corresponds to saturated radical signal. 
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theoretical work, e.g. [10,51–53]. 
In Fig. 9, the biggest band-shift is the red-shift at 678.6 nm. This 

feature is not greatly affected by the ChlD1 or ChlD2 mutations. These 
observations fit with an assignment to PheD1 and PheD2. PheD1 has a 
geometry that makes most susceptible to be red-shifted by QA

− , although 
it often assigned as a shorter wavelength (670 nm [9] to 676 nm [54]), 
while PheD2 is predicted to give a small red-shift but is thought to have a 
longer wavelength (678 nm) than PheD1 [9,53–55]. 

The D1/T179H-PSII with the perturbed ChlD1 site showed a small 
change in the red shift around 678.6 nm, this could reflect the main 
contribution to this feature from PheD1, as ChlD1 and PheD1 undergo a 
significant coulombic interaction, so a perturbation of ChlD1 could affect 
PheD1. The lack of an effect on the red-shift in the two D2 mutations may 
argue that PheD2 has a minor contribution to this feature if any. 

The blue shift feature at 674 nm in Fig. 9 is attributed to the lower of 
the two separated exciton states (at 660 and 674 nm) resulting from the 

strongest excitonically coupled chlorophyll pair, [PD1PD2]. This con
firms earlier site-directed mutagenesis work, in which D1/His198, the 
axial ligand for PD1, was targeted resulting a shift in the bleach at 672.5 
nm upon P680

+ formation in Synechocystis PCC 6803 [10,27,51], and in 
the QA

− -induced blue-shift at 672 nm in T elongatus [26]. The 674 nm part 
is barely affected in the mutants studied here, although there may be 
slight shifts (<1 nm) to the red in the two ChlD1 mutations. 

The shorter wavelength red shift at 669 nm may be attributable to 
PheD1, the shorter wavelength of the two Phe’s, as this is the wavelength 
calculated for this pigment by Muh et al. [9]. If correct, this would mean 
that 678 red shift arises solely from the PheD2 and not a combination of 
both pheophytins as suggested above. The 669 nm red shift is not visible 
in the spectra from the two ChlD2 mutations but this might be due to 
overlap with shifts in ChlD2, which is expected to absorb at ~670 nm (see 
below). 

In Fig. 9, the two ChlD2 mutations (D2/I1789T and D2/I178H) had 

Fig. 9. Light-minus-dark difference absorption spectra in the Qy spectral range and recorded at 77 K. After the recording of the spectrum on the dark-adapted 
samples, illumination at 77 K was given before the recording of the spectrum upon illumination on PsbA3-PSII (black spectrum), D1/T179H-PSII (brown spec
trum), D1/T179I-PSII (red spectrum), D2/I178T-PSII (blue spectrum) and D2/I178H-PSII (green spectrum). The dashed lines are the spectrum recorded in 
PsbA3-PSII. 
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no effect on the band shift at 686 nm compared to the control (PsbA3- 
PSII), indicating that the mutation near ChlD2 does not change the ab
sorption spectrum of ChlD1. The two ChlD1 mutations (D1/T179H and 
D1/T179I) had very little effect on spectral region between 660 nm and 
675. In contrast, the weak red shift centred at 663 nm in PsbA3-PSII was 
shifted by 2 nm to 665.5 nm in D2/I178T-PSII, and by 4 nm to 667 nm in 
the D2/I178H-PSII upon QA

− formation. This result indicated that ChlD2 
absorption peak is located at 663 nm. This value is at a shorter wave
length than is reported and calculated for ChlD2, i.e. 669 nm, in earlier 
work, e.g, [9,52]. The weakness of the shifts and the more marked 
mismatch with the theoretical values make the assignment of the ChlD2 
absorption more tentative than the other assignments. 

3.7. Singlet 1O2 formation 

Since the PSII from mutants with modified ChlD1 and ChlD2 proper
ties studied are fully active this prompted us to study to what extent 
these mutations may affect the production of reactive oxygen species, in 
particular the singlet 1O2 known to be formed by the reaction of 3O2 with 
3ChlD1. Table 1 reports the production of 1O2 determined by using the 
protocol described by Rehman et al. [56]. 

As reported and discussed earlier, the production of 1O2 was slightly 
smaller in the D1/T179H-PSII mutant when compared to that in PsbA3- 
PSII. In the D1/T179I-PSII and the D2/I178H-PSII, the 1O2 production 
were hardly affected when compared to PsbA3-PSII. The most affected 
mutant was the D2/I178T-PSII, with approximately 3 times more 1O2 
produced than in PsbA3 PSII. 

3.8. Photoinhibition 

It was previously shown that ChlD1 was the main chlorin pigment 
bleached by the 1O2 produced by the reaction of chlorophyll triplet with 
3O2 [26]. Since some of the mutants studied here produce much more 
1O2 and one shows the triplet localised on a pheophytin in a significant 
fraction of centres, we have monitored the extent of the bleaching of 
pigments under high-light illuminations (Fig. 10). 

Two of the PSII mutants, the D1/T179I-PSII and the D2/I178T-PSII, 
were severely affected by the high-light illumination; while the D2/ 
178H-PSII has a slight increase in bleaching. These three mutants are 
the top three 1O2 generators (Table 1) but this correlation is not quan
titative. The D2/I178T-PSII, with its rate of 1O2 production being 3 times 
that of the control, correlates quite well with the largest bleaching, 
which is ~2.6 times the bleaching seen in the control. However, the D1/ 
T178I-PSII showed only ~1.2 times higher rate of 1O2 production but 
has 2.2 times the bleaching of the control. This discrepancy could 
indicate a different origin of the bleaching, or it could reflect the 
different illumination conditions used for the two measurements: 1O2 
generation rate used very high-light for a short time, while the bleaching 
experiment used 4 times lower intensity but for 1 h. 

The CBB staining of SDS-polyacrylamide gel shown shown in Fig. 4 
for PSII after being exposed to a high intensity illumination shows that 
the CP43, D2 and D1 contents decreased similarly in all the mutants 
when compared to PsbA3-PSII, except for the D2/I178T-PSII mutant, in 
which this decrease was much more marked. This result agrees well with 
the stronger pigment bleaching observed in this mutant. 

Radical formation was searched for after high-light illumination by 
performing an immunoblot analysis against DMPO which forms an 
adduct when a radical is induced in a protein, e.g. [33], Fig. 11. 

Fig. 11 shows that, as expected, upon an incubation in the dark in the 
presence of DMPO, the immunoblot revealed no radical formation. 
Under high-light conditions, the extent of radical formation was less in 
the D1/T179H-PSII and the D2/I178H-PSII than in PsbA3-PSII. For the 

Table 1 
Singlet oxygen production by PSII under high-light (20,000 μmol photons m− 2 

s− 1).  

Strain 1O2 production 
μmol 1O2 (mg Chl)− 1 h− 1 

Relative % 

PsbA3-PSII 123 ± 2.2 100 % 
D1/T179H 89.2 ± 2.4 72 % 
D1/T179I 143 ± 2.7 116 % 
D2/I178H 130 ± 3.6 106 % 
D2/I178T 358 ± 5.7 291 %  

Fig. 10. Difference spectra between 350 and 800 nm recorded at room tem
perature in PsbA3-PSII (black spectrum), D1/T179H-PSII (brown spectrum), 
D1/T179I-PSII (red spectrum), D2/I178T-PSII (blue spectrum) and D2/I178H- 
PSII (green spectrum). The samples were illuminated at 45 ◦C for 60 min 
under a light intensity of ~500 μmol photons m− 2 s− 1. 

Fig. 11. Immunoblot analysis of PsbA3-PSII, D1/T179H-PSII, D1/T179I-PSII, 
D2/I178H-PSII and D2/I178T-PSII samples labelled with DMPO. The detec
tion was done using anti-DMPO antibodies. 
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D1/T179H-PSII, the result agrees with what we saw before with this 
mutant (a smaller bleaching and a smaller 1O2 production [26] and data 
above). In the D1/T179I-PSII, the labelling was slightly larger than in 
PsbA3-PSII for CP43 and PsbO. For CP43 this is in agreement with the 
larger bleaching increased 1O2 observed above in this mutant (Table 1 
and Fig. 10). Fig. 11 shows that the D2/I178T-PSII is the mutant the 
most affected by high intensity illumination, showing radical formation 
in all the major PSII subunits, and this correlates well with its greater 
susceptibility photodamage (Fig. 4), photobleaching (Fig. 11) and 1O2 
formation (Table 1). 

4. Discussion 

The aim of the present work was to characterise the influence of the 
immediate protein environment on the properties of ChlD1 and ChlD2. 
For that, several site-directed mutants were constructed focussing on the 
amino acids close to the water molecule that acts as the axial ligand to 
the Mg2+ in each of these chlorophylls. In ChlD1, which is thought to act 
as the primary electron donor, the key amino acid is D1/T179, while its 
symmetrical counterpart associated with ChlD2 is D2/I178. These highly 
conserved amino acids likely contribute to the functional differences: 
ChlD1 is the primary donor, while ChlD2 does not seem to play a direct 
role in charge separation. Here the T to I swap in D1 may be expected to 
make ChlD1 more ChlD2-like, while the I to T swap in D2 could make 
ChlD2 more like the primary donor. The main effects of these mutations 
are summarized in Table 2 and discussed below. 

The main bleach in the Soret region (Fig. 5), which is associated with 
chlorophyll cation formation, and considered to be mainly due to PD1

+

with a potential contribution from PD2
+ , was found i) to be unchanged in 

three of the four mutants investigated here, D1/T179H-PSII, D2/I178T- 
PSII and D2/I178H-PSII, compared with the control strain, PsbA3-PSII, 
and ii) to show only a minor change in the D1/T179I mutant (see below). 
This finding indicates that PD1

+ remains largely unaffected by the mu
tations, in terms of its spectrum and the dominant location of the cation, 
at least in the tens of ns time-range after charge separation. 

In the D1/T179I mutant, however, there is a minor additional 
bleaching detectable between 440 and 445 nm. The D1/T179I mutation 
changes the hydrogen bonding environment of the water that is the axial 
ligand for the Mg2+ in ChlD1. Such a perturbation could influence the 
pigments adjacent to ChlD1, particularly those to which it is most 
strongly coupled. PD2 and PheD1 are calculated to have the strongest 
couplings to ChlD1 (− 47 and 44 cm− 1, respectively), while its coupling 
to PD1 is significantly smaller (− 27 cm− 1), see [9]. The additional 
bleaching at 440–445 in D1/T179I-PSII could thus reflect a small 
perturbation of the cation distribution (PD1

+ PD2 ↔ PD1PD2
+ ) or a change in 

the environment of PD2 due to a change in the ChlD1-PD2 coupling in the 
mutant [10]. 

The 77 K difference spectra of the mutants showed only slight 
changes, in the ChlD1 mutations, or no changes, in the ChlD2 mutations, 
in the blue-shift attributed to PD1/PD2 at 674 nm (Fig. 9). These data 
confirm that the absorption spectrum of PD1/PD2 is largely unaffected by 
mutations close to ChlD1 and ChlD2. 

The D1/T179I mutant that shows the most chlorophyll bleaching 
after illumination with high-light intensity (Fig. 10), is also the most 
modified in terms of its chlorophyll EPR triplet signals (Fig. 8). This 
mutant shows 2 different triplets: a typical radical pair recombination 
triplet from monomeric Chl-a [48], and a second triplet, also with a 
typical radical pair recombination polarisation pattern, but with a 
splitting indicative of a pheophytin [49]. The most straightforward 
explanation for the additional triplet is that the perturbation of the ChlD1 
resulted in a significant fraction of the triplet being localised on the 
PheD1. It was suggested previously that the triplet on ChlD1 migrates at 
low temperatures onto the PheD1, there to be quenched by QA

− in an 
electron transfer process [42,57]. This was suggested to explain the 
anomalously rapid decay of the triplet when QA

− is present [42,57]. The 
present work may represent direct experimental evidence for triplet 

transfer from ChlD1 to PheD1 and potentially for the quenching model. 
The decay rate of the [PD1PD2]+ state by electron donation from TyrZ 

is also similar in the PsbA3-PSII control and the D1/T179H (not shown), 
D2/I178H and D2/I178T mutants (Fig. 6). In contrast, the D1/T179I 
mutant exhibits small but significant differences in the kinetics, with a 
slowdown of the 10–20 ns phase contributing to a slower overall t1/2 
value of ~1 μs in D1/T179I-PSII, compared to ~200 ns in PsbA3-PSII 
and the other mutants. The slowdown in this time range is reminiscent 
of that observed in the D1/R323E mutant [31], where D1/R323 is part 
of the H-bond network connecting TyrZ to the bulk and suggested to be 
involved in proton egress, although the effect on the kinetics is less 
pronounced in the current mutant. This time-range was proposed to 
correspond in part to a dielectric relaxation stabilizing the TyrZ

ox initially 
formed by lowering its free energy level [20,58]. In the present case, it 
seems unlikely that the H-bond network around TyrZ is altered by the 
D1/T179I mutation, and therefore the slower reduction rate of the 
[PD1PD2]+ is more likely due to a perturbation arising from a redox or 
structural effect on [PD1PD2]+ from the modified ChlD1, potentially due 
to a change in its coupling with PD2. 

The lower S2QA
− /DCMU TL amplitude in the D1/T179I-PSII mutant, 

when compared to the PsbA3-PSII (Fig. 7), could result from a larger 

Table 2 
main observations made on the 4 mutants PSII; D1/T179I-PSII, D1/T179H-PSII, 
D2/I178T-PSII and D2/I178H-PSII.   

D1/T179I-PSIIa D1/T179H- 
PSIIa,b 

D2/I78T- 
PSIIa 

D2/I78H- 
PSIIa 

Period 4 at 
291 nm 

~ PsbA3-PSII ~ PsbA3- 
PSII 

~ PsbA3- 
PSII 

~ PsbA3- 
PSII 

S2 multiline 
EPR 

amplitude and 
shape ~ PsbA3- 
PSII 

amplitude 
and shape 
~PsbA3-PSII 

amplitude 
and shape 
~PsbA3-PSII 

amplitude 
and shape 
~PsbA3-PSII 

Soret ΔA 
[PD1PD2]+

432 nm ~ 
PsbA3-PSII,  
broader on long 
λ side 

432 nm ~ 
PsbA3-PSII,  
broader on 
long λ side 

432 nm ~ 
PsbA3-PSII 

432 nm =
PsbA3-PSII 

Decay 
[PD1PD2]+

slower in 0.1–1 
μs range 

~ PsbA3- 
PSII 

~ PsbA3- 
PSII 

~ PsbA3- 
PSII 

TL S2QA
− / 

DCMU 
T ≤ PsbA3-PSII, 
ampl. <<

PsbA3-PSII 

T < PsbA3- 
PSII, 
ampl. <<

PsbA3-PSII 

T = PsbA3- 
PSII, 
ampl. ~ 
PsbA3-PSII 

T < PsbA3- 
PSII, 
ampl. <<

PsbA3-PSII 
Triplet EPR 

signal 
2 triplets, 1 ~ 
PsbA3-PSII 1 =
pheophytin 
(3PheD1?) 

~ PsbA3- 
PSII 

~ PsbA3- 
PSII 

~ PsbA3- 
PSII 

ChlD1 band 
shifts (Qy) 

smaller than 
PsbA3-PSII 
λ as PsbA3-PSII 

λ red-shifted 
by ~3 nm 

ampl. ~ 
PsbA3-PSII, 
λ ~ PsbA3- 
PSII 

ampl. ~ 
PsbA3-PSII,  
λ ~ PsbA3- 

PSII 
ChlD2 band 

shifts (Qy) 
ampl. and λ ~ 
PsbA3-PSII 

ampl. ~ 
PsbA3-PSII 
λ ~ PsbA3- 
PSII 

ampl. ~ 
PsbA3-PSII, 
λ red-shifted 
by 2 nm 

ampl. ~ 
PsbA3-PSII,  
λ red-shifted 
by 4 nm 

1O2 

production 
≥ PsbA3-PSII decreased by 

~10–30 % 
> > PsbA3- 
PSII 

~ PsbA3- 
PSII 

Bleaching HL 
680 nm 

~ 2.2 x PsbA3- 
PSII 

ampl. ~ 
PsbA3-PSII 
λ slightly 
red-shifted 

~2.5 x 
PsbA3-PSII 

~ 1.3 x 
PsbA3-PSII 

degraded 
proteins 
under high 
light >
PsbA3-PSII 

CP43 CP43 CP43, PsbA, 
PsbD 

CP43? 

oxidized 
proteins 
under high 
light >
PsbA3-PSII 

PsbA, PsbO, 
CP43 

PsbA PsbA, PsbO, 
CP47, CP43 

PsbA 

ampl. = amplitude. 
a This work. 
b This work and ref. [26]. 
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energy gap between *ChlD1 and the ChlD1
+ PheD1

− radical pair. The S2QA
−

TL peak is at almost the same temperature (~ 23 ◦C) as in PsbA3-PSII (~ 
21 ◦C), so the overall energetics of the recombination the S2QA

− in PsbA3- 
PSII is not greatly affected in the mutant compared to the control. A 
lower energy level for the ChlD1

+ PheD1
− radical pair, without shifting the 

overall bioenergetics of charge recombination, could arise from a lower 
potential for the ChlD1

+ /ChlD1 couple and this, in principle, could slow 
down the decay at 432 nm by shifting the equilibria, TyrZPD1ChlD1

+ ↔ 
TyrZPD1

+ ChlD1 ↔ TyrZ
●(H+)PD1ChlD1, to the left. 

While the change in the energy level of the ChlD1
+ PheD1

− radical pair 
may explain the TL and PD1

+ reduction kinetics, it is insufficient to 
explain all the properties of the D1/T179I-PSII mutant. The additional 
properties include: i) additional bleaching in the Soret region (Fig. 5); ii) 
the small amplitude of the ChlD1 electrochromic shift at 77 K upon QA

−

formation (Fig. 9); and iii) the appearance of the pheophytin triplet 
(Fig. 8). As suggested above, these features may arise from changes in 
electronic coupling between ChlD1 and its adjacent cofactors, PD2 and 
PheD1. 

Although the D1/T179I mutant has a different triplet composition, 
the production of 1O2 under high-light conditions is only slightly (1.2 
times) larger than that in the PsbA3-PSII control. However, the chloro
phyll bleaching was double that in the PsbA3-PSII control, the CP43 
seemed significantly more degraded, and the PsbA, PsbO and CP43 were 
also oxidized. This mismatch between the amount of 1O2 and the level of 
photodamage could be related to different conditions used for the 
measurement of the rate 1O2 formation compared to those used for the 
photobleaching experiments. However, it is also possible that the 
discrepancy between the 1O2 and bleaching indicates a true mechanistic 
difference in the photodamage occurring. The mechanistic difference 
could involve a change from back-reaction chlorophyll triplet mediated 
1O2, to direct over-oxidation of the pigments. If the main pigment 
bleached by 1O2 produced under high-light by the reaction between 
3ChlD1 and 3O2 is ChlD1 [26], the localisation of the triplet may vary, 
discussed in [26], and there is a distribution in the localisation of the 
triplet at room temperature [10,59] so that this reaction may occur in 
different places. 

The electrochromic band shift at 77 K caused by QA
− formation, which 

is centered at 663 nm in PsbA3-PSII, was red-shifted by 2 nm to 665 nm 
in the D2/I178T-PSII and by 4 nm to 667 nm in the D2/I178H-PSII. This 
result indicates that the absorption of ChlD2 is somewhat lower that its 
assignment, 669–670 nm, in earlier theoretical work [9,52]. However, 
the small red-shift of the absorption of ChlD2 upon QA

− formation is 
consistent with the structure [9,54]. 

The electrochromic band shift at 77 K upon QA
− formation is also red- 

shifted by changing its neighbouring isoleucine 178 to either threonine 
or histidine (Fig. 9). Apart from this small effect in the absorption of 
ChlD2 in the D2/I178T-PSII, several of its other properties are unaf
fected: i.e., its TL, the decay of PD1

+ , and the triplet EPR signal are hardly 
affected in this mutant. This is not particularly surprising as the ChlD2 is 
not thought to play a direct redox role in the main pathway of charge 
separation and electron transfer. It is thus quite striking that the 1O2 
production, the bleaching at 680 nm and the degradation of CP43, PsbA 
and PsbD, and the oxidation of several proteins are all greatly enhanced 
under high-light conditions in this mutant. This suggests that ChlD2 plays 
and important role in the reactions leading to and/or protecting against 
photodamage (see below). 

In contrast to the enhanced 1O2 production, bleaching and protein 
degradation seen in D2/I178T mutant, the D2/I178H mutant showed a 
level of 1O2 production very similar to that in PsbA3-PSII control 
(Table 1). The ChlD2 absorption in the D2/I178H mutant is red-shifted 
by 4 nm compared to the PsbA3-PSII control and by 2 nm in the D2/ 
I178T mutant, so both mutants are physically perturbed by their mod
ifications but only D2/I178T has a greatly enhanced susceptibility to 
photodamage. 

The D2/I178H mutant shows other intriguing properties. Modifying 
the environment of the ChlD2 by replacing the D2/Ile178 with an His 

residue, results in diminished thermoluminescence (Fig. 7). This could 
be due to a change in the energetics of the central pigments resulting in a 
decrease in the radiative route, such as an increase in the energy gap 
between the radical pair that is the immediate precursor of the lumi
nescent state. This however would seem surprising as the ChlD2 had little 
effect on charge separation and the subsequent electron transfer steps, in 
agreement with its location and previous experimental evidence. How
ever, these TL data suggest that a mutation affecting ChlD2 could play a 
significant role in the charge recombination processes. 

Calculations based on the structure of PSII indicate that ChlD2 is 
mainly coupled to its adjacent cofactors: PheD2 and PD1 [9,60] with 
couplings that are slightly weaker (~ 42 cm− 1) than for the symmetrical 
couplings around ChlD1 (47 and 43 cm− 1 to PD2 and PheD1 respectively). 
In the D2/I178H mutant, the modification may have perturbed PD1 in 
way that disfavours the repopulation of the radical pair, ChlD1

+ PheD1
− , 

that is thought to be the precursor of the luminescent state, *ChlD1. This 
perturbation could occur by a change in the coupling, through envi
ronmental or structural changes, resulting in modifications the redox 
potentials of PD1 relative to that of ChlD1 and/or to PD2. Such a pertur
bation could favor i) non-radiative recombination, or ii) electron dona
tion from the side-pathway donation route that is initiated by β-carotene 
oxidation on the D2 side [61,62]. Electron donation from this pathway 
has been suggested to be via the ChlD2, and even a small redistribution of 
the cation radical onto ChlD2 from PD1

+ could greatly accelerate electron 
donation from the β-carotene [4,25] at the expense of charge 
recombination. 

The D2/I178T mutant, which represents the “ChlD1-ification” of the 
ChlD2, could convert the ChlD2, which seems to have evolved a true 
“accessory” role, into a ChlD1-type “primary donor” role. This could 
mean ChlD2

+ PheD2
− charge separation occurring adventitiously within the 

reaction centre. Even if this occurred in a low yield and under conditions 
where QA

− was present (i.e., with “closed centres”), it would likely result 
in more triplet-mediated 1O2 formation, and likely in a location different 
from that the usual pathways of 1O2 generation, away from the existing 
protective processes. This could account for the significant increase in 
singlet 1O2 formation and the more extensive photodamage in this 
mutant. 

If a role for ChlD2 in wild type PSII is to facilitate side-path electron 
donation, a process that has been rationalised as a protective mechanism 
[62,63], the D2/I178T mutant may affect this pathway. If so, this too 
could contribute to the enhanced photodamage. The efficiency of this 
side-pathway is worthy of study in the ChlD2 mutants. The idea that the 
D2/I178T mutant confers some properties of the primary donor on 
ChlD2, may also explain the observation that QB

− is unusually (uniquely?) 
more unstable in this mutant. QB

− is thermodynamically stable [15] and 
its lifetime is determined by the availability of a sufficiently unstable 
electron hole on the electron donor side of PSII. When QB

− is formed in 
the presence of the S2 or S3 charge accumulation states of the Mn4O5Ca 
cluster, it decays in tens of seconds by a back-reaction that includes S2QA

−

(or S3QA
− ) as an intermediate [64]. But when QB

− is present with the 
stable charge accumulation states, S0 or S1, it is stable for hours [64]. A 
slow decay (many hours) of QB

− has been reported and this may occur by 
recombination with TyrD

• , e.g. [13,62] as there is some experimental 
evidence that slow TyrD

•QA
− recombination can occur [65]. The unusual 

slight acceleration of the slow decay of QB
− in the D2/I178T mutant re

ported here, could be due the existence of a new recombination route 
arising from the mutation. This could involve electron transfer from QB

−

directly to PheD2, and electron hole transfer from an oxidized donor, 
such as TyrD

• , to PD1/PD2 and to ChlD2, allowing charge recombination to 
occur in ChlD2

+ PheD2
− . However, the decay of TyrD

• seemed not signifi
cantly faster in the mutant. This back reaction pathway could reflect 
what existed in the homodimeric ancestor and in less asymmetric an
cestors of PSII before the current asymmetry evolved, resulting in the 
current more efficient heterodimeric version of PSII [4,66]. This 
recombination route may exist in wild type PSII but may be too slow to 
be significant or detectable, but with the putative stronger coupling 

M. Sugiura et al.                                                                                                                                                                                                                                



BBA - Bioenergetics 1865 (2024) 149013

13

between ChlD2 and PheD2, due to the mutation that makes ChlD2 more 
like ChlD1, this recombination route is worth considering explaining the 
more rapid QB

− decay in the D2/I178T mutant. 

5. General conclusion 

Modifying the key amino acids in the vicinity of ChlD1 and ChlD2 had 
little effect on overall enzyme function, charge separation, nor forward 
electron transfer. The absence of major effects indicates that the 
specialized function of ChlD1 is not due to a single amino acid. This is not 
a big surprise. Earlier calculations, based on the structure of PSII, 
compared ChlD1 and ChlD2 and their protein environments and 
concluded that the electrostatic asymmetry in PSII, an important prop
erty for function, is determined by many small contributions from a wide 
range of structural elements [9]. A similar conclusion can be drawn here 
to explain the relative insensitivity of PSII function to the mutations 
made here. 

The robustness of PSII function to mutations also agrees with earlier 
analysis of PSII function and energetics [25]. That analysis showed that 
forward electron transfer reactions were rather insensitive to external 
conditions and to redox tuning [25]. In contrast, back reactions, electron 
leaks and photodamage were very sensitive to the environment and 
were controlled by a range of sensitive, redox-tuning-dependent, regu
latory, and protective mechanisms [25]. That analysis was reinforced by 
a series of studies since that time, e.g., the mechanism of photodamage in 
fluctuating light [67], and the limitations of oxygenic photosynthesis in 
far red light [24,68,69]. In the present work, the replacement of the 
conserved D1 threonine with an isoleucine (D1/T179I) that is conserved 
in D2 in the symmetrical position, has significant effects on back- 
reactions and protection/photodamage. When the inverse swap was 
done (D2/I178T), it resulted in even more 1O2 formation and more 
photodamage. This could arise from D2-side charge separation, which 
becomes significant under conditions where electron transfer is blocked 
under high-light. This putative new charge separation ability may open- 
up a slow charge recombination route down the D2 side of the reaction 
centre, constituting a new decay route for QB

− . This additional charge 
separation activity may represent the first experimental signs of the 
original charge separation route that was present in the homodimeric 
ancestor and in the early heterodimeric ancestors that existed before 
evolution fully extinguished the D2 charge separation route. 

The evolution of the purple bacterial reaction centre is also consid
ered to have involved the conversion of an ancestral homodimeric Type 
II reaction centre into a heterodimeric Type II reaction centre. The 
ancestral homodimer did charge separation on both sides of the dimer 
while the existing heterodimeric reaction centre has charge separation 
only on one side. The changes that resulted in the shut-down of charge 
separation in the now non-functional side of the purple bacterial reac
tion centre have been the focus of many detailed studies, e.g. [70–73]. 
Many of these changes have been elucidated by engineering in features 
from symmetrical locations on the functional side, resulting in the 
reactivation of charge separation on “non-functional” side. 

Given the marked similarities between purple bacterial reaction 
centres and PSII [4], it is likely they share some comparable features 
responsible for the evolutionary of two-sided to one-sided charge sep
aration. However, at a more detailed level, many differences are ex
pected, as these changes are considered to have occurred separately by 
convergent evolution [74], in which similar selection pressures on two 
different homodimers, a proto-PSII and proto-purple reaction centre, led 
to different evolutionary solutions both converging on functionally one- 
sided heterodimers. As a result, the symmetry swapping experiments 
that have been done in PSII involve changes that do not correspond 
closely to those done in the purple bacteria, [70–73] and the present 
work. 

It has been noted [4,25] that ChlD2 is the closest reaction centre 
chlorin to the D2-side β-carotene that is thought to act as the first donor 
of the protective side pathway [61]. This led to the suggestion that 

electron donation from the side-path occurs via ChlD2 [4]. This mecha
nism presupposes that at least fraction of the positive charge that is 
mainly localised on PD1 and shared with PD2 [10] is distributed out to 
ChlD2; this seems possible and even switchable [4,25]. The modification 
of the ChlD2 by the mutations looked at here may perturb this role. The 
D2/I178H mutant may show lower radiative recombination due to 
enhanced side-path donation (and more cation on ChlD2), while other 
mutant may have less cation from [PD1/PD2]+ distributed over to ChlD2, 
and thus less side-path donation. 

This work provides a basis for future studies aimed at understanding 
the evolution of the heterodimeric PSII and what controls electron 
transfer and back reactions on the D2 side, and the evolution and role of 
the side pathway as a putative protective mechanism. 
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