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obacterium Synechocystis sp. PCC 6803 was replaced with di-vinyl (DV)-Chl a by
knock-out of the specific gene (slr1923), responsible for the reduction of a 8-vinyl group, and optical and
photochemical properties of purified photosystem (PS) II complexes (DV-PS II) were investigated. We
observed differences in the peak wavelengths of absorption and fluorescence spectra; however, replacement
of Chl a with DV-Chl a had limited effects. On the contrary, photochemical reactions were highly sensitive to
high-light treatments in the mutant. Specifically, DV-Chl a was rapidly bleached under high-light conditions,
and we detected significant dissociation of complexes and degradation of D1 proteins (PsbA). By comparing
the SDS-PAGE patterns observed in this study to those observed in spinach chloroplasts, this degradation is
assigned to the acceptor-side photoinhibition. The delayed fluorescence in the nanosecond time region at
77 K was suppressed in DV-PS II, possibly increasing triplet formation of Chl molecules. Our findings provide
insight into the evolutionary processes of cyanobacteria. The effects of pigment replacement on the
optimization of reactions are discussed.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Photosynthetic pigments, particularly chlorophylls (Chls), play
crucial roles in the primary processes of photosynthesis of oxygenic
photosynthetic organisms. Light absorption, resonance energy trans-
fer, photochemical reaction, and quenching of excess light energy are
typical examples of these processes. Nine Chl species [i.e., Chl a, Chl b,
Chl c, Chl d, Chl a′ (132 epimer of Chl a), Chl d′ (132 epimer of Chl d),
pheophytin a (Mg-free Chl a), di-vinyl (DV)-Chl a (Chl a2), and DV-Chl
b (Chl b2)] are known to be confined in pigment–protein complexes
[1,2]. With the exception of one taxonomic group (i.e., Prochlorococcus
sp.), all other oxygenic photosynthetic organisms contain mono-vinyl
(MV)-Chl a. Reduction of the 8-vinyl group on the pyrrole ring II of
3,8-DV-chlorophyllide (i.e., or 3,8-DV-protochlorophyllide) is a pre-
requisite for the synthesis of MV-Chl (i.e., Chl a, Chl b, Chl c, and Chl d),
and a gene encoding the reducing enzyme is present in most oxygenic
ence; DV, di-vinyl; MV, mono-
enter; TDDFT, time-dependent
nce spectrum
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photosynthetic organisms [3]. Among these nine Chl species, Chl a,
Chl a′, Chl d and DV-Chl a can serve as electron donors in
photochemical reaction center (RC) complexes. In addition, several
minor pigments species [i.e., Chl a′, Chl d′, and pheophytin (Pheo) a]
constitute a frame for photochemical reactions in the RC. Furthermore,
intermediates of Chl metabolism accumulate to detectable amounts
under certain growth conditions.

The properties of pigments are modified via interactions with
proteins. Energy levels and redox potentials in the ground and the
excited states are directly affected by interactions with specific groups
of amino acids and also with other Chls, and electric fields formed by
protein moieties may confer additional effects. It is well known that
hydrogen bonds affect the redox potential of primary electron donors
in the RC of anoxygenic purple bacteria [4,5]. The stability of pigments
in the complexes has not been well studied; however, stability is a
primary requisite for function. Accommodation of pigments by
protein moieties is accomplished via strict molecular interactions
between pigments and amino acid residues.

In the course of acquisition of oxygenic photosynthesis in
cyanobacteria, bacteriochlorophyll pigments are replaced with Chl
pigments. This replacement occurs prior to the establishment of oxy-
genic photosynthesis, because the high potential (i.e., approximately
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+1.2 V) [6–8] is required for oxygenic photosynthesis. The oxidation
potential of Chl a in CH2Cl2 is estimated to be 0.80 V [9–11], and
additional potential is conferred via interactions with protein
moieties. However, replacement of pigments always induces a partial
loss in integrity of complexes. For switching of the biosynthesis
pathway from bacteriochlorophyll a to Chl a, loss of several enzymes
and acquisition of one enzyme are required. The second event in
acquisition of oxygenic photosynthesis involves the modification of
protein moieties, which stabilizes the replaced pigments in the
complexes. Therefore, the replacement of pigments precedes stabili-
zation with the protein moieties.

We have developed several experimental systems to reproduce
the process of pigment replacement during oxygenic photosynth-
esis. For example, we introduced Chl b into a cyanobacterium (i.e.,
Synechocystis sp. PCC 6803, hereafter referred to as Synechocystis)
[12], and introduced DV-Chl a into Arabidopsis [13]. The former
example constitutes an experimental reproduction of the evolution
from Synechococcus sp. to Prochlorococcus sp. [14,15]. These experi-
ments successfully incorporated newly acquired pigments into pre-
existing proteins, and the pigments retained their functions (e.g., light
absorption and energy transfer in the antenna [12,15] or electron
transfer in RC complexes [16]). However, introduction of DV-Chl a
reduced tolerance to strong illumination [13,17,18], perhaps reflecting a
partial loss in the integrity of the complexes. To identify the reasons for
this loss in integrity, we isolated PS II complexes from DV-Chl a
introduced into Synechocystis, and compared the properties of these
complexes with those isolated from control cells. We observed
acceptor-side photoinhibition in the mutant cells. Based on our
observations, the integrity of pigments in pre-existing proteins and
the evolution of cyanobacteria are discussed.

2. Materials and methods

2.1. Cyanobacterial culture

Synechocystis sp. PCC 6803 was engineered to express a 6×His-tag
at the C-terminus of a 47 kDa chlorophyll-protein (i.e., CP47, PsbB)
for use as a control. The control cells were constructed by site-directed
mutagenesis [19]. A slr1923 knock-out mutant of Synechocystis,
which lacked a component of DV-protochlorophyllide reduction,
was obtained on the basis of the above control cells using a method
described previously [17]. Control and mutant cells were cultured
under autotrophic conditions in BG 11 medium at 298 K,
with illumination from an incandescent light (i.e., 20 μmol photons
m−2 s−1). Air was continuously supplied through a Myrex filter
(Millipore, USA).

2.2. Pigment preparation

MV-Chl a and DV-Chl a were isolated from the thylakoid
membranes of control and mutant cells of Synechocystis, respectively.
All pigments were purified by HPLC with a JASCO GULLIVER series
instrument (JASCO, Tokyo, Japan). Pigments were extracted with
acetone, and the solvent was replaced with chloroform. Samples were
injected into a Senshupak Silica-5301N column (300 mm×30 mm,
Senshu Science., Tokyo, Japan) after filtration (0.2 μm). The mobile
phase was hexane/2-propanol (100:2) with a flow rate of 5.0 ml/min.
Pigments were detected by a photodiode-array detector (JASCO, MD-
915, Tokyo, Japan). The absorption spectra of Chls were measured
using a Cary 500 spectrophotometer.

2.3. Isolation of PS II complexes

We isolated PS II complexes from control and mutant cells using a
His-tag introduced at the C-terminus of CP47. Thylakoid membranes
were isolated via mechanical disruption and differential centrifuga-
tion. The resulting PS II was solubilized using a detergent (i.e.,
dodecyl-β-D-maltoside, 0.8%) for 20 min at 277 K in the dark, and
purified by Ni2+-affinity column chromatography [20].

2.4. Assay of oxygen-evolving activity

Oxygen-evolving activity was measured using a Clark-type oxygen
electrode (Rank Brothers, England) at 298 K with 6 mM potassium
ferricyanide as an electron acceptor. The measurements were carried
out in a buffer solution (50mMMES, pH 6.0) containing 1.0 M sucrose,
20 mM CaCl2, and 10 mM NaCl.

2.5. Photochemical reactions

Pigment photobleaching was monitored using a Hitachi photo-
diode-array spectrophotometer (Hitachi 0080D, Japan). For actinic
light, blue light was provided from a slide projector with heat- and
UV-absorbing filters (HA-50, Toshiba, Japan) and spectral differences
in the red region were monitored. The intensity of actinic light was
1000 μmol photons m−2 s−1. The Chl contents were spectroscopically
determined using a combination of 80% acetone extraction with the
reported extinction coefficient by Porra et al. [21].

2.6. Degradation of D1 proteins

Degradation of D1 proteins was monitored via gel-electrophoresis
of component proteins. After illumination of red light over a certain
time period (i.e., from 0 min to 60 min, 2500 μmol photons m−2 s−1),
aliquots were sampled and SDS-PAGE patterns were compared. The
D1 protein and its degradation products were identified using an anti-
D1 antibody (AgriSera, Sweden) raised against the C- and N-termini of
the D1 protein [22]. An antibody raised against the 43 kDa
chlorophyll-protein (i.e., CP43, PsbC) (AgriSera, Sweden) was also
used for protein identification.

2.7. Spectroscopy

Absorption spectra were measured using a Cary 500 spectro-
photometer; for low-temperature spectra, a cryostat for liquid
nitrogen temperatures (OptistatDN, Oxford Inst. Oxford, UK) was
used in conjunction with a controller (Oxford ITC-601PT). Fluores-
cence spectra at 77 K were measured with a Hitachi 850 spectro-
fluorometer (Hitachi, Japan) with a custom-made Dewar bottle
[23,24]. To assess low-temperature fluorescence spectrum, poly-
ethylene glycol (i.e., PEG, average molecular weight 3350, final
concentration 15% (w/v), Sigma-Aldrich) was added to obtain a
homogeneous glass. The spectral sensitivity of the fluorometer was
corrected using a sub-standard lamp with a known radiation profile.
Time-resolved fluorescence spectrum and fluorescence decay curves
were measured using time-correlated single-photon counting
methods [22], with an excitation wavelength of 425 nm (i.e., the
second harmonic of the 850-nm oscillation). Fluorescence lifetime
was estimated via the convolution calculation [25].

2.8. Calculation of geometry optimization and energy levels for
MV- and DV-Chl a

All calculations were performed using GAUSSIAN 03 [26]. The
initial coordinates of atoms in the model Chl compound were
obtained from the crystal structure of MV-chlorophyllide a [27].
Geometry optimization of MV- and DV-Chl a was performed using
the DFT method, with Becke's three-parameter hybrid functional set
[28] combined with the Lee–Yang–Parr correlation functional set
(B3LYP) [29] and the 6–31G(d) basis set. For these molecules, the
energy levels of singlet and triplet states were estimated via the



Fig. 1. Optimized structures of MV-Chl a and DV-Chl a. Structures were estimated via DFT calculations at the level of B3LYP/6-31G(d). Arrows indicate the C8 side-chain of Chls.

Fig. 2. Absorption spectra of MV-Chl a and DV-Chl a in acetone. Spectra were measured
at room temperature (approximately 298 K). Black and gray curves represent DV-Chl a
and MV-Chl a, respectively. Chl concentrations were 5 μg ml−1.
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time-dependent density functional theory (TDDFT), using the same
functional set and the 6–31+G(d) basis set.

3. Results

3.1. Optimized structures of MV- and DV-Chl a in vacuo at 0 K

The optimized structures of MV- and DV-Chl a without the phytol
chains are shown in Fig. 1 as front and side views. The arrows
indicated the C8 side-chain. In MV-Chl a, the C8-ethyl side-chain was
perpendicular to the ring plane. However, the direction of the C8-vinyl
side-chain was almost parallel to the ring plane in DV-Chl a. The
structures of Chls in a protein matrix would not necessarily
correspond to the calculated structures in vacuo at 0 K. A slight
distortion of the ring and side chains of Chls is expected in proteins
judging from crystal structures. However, these calculated structures
were the origin for consideration in this study.

3.2. Absorption spectra

Fig. 2 shows the absorption spectra of DV- and MV-Chl a in
acetone. The absorption maximum of the Qy band in DV- and MV-Chl



Fig. 3. Absorption spectra of PS II complexes with MV-Chl a and DV-Chl a. (A) and (C), PS II complexes with MV-Chl a. (B) and (D), PS II complexes with DV-Chl a. Spectra were
measured at room temperature (i.e., A and B) and at 80 K (i.e., C and D). In (C) and (D), the second derivative spectra were shown after inversion. Chl concentrations were 5 μg ml−1.
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a were located at 661.8 nm and 662.2 nm, respectively. The peak
maximum was slightly blue shifted in DV-Chl a. However, the Soret
bands of DV-Chl a was significantly shifted by 5.8 nm to the red,
compared with MV-Chl a (Fig. 2). The vibrational structures of the
Fig. 4. Fluorescence spectra of PS II complexes with MV-Chl a and DV-Chl a. (A) PS II com
Excitation wavelengths were selected to excite the Soret band of Chl a, and to monitor chan
Qy and/or Qx bands were slightly different. These spectra were
consistent with the spectra of a previous report [30].

The absorption spectra of isolated PS II complexes with MV-Chl a
(MV-PS II) and DV-Chl a (DV-PS II) are shown in Fig. 3. The Chl content
plex with MV-Chl a. (B) PS II complex with DV-Chl a. Spectra were measured at 77 K.
ges resulting from different wavelengths. Chl concentrations were 2 μg ml−1.



Fig. 5. Bleaching of Chl a in response to strong light illumination. (A) PS II complex with MV-Chl a. (B) PS II complex with DV-Chl a. Absorption changes in the red region were
monitored in response to blue light illumination. Chl concentrations were 3.3 μgml−1. Absorption spectrawere assessed after 1, 3, 5, 8, and 10min of illuminationwith an intensity of
1000 μmol photons m−2 s−1.
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of PS II was estimated to be approximately 40 per two Pheo a in both
samples. At room temperature, the Qy bands of the two samples were
located at identical wavelengths (i.e., 674.0 nm) (Fig. 3A and B).
However, the Soret bands of PS II complexes isolated from DV-PS II
(Fig. 3B) shifted by 6.5 nm to the red, compared with those of PS II
complexes isolated from MV-PS II (Fig. 3A). This tendency was the
same as observed for isolated pigments (Fig. 2). At 80 K, the Qy band of
DV-PS II (Fig. 3D) differed from that of MV-PS II (Fig. 3C). Apparent
peaks were identified at 671.0 nm and 671.2 nm for MV-PS II and DV-
PS II, respectively. The bandwidth of DV-PS II was somewhat narrower
than that of MV-PS II, resulting from smaller contributions by long-
wavelength components. In the second derivative spectrum, two
major bands were resolved at 669.0 and 680.6 nm for MV-PS II;
however, one component (i.e., located at approximately 676 nm) was
not resolved. Three components were resolved at 669.2, 675.6 and
684.0 nm for DV-PS II. An additional component was discernible at
approximately 652.0 nm for DV-PS II; however, corresponding
components were not present in MV-PS II. These results indicate
Fig. 6. Degradation of PS II polypeptides in response to strong light illumination. (A) SDS-PA
domain antibody. PS II complexes were illuminated at 298 K for 0, 15, 30, 45, and 60 min a
that the spectral components were similar to each other, but that their
relative contents changed depending on the samples. The red shift of
the Soret band in DV-PS II was clearly observed, and there were no
indications of red-Chls in these preparations.

Bands corresponding to Pheo a were resolved on the second
derivative spectra at 542.8 nm and 544.4 nm for MV-PS II and DV-PS II,
respectively. Two peaks, corresponding to the carotenoid band, were
clearly observed on the 80 K spectra. These peaks were located at
465.8 and 497.4 nm in both preparations. The spectral forms of the
two carotenoid bands were very similar.

3.3. Fluorescence spectra

The fluorescence emission spectra were assessed via excitation
of the Soret band at 77 K (Fig. 4). Variation of the excitation
wavelengths had minor effects on the spectra. Two bands, at
685.6 nm and 695.0 nm, were observed for MV-PS II (Fig. 4A) and
corresponded to typical PS II fluorescence components [31,32]. The
GE profiles. (B) Detection of subunits by Western blotting with an anti-D1 C-terminal
t 2500 μmol photons m−2 s−1. Chl concentrations were 0.2 mg ml−1.
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relative intensity of the 695.0-nm component was always higher than
that of the 685.6-nm component. Similar components were also
detected for DV-PS II (Fig. 4B); however, the short-wavelength form
shifted to the red region by 2 nm with the long-wavelength form
keeping almost the same wavelength. The relative intensity of the
short-wavelength form was higher than that of the long-wavelength
form. The 756-nm emission band, the vibration band of Chl emission,
was almost the same intensity when data were normalized at 695 nm.
These findings indicate that changes in Chl species modulate a specific
fluorescence component. As this component does not originate from
the RC, a specific antenna (i.e., probably CP43) may contribute to this
change. A shift in the short-wavelength component was also observed
in the fluorescence spectra of intact cells and of the thylakoid
membranes with DV-Chl a (data not shown).

3.4. Oxygen-evolving activity

The oxygen-evolving activities of the two preparations were nearly
equal under a saturating light intensity. The activities of the isolated
PS II complexes was 2200 μmol O2 (mg Chl)−1 h−1 and 2100 μmol O2

(mg Chl)−1 h−1 for MV- and DV-PS II, respectively.

3.5. Photochemical reactions

We previously reported that DV-Chl cells exhibited a rapid
bleaching response to high-light, although the reasons for this
phenomenon remain unclear. This effect is also observed in
Arabidopsis [13] and Synechocystis [17]. Therefore, we investigated this
phenomenon by following pigment bleaching and via the degradation
of polypeptides.

3.5.1. Pigment bleaching
Light-induced bleaching of the Qy band of Chls is illustrated in

Fig. 5. Upon illumination with blue light, MV-PS II was maximally
bleached at 681 nm, followed by two other peaks at 670 and 675 nm
(Fig. 5A). This pattern was essentially identical to that observed for
spinach PS II RC [33,34]. The bleaching pattern of DV-PS II differed
(Fig. 5B), as a main band was observed at 675 nm, followed by two
additional bands at 671 and 680 nm. The bandwidth of the bleached
bandwaswider in DV-PS II than inMV-PS II. We estimated a bleaching
rate using the molecular coefficients of MV-Chl a and DV-Chl a [30].
Since the coefficient for DV-Chl a was smaller than that of MV-Chl a,
the magnitude of bleach gave rise to a faster bleaching in DV-PS II by
30 to 60%within 10min photo irradiation. These data indicate that the
Chl species responsible for bleaching were identical in both samples,
but that their relative reaction rates were greatly different.

3.5.2. Degradation of the D1 protein
We examined the degradation of the D1 polypeptide via SDS-PAGE

and Western blot analysis (Fig. 6). Upon blue light illumination with
2500 μmol photons m−2 s−1, the overall polypeptide patterns of the
two samples were very similar (Fig. 6A, CBB stain). In contrast, the
degradation of the D1 proteins continuously proceeded. The products
of the degraded polypeptides were identified using antibodies raised
against the C-terminal and N-terminal domains of the D1 protein. The
anti-D1 C-terminal domain antibody detected two bands with
molecular weights of 16 kDa and 8 kDa. The amounts of the products
increased with time, and the reaction proceeded much faster in DV-PS
Fig. 7. Changes in the association state of theDV-PS II induced by strong light illumination.
(A) Elution profile resulting from size-exclusion column chromatography of DV-PS II in
response to high-light treatment. Inset indicates results before high-light treatment. (B)
Absorption spectrum of sub-fraction a, assessed via size-exclusion chromatography. (C)
SDS-PAGE profiles stained with CBB (i.e., lanes 1, 2) andWestern blot analysis (i.e., lane 3)
of sub-fractions from size-exclusion chromatography. Lane 1, sub-fraction a; lane 2, sub-
fraction c; and lane 3, sub-fraction a reacted with anti-PsbC antibody.
II than in MV-PS II (Fig. 6B). The magnitude of breakdown products of
D1 protein gave rise to a faster degradation in DV-PS II by 30 to 70%.
The anti-D1 N-terminus antibody detected a 23 kDamolecular weight
band in DV-PS II that increased with time (data not shown).



Fig. 9. TRFS of Synechocystis of PS II complexes with MV-Chl a and DV-Chl a. TRFS was
measured at 77 K. The excitation wavelength was 425 nm, with a pulse width of 80 fs.
The data acquisition interval was approximately 2 nm, and the acquisition time was
24.4 ps/channel. The half bandwidth of the monochrometer was 3 nm. Fluorescence
intensities were normalized to the maxima of individual spectra. Numbers on the left
side of the spectra indicate the magnification factor used to normalize data to the
maximum photon counts. A vertical line indicates a location of the peak at 688 nm. Chl
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Based on previous studies of higher plant PS II, the degradation
pattern observed in this study was similar to the so-called acceptor-
side photoinhibition [35–37]. It is well known that acceptor-side
photoinhibition is induced via formation of a singlet oxygen (1O2), in
response to the triplet state of a special pair (PD1 and PD2) or an
accessory Chl molecule (ChlD1) [37]. Replacement with DV-Chl a is
more likely to induce formation of the triplet state of Chl a in PS II
complexes than in control cells.

3.6. Changes in the association state of the complexes

After photoinhibition, we detected changes in the coupled
association states (Fig. 7A). Prior to illumination with a strong light
(Fig. 7A, inset), most DV-PS II complexes were present in dimeric
forms, as shown using size-exclusion chromatography (Superdex 200,
GE Healthcare, USA). After illumination with a strong blue light (i.e.
1500 μmol photons m−2 s−1, for 30 min), the number of monomers
increased, and new peaks were detected in the low molecular weight
region (Fig. 7A). One of those peaks (i.e., peak a in Fig. 7A) was
determined to be CP43, based on the absorption spectrum (Fig. 7B),
the SDS-PAGE profile (Fig. 7C, lane 1) and Western blotting analysis
(Fig. 7C, lane 3). Peak c contained the PsbO protein, a peripheral
protein involved in water oxidation, as indicated by the molecular
weight via SDS-PAGE (Fig. 7C, lane 2). The origin of peak b was not
identified. Light illumination induced partial dissociation of the
complexes, which may account for the degradation of the complexes
and photoinhibition.

3.7. Fluorescence decay (i.e., delayed fluorescence)

To monitor the photochemical reactions, we assessed the fluores-
cence decay curves in the nanosecond time region at 77 K, at wave-
lengths where delayed fluorescence (DF) was expected [20]. The gray
line in Fig. 8 illustrates a typical decay curve at 685 nm, including DF in
MV-PS II. The amplitude of DF corresponded to 0.2% of the total
fluorescence, and the DF lifetimewas 23.0 ns. In DV-PS II isolated from
Synechocystis, DF was detected as a faint decay component of the 685-
nm decay; its relative amplitude was 0.1%, with a lifetime of 27.1 ns
(Fig. 8, black line). We were unable to detect DF on cells or thylakoid
membranes containing DV-Chl a in Synechocystis (data not shown);
concentrations were 2 μg ml−1.

Fig. 8. Fluorescence decay curves at 77 K for Synechocystis PS II complexes with MV-Chl
a and DV-Chl a. Fluorescence decay curves were monitored for the typical bands of Chl a
fluorescence in the respective PS II complexes [i.e., 685 nm (solid line) and 696 nm
(dashed line) in DV-PSII, and 685 nm (gray line) in MV-PS II]. The excitationwavelength
was 425 nm. Chl concentrations were 2 μg ml−1.
nor were we able to detect DF in Arabidopsis thylakoids containing
DV-Chl a [16]. Since DF is observed as one of decay components in the
total fluorescence, a relative amplitude of DF is higher when the
antenna size is smaller; a high amplitude of DF (0.8%) was observed in
the PS II reaction center complexes isolated from spinach [38] that
contains a very small number of pigments, and this was a direct proof
for the above relationship. However, even in the same antenna size in
MV- and DV-PS II of Synechocystis, a difference in the DF amplitude
was observed, reflecting an intrinsic property of the two preparations.
A low amplitude of DF was assigned to one of major differences in the
DV-PS II preparations [16], as our results were consistent with
previous studies of Arabidopsis thylakoids containing DV-Chl a. At
696 nm, a long-lived component was also observed, corresponding to
a long-wavelength tail of the 685-nm component [20]. These results
clearly indicated that replacement of MV-Chl a with DV-Chl a
suppressed DF, even if DF did not completely disappear. This was
considered a unique property of DV-PS II.

3.8. Time-resolved fluorescence spectrum

The time-resolved fluorescence spectrum (TRFS) of DV-PS II is
shown in Fig. 9. We observed two fluorescence components with
peaks of 687 and 696 nm, corresponding to the steady-state spectrum
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(Fig. 4B). An additional band, whose maximum was located at a
wavelength slightly shorter than 687 nm, was observed in the initial
time range; however, the origin of this band was not determined. The
687-nm band predominantly appeared after excitation at 425 nm, and
exhibited a narrow bandwidth. After a certain period after excitation
(i.e., approximately 200 ps), the second component appeared at
696 nm. The relative intensity of this component increased rapidly
and remained dominant until 35 ns. However, the relative intensity of
the first component (i.e., the 687-nm component) increased again
after this time. These changes indicate that the major decay
components have distinct lifetimes (i.e., 437 ps and 1.54 ns for the
686 nm band, and 1.96 ns and 3.65 ns for the 696 nm band). The
increased relative intensity at 686 nm during the later time range
indicated that DF was present at this wavelength, even though the
yield of DF was negligible by decay analysis but was detectable by
TRFS analysis.

3.9. Energy differences in the triplet and singlet states of Chl

The energy levels of S1 state in vacuo and at 0 Kwere determined to
be 2.1129 eV and 2.1078 eV for MV-Chl a and DV-Chl a, respectively.
The energy level of the S1 state of MV-Chl a was almost identical to
that reported by Vokáĉová and Burda [39]. The energy levels of the T1
state were estimated to be 1.3330 eV and 1.3464 eV in MV-Chl a and
DV-Chl a, respectively. The energy gap between the singlet and triplet
states in DV-Chl awas smaller by 18.5 meV than that in MV-Chl a. This
might be one reason for differences in the reaction processes in the
PS II complexes.

4. Discussion

4.1. Accommodation of pigments in mutant cells

The function of pigments is largely determined by the electronic
states; these are modified by interactions with protein moieties.
Replacement of pigments may alter interactions with pre-existing
proteins. The directions of the ethyl and vinyl groups of the C8 side-
chains differed in MV- and DV-Chl a (Fig. 1). Therefore, steric hindrance
was expected to occur in DV-PS II. Six Chl a and two Pheo a molecules
were identified in the D1 and D2 proteins of Synechocystis [40]. Steric
hindrance between PD1 and ChlD1 (Fig. 10), and PD2 and ChlD2 (data not
shown), was predicted from the crystal structure [41]. The distance
between the plane of ring V at PD1 and the hydrogen atom of the C8 vinyl
group at ChlD1 was less than 1.1 Å, as determined via simulation analysis
(Fig.10). Sterichindrancemaycause changes in thedistanceororientation
Fig. 10. Simulation of the Chl D1 and PD1 structures in PS II complex with MV- and DV-Chl
estimated based on the crystal structure of cyanobacterial photosystem II (PDB code: 2AXT; 3
colours represent C8-side chain of each Chls. The arrows indicated the expected steric hind
between pigments, which should then alter the reaction processes or the
charge distribution between the PD1 andChlD1molecules.WhenDV-Chla
was introduced into Arabidopsis thylakoids [16] and into the cell and
thylakoid membranes of Synechocystis (data not shown), we did not
observe DF in the 10-ns time region at 77 K. Similar resultswere obtained
in the present study (i.e., a lower amplitudewas observed for the DF from
isolatedDV-PS II) (Fig. 8). TheDFobserved in the 10-ns time region at 77K
originated from the recombination between the special pair or the ChlD1
andPheoa in PS II [20]. Therefore, the reduced amplitude of DF in the DV
mutant may have resulted from a change in the charge distribution,
accompanied by steric hindrance. However, several amino acids are
located within close vicinity (i.e., less than 5 Å) of the C8 side-chain of
DV-Chl a in the PD1, PD2, active Pheo a and inactive Pheo a molecules of
the PS II RC complexes. Therefore, additional effects on steric hindrance
cannot be excluded. Accommodation of new pigments in the pre-
existing proteins appeared to have been altered.

4.2. Photoinhibition

Previous studies have shown that the turnover rate of the D1
protein in PS II RC is higher than that of any other proteins in the
thylakoid membrane under illumination in vivo. The mechanisms of
D1 protein degradation have been intensively studied in vitro,
particularly using isolated PS II preparations [37,42]. The FtsH protease
is a candidate enzyme involved in D1 digestion. However, the FtsH
protease digests the 22 kDa fragment [43,44], and the 16–18 kDa
fragments do not appear to be digested by this protease. Mizusawa
et al. reported that the initial damage to the D1 protein under
illumination in vitro was similar to that observed in vivo; however,
further degradation of fragments and adducts occurred in the in vivo
systems [45]. Taken together, these findings suggest that, once
damaged, the D1 protein is thoroughly degraded by several proteases
that digest abnormal proteins. Therefore, an analysis of the initial
degradation products of the isolated PS II complex is warranted for
studies of photoinhibition. The degradation profile of the D1 protein
revealed that acceptor-side photoinhibition was enhanced in DV-PS II
(Fig. 6B). In general, singlet oxygen molecules are responsible for
acceptor-side photoinhibition [37]. The formation of singlet oxygen
molecules is initiated by the triplet state of Chl. This state is induced by
charge recombinations between the electron donor (i.e., PD1 or ChlD1)
and the primary electron acceptor (i.e., Pheo a), followed by
intersystem crossing. In the triplet state, a spin exchange reaction
between the triplet state of Chl and the triplet state of oxygen (i.e., the
ground state of oxygen) gives rise to singlet oxygen molecules. In PS II,
it is well known that ChlD1 accumulates a triplet state [46,47]. Thus,
a. Locations of ChlD1 and PD1 in the most stable form of the PS II reaction center were
.0 Å resolution). (A) PS II complex with MV-Chl a. (B) PS II complex with DV-Chl a. Gray
rance site at PS II complex with DV-Chl a.
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triplet formation and DF compete after charge recombination. We did
not estimate the yield of triplets formed in DV-PS II; however, the
relatively low yield of DF in DV-PS II suggests a higher yield of triplet
formation, which would lead to the formation of singlet oxygen
molecules. Our TDDFT analysis also indicated that the energy
difference between S1 and T1 in DV-Chl a was 18.5 meV smaller
than that in MV-Chl a (with an approximately 780 meV total
difference). The calculated energy level of DV-Chl a was red-shifted
in comparison with the experimental results. If these values can
directly be applied to DV-PS II, the conversion from S1 to T1 may be
favorable in DV-PS II.

4.3. Rapid bleaching and dissociation of PS II

The rate of Chl bleaching was faster in DV-PS II than in MV-PS II by
30 to 60%. In response to high-light treatment, slr1923 mutant cells
were completely bleached after 1 day (i.e., within a few hours of the
high-light treatment), while control cells appeared slightly yellow in
color [17]. As the turnover of the D1 protein is determined by
differences in synthesis and degradation, the rate of D1 degradation
seems much higher than the de novo synthesis rate. The rapid
bleaching process is a typical phenotype of the DV mutant. This
phenomenon cannot be explained only by accepter-side photoinhibi-
tion. Components of the PS II subunit (i.e., CP43 and PsbO) were
dissociated by the high-light treatment (Fig. 6). The CP43 is a
candidate ligand of the Mn-cluster, and PsbO is an indispensable
subunit involved in the stabilization of the Mn-cluster [48,49].
Therefore, donor-side inactivation is also expected to occur under
high-light conditions, perhaps contributing to the rapid bleaching
observed in DV-PS II.

4.4. Evolution of cyanobacteria

Prochlorococcus species lack DV-protochlorophyllide reductase;
therefore, all Chl obtained from Prochlorococcus were of the DV type.
Prochlorococcus can be classified into two main ecotypes: a high-
light adapted ecotype and a low-light adapted ecotype. Phylogenetic
analyses (i.e., based on 16S rDNA sequences) suggest that high-light
adapted Prochlorococcus species branched out after evolution of the
low light-adapted ecotype [50]. The overall identity of the PsbA
sequence has been well conserved (i.e., 83.4–86.4%) between Syne-
chocystis and Prochlorococcus (i.e., Prochlorococcus marinus MED4,
P. marinus MIT9313, P. marinus NATL2A, and P. marinus SS120)
(Cyanobase, Kazusa). The amino acids located near the C8 side-chain
of DV-Chl a in PsbA have also been conserved between Synechocystis
and Prochlorococcus. Therefore, similar steric hindrance occurs in
Prochlorococcus and in the DV mutant of Synechocystis. The steric
hindrance at ChlD1 and PD1 of PS II is one of the reasons why low-light
adapted Prochlorococcus cannot survive under high-light conditions.
High-light adapted Prochlorococcus seem to have acquired additional
phototolerant mechanisms, as determined via genomic analyses
[50]. However, the reasons for high-light adaptation have not yet
been determined.

Changes in pigment species occurred a few times during the
evolution of cyanobacteria (i.e., acquisition of Chl b in Prochloron and
Prochlorothrix, of DV-Chl a and DV-Chl b in Prochlorococcus, and of
Chl d in Acaryochloris marina). With the exception of Chl d
biosynthesis, the enzymes responsible for such changes have been
elucidated and changes in one gene are known to induce changes in
pigment species. However, our findings illustrate that optimization of
amino acid sequences and the three-dimensional structures is the
second step required for full optimization. This is an important
concept required for the full understanding of the evolutionary
pathways of cyanobacteria. In terms of species differentiation or
survival of a new-born species, a small difference in the survival ratio
of specific organisms will induce difference in the succession of those
after a certain generations. Photo-induced damage to photosynthetic
organisms may be a critical factor for evolution of organisms.

In summary, we characterized the PS II complexes of DV-Chl
a-expressing Synechocystis. Based on the optical properties and
photochemical reactions observed in our study, we conclude that the
rapid bleaching of Chl a in the DV mutant occurs in response to
impaired PS II. These reaction processes are not yet fully understood.
The bleaching of pigments in vivo might also occur in response to
impaired PS II; however, it remains possible that photoinhibition at
the PS I side occurs simultaneously in vivo. Further studies are
necessary to fully understand the effects of pigment replacement.
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