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ABSTRACT: Extrinsic proteins of photosystem II (PSII) play
an important role in optimizing oxygen-evolving reactions in
all oxyphototrophs. The currently available crystal structures of
cyanobacterial PSII core complexes show the binding
structures of the extrinsic proteins, PsbO, PsbV, and PsbU;
however, how the individual extrinsic proteins affect the
structure and the function of the oxygen-evolving center
(OEC) in cyanobacterial PSII remains unknown. In this study,
we have investigated the effects of the binding of the extrinsic
proteins on the protein conformation of the OEC in PSII core complexes from the thermophilic cyanobacterium
Thermosynechococcus elongatus, using light-induced Fourier transform infrared (FTIR) difference spectroscopy. Upon removal of
the three extrinsic proteins, an S2-minus-S1 FTIR difference spectrum measured in the presence of a high CaCl2 concentration
showed a drastic change in amide I bands, reflecting perturbation of the secondary structures of polypeptides, whereas the overall
spectral intensity was lost at a low CaCl2 concentration, indicative of inactivation of the Mn4CaO5 cluster. The amide I features as
well as the overall intensity were recovered mainly by binding of PsbO, while complete amide I recovery was achieved by further
binding of PsbV and PsbU. We thus concluded that PsbO, together with smaller contributions of PsbV and PsbU, plays a role in
the maintenance of the proper protein conformation of the OEC in cyanobacterial PSII, which provides the stability of the
Mn4CaO5 cluster via the enhanced retention capability of Ca2+ and Cl− ions.

Photosystem II (PSII) is a multisubunit pigment−protein
complex catalyzing light-driven water oxidation in plants and
cyanobacteria.1−6 The active site of water oxidation is the
oxygen-evolving center (OEC), which consists of the Mn4CaO5

cluster, two chloride ions located ∼7 Å from the nearest Mn
ions, and surrounding amino acid residues.7−10 Water oxidation
is performed by a cycle of five intermediates designated Sn
states (n = 0−4).1−6 The S1 state predominates in the dark, and
flash illumination advances the Sn state to the Sn+1 state (n = 0−
3). The S4 state is a transient intermediate and immediately
relaxes to the S0 state after releasing O2.
PSII complexes consist of membrane-spanning intrinsic

proteins and several extrinsic proteins bound on the lumenal
surface.7−10 The intrinsic proteins are well-conserved among
oxyphototrophs, whereas the composition of extrinsic proteins
in PSII complexes is rather different depending on species
except for the PsbO protein, which is commonly involved in
PSII.11−16 Cyanobacteria, which are thought to be an ancestor
of chloroplasts in both red and green lineages,17 have extrinsic
proteins PsbO, PsbV, and PsbU.9,18,19 In addition, CyanoP and
CyanoQ are involved in or functionally related to PSII in
cyanobacteria,20−22 although these two proteins have not been
found in the X-ray crystal structure of PSII core complexes

from Thermosynechococcus elongatus and Thermosynechococcus
vulcanus.7−10 In the red lineage, red algae have PsbO, PsbV,
PsbU, and PsbQ′,23,24 while diatoms have PsbO, PsbV, PsbU,
PsbQ′, and Psb31.25−28 In the green lineage, on the other hand,
both green algae and higher plants have PsbO, PsbP, and PsbQ
but with different binding topologies.29,30 The origins of PsbP
and PsbQ are thought to be CyanoP and CyanoQ, respectively,
in cyanobacteria, although their functions in OEC are
significantly different.20,31 Thus, PsbV and PsbU are conserved
in cyanobacteria and the red lineage, whereas they were lost in
the green lineage; instead, PsbP and PsbQ were developed.
The major role of extrinsic proteins of PSII is regulation of

oxygen-evolving reactions via stabilization of the Mn4CaO5

cluster and Cl− ions.12,13,16 However, in the X-ray crystallo-
graphic structures of PSII from thermophilic cyanobacteria
(Figure 1), the extrinsic proteins directly interact with neither
the Mn4CaO5 cluster nor the Cl

− ions.7−10 Thus, it is presumed
that binding of the extrinsic proteins on the lumenal side of
PSII intrinsic proteins influences the protein structure around
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the OEC, resulting in the change in the stability of the
Mn4CaO5 cluster and Cl− ions.12,13,16 However, the molecular
mechanism of how the interactions of individual extrinsic
proteins affect the OEC structure in achieving its stability
remains to be clarified.
Light-induced Fourier transform infrared (FTIR) difference

spectroscopy is a powerful tool for detecting the structural
changes in the OEC in the S-state transitions, including the
changes in the secondary structures of polypeptide main chains,
amino acid side chains, and hydrogen bond networks of
proteins and water molecules.32−41 Using this technique, we
have previously investigated the effect of the binding of
extrinsic proteins on the protein conformation of OEC in
spinach PSII membranes and PSII core complexes from the red
alga Cyanidium caldarium.42−46 It was shown that amide I bands
in S2-minus-S1 difference spectra, which represent the changes
in the protein conformations of the OEC during the S1 → S2
transition, were retained mainly by binding of PsbP and PsbV
in spinach and C. caldarium, respectively. These results suggest
the significance of PsbP and PsbV in maintaining the proper
protein conformation of the OEC, which should be related to
the O2 evolution activity and the Ca2+ and Cl− retention
capability, while PsbO is required for functional binding of
these proteins as well as stabilization of the Mn4CaO5 cluster.
These FTIR observations, however, raise a new question of
which extrinsic protein, PsbO, PsbV, or PsbU, regulates the
OEC conformation in cyanobacteria that are the common
ancestors of plants and red algae.
In this study, we have investigated the effect of extrinsic

proteins on the OEC conformation in cyanobacterial PSII by
means of light-induced FTIR difference spectroscopy. We used
PSII core complexes isolated from T. elongatus, which has
PsbO, PsbV, and PsbU as extrinsic proteins. All the extrinsic
proteins were first removed from the core complexes, and then
the complexes were reconstituted with the extrinsic proteins
with various combinations. FTIR difference spectra upon the S1
→ S2 transition were measured, and the effects of individual
extrinsic proteins were examined. The obtained FTIR results
were compared with the previous FTIR data of spinach and red

algae to provide insight into the evolution of extrinsic proteins
of PSII in light of their functions.

■ MATERIALS AND METHODS
Isolation of O2-Evolving PSII Core Complexes. O2-

evolving PSII core complexes from the T. elongatus 47-H strain,
in which a six-histidine tag was introduced onto the carboxyl
terminus of the CP47 subunit,47 were purified using Ni2+

affinity column chromatography following the previously
described method48 with slight modifications. The PSII core
complexes eluted from the affinity column were precipitated by
centrifugation at 48000g for 20 min after addition of 10% (w/v)
polyethylene glycol 6000 (PEG6000) and subsequently
suspended in a buffer containing 40 mM Mes-NaOH (pH
6.5), 10 mM CaCl2, 10 mM MgCl2, 10% glycerol, and 1 M
betaine. The O2 evolution activity of the obtained PSII core
complexes was 2000−2500 μmol of O2 (mg of chlorophyll)−1

h−1 at 25 °C in the presence of 0.5 mM 2,6-dichloro-1,4-
benzoquinone as an electron acceptor. The PSII core
complexes were stored in liquid nitrogen until they were used.

Purification of Extrinsic Proteins. The three extrinsic
proteins, PsbO, PsbV, and PsbU, were extracted from the PSII
core complexes of T. elongatus and purified following the
method of Shen and Inoue18 with some modifications. The
purified PSII core complexes were treated with 1 M CaCl2, and
a supernatant after centrifugation of the sample in the presence
of 10% PEG6000 was dialyzed against 20 mM Mes-NaOH
buffer (pH 6.5). The dialyzed samples were applied to a DEAE
Toyopearl 650 M column (Tosoh) equilibrated with 20 mM
Mes-NaOH (pH 6.5). PsbO was first eluted at 100 mM NaCl,
followed by fractionation of PsbV and PsbU. The fraction
containing PsbV and PsbU was dialyzed in 20 mM citric acid/
NaOH buffer (pH 4.0). The dialyzed samples were applied to a
CM Toyopearl 650 M column (Tosoh) equilibrated with 20
mM citric acid/NaOH buffer (pH 4.0). PsbU and then PsbV
were eluted at 100 mM NaCl. The three extrinsic proteins were
dialyzed in 20 mM Mes-NaOH buffer (pH 6.5) and
concentrated by ultrafiltration using a 10 kDa cutoff filter
(Amicon Ultra, Millipore). Successful purification of the
extrinsic proteins was confirmed by sodium dodecyl sulfate−
polyacrylamide gel electrophoresis (SDS−PAGE) (Figure S1 of
the Supporting Information). The three extrinsic proteins were
stored at −80 °C until they were used.

Reconstitution of PSII Complexes with Extrinsic
Proteins. The PSII core complexes were depleted of the
three extrinsic proteins by treatment with 1 M CaCl2 for 30
min on ice in the dark. After centrifugation at 16000g for 10
min in the presence of 10% PEG6000, the precipitate was
suspended in a buffer containing 10 mM Mes-NaOH (pH 6.0),
5 mM NaCl, 5 mM CaCl2, and 25% glycerol. The thus obtained
PSII complexes were mixed with the extrinsic proteins at a
molar ratio of 3:1 (for each extrinsic protein) with respect to a
PSII reaction center. The sample was incubated for 30 min on
ice in the dark and then collected by centrifugation in the
presence of 10% PEG6000. Reconstituted samples were
prepared just before FTIR measurements.

SDS−PAGE Analysis of PSII Samples after FTIR
Measurements. Samples after FTIR measurements were
suspended in 40 mM Mes-NaOH buffer (pH 6.0) containing
0.4 M sucrose and solubilized with 3% lithium lauryl sulfate in
the presence of 75 mM dithiothreitol, followed by incubation
for 30 min at room temperature. The solubilized PSII samples
(2 μg of chlorophyll) were subjected to SDS−PAGE using a

Figure 1. Localization of the extrinsic proteins on the lumenal side of
the PSII core complex of a thermophilic cyanobacterium. The
structure was deduced from the high-resolution (1.9 Å) X-ray
crystallographic structure of T. vulcanus (Protein Data Bank entry
3ARC9). Only the D1 (cyan), D2 (pink), and CP43 (orange) proteins
are shown as intrinsic proteins, together with the PsbO (red), PsbV
(blue), and PsbU (green) extrinsic proteins.
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16% acrylamide gel containing 7.5 M urea. A standard
molecular weight marker (Prestained XL-Ladder, APRO Life
Science Institute) was used. After electrophoresis, the gels were
stained with Coomassie Brilliant Blue R-250 and photographed.
FTIR Measurements. For FTIR measurements, PSII

complexes (corresponding to 100 μg of chlorophyll) were
suspended in a buffer containing 10 mM MES-NaOH (pH
6.0), 5 mM NaCl, and either 5 or 100 mM CaCl2 in the
presence of 30 mM potassium ferrocyanide and 20 mM
potassium ferricyanide at a chlorophyll concentration of 0.05
mg mL−1 and then precipitated at 170000g for 15 min in the
presence of 10% PEG6000. The resultant pellet was
sandwiched between two CaF2 plates (25 mm in diameter).
Ferricyanide acts as an exogenous electron acceptor and
ferrocyanide maintains the redox potential of the medium
relatively low to keep the non-heme iron in the reduced form.49

One of the CaF2 plates has a circular groove (14 mm inner
diameter, 1 mm width), and the sample cell was sealed with
silicone grease laid on the outer part of the groove. A piece of
aluminum foil (∼1 mm × ∼1 mm; ∼15 μm thickness) was
placed as a spacer in the outer part of the cell.50 The sample
temperature was adjusted to 10 °C by circulating cold water in
a copper holder. The sample was stabilized at this temperature
in the dark for more than 2 h before the spectra were recorded.
Flash-induced S2/S1 FTIR difference spectra were recorded

using a Bruker IFS-66/S spectrophotometer equipped with an
MCT detector (InfraRed D313-L) at 4 cm−1 resolution.
Illumination of flashes was performed by a Q-switched
Nd:YAG laser (Quanta-Ray GCR-130; 532 nm, ∼7 ns full
width at half-maximum) with a power of ∼7 mJ pulse−1 cm−2 at
the sample point. The sample was subjected to two preflashes
(1 Hz) followed by dark relaxation to synchronize all centers to
the S1 state, reduce the preoxidized non-heme iron to Fe2+, and
oxidize YD. A single-beam spectrum (10 s scans) was recorded
twice before and once after the illumination of a single flash.
The measurement was repeated 80 times with a dark interval of
10 and 12.5 min for samples (control, +PsbO, +PsbO/V, and
+PsbO/V/U) in the presence of 5 and 100 mM CaCl2,
respectively. For samples in which all the extrinsic proteins
were depleted and only PsbV was rebound, a dark interval of
2.5 min was adopted because of much shorter relaxation times
(15−25 s in comparison with 70−110 s in the control sample).
The averaged spectra were used to calculate an S2/S1 FTIR
difference spectrum as after-minus-before illumination. A
difference spectrum between the two spectra before illumina-
tion represents a baseline and a noise level. After FTIR
measurements, PSII samples were retrieved from the CaF2
plates and subjected to SDS−PAGE to confirm the intended
composition of the extrinsic proteins in the PSII core
complexes (Figure 2).
Spectral fitting was performed using Igor Pro (WaveMetrics

Inc.). The spectra of treated PSII samples were normalized to
that of the untreated PSII with factors determined by the fitting
in the 1450−1350 cm−1 region (symmetric COO− stretching
vibrations).45 Double-difference spectra were calculated by
subtracting the normalized spectra from the spectrum of the
untreated PSII.

■ RESULTS
Figure 3a (black line) shows a light-induced S2-minus-S1
(designated S2/S1) FTIR difference spectrum of the PSII core
complexes from T. elongatus in the presence of a relatively low
concentration of CaCl2 (5 mM). The spectrum is virtually

identical to the S2/S1 FTIR spectra of PSII core complexes
from T. elongatus reported previously.51−54 Prominent bands
were observed at 1700−1600 and 1600−1500 cm−1 in the
amide I (CO stretching vibrations of backbone amides) and
amide II (NH bending and CN stretching vibrations of
backbone amides) regions, respectively, representing the
changes in the secondary structures of polypeptide chains
around the Mn4CaO5 cluster.55,56 Characteristic bands also
appeared at 1450−1350 cm−1 arising from the symmetric
COO− stretching vibrations, while the coupled asymmetric
COO− stretching bands overlap the amide II region at 1600−
1500 cm−1.55,56 These COO− bands are attributed to the

Figure 2. SDS−PAGE analysis of the PSII samples after FTIR
measurements in the presence of 5 mM CaCl2 (lanes 1−6) and 100
mM CaCl2 (lanes 7−12): lanes 1 and 7, untreated PSII; lanes 2 and 8,
PSII depleted of all the extrinsic proteins; lanes 3 and 9, PsbO-
reconstituted PSII; lanes 4 and 10, PsbV-reconstituted PSII; lanes 5
and 11, PsbO/V-reconstituted PSII; lanes 6 and 12, PsbO/V/U-
reconstituted PSII.

Figure 3. S2-minus-S1 FTIR difference spectra of PSII core complexes
from T. elongatus in the presence of a low concentration of CaCl2 (5
mM). PSII core complexes were depleted of all the extrinsic proteins
(a) and then reconstituted with PsbV (b), PsbO (c), PsbO/V (d), and
PsbO/V/U (e). Each spectrum of the treated PSII samples (red lines)
is compared with the spectrum of the untreated PSII (black line). The
intensities of the spectra were normalized on the basis of the
absorbance of an amide II band at 1549 cm−1 in original FTIR spectra
before taking a difference.
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changes in the interactions of carboxylate residues around the
Mn4CaO5 cluster.

35,36,57−60

The PSII complexes were depleted of all the extrinsic
proteins and then reconstituted with various combinations of
extrinsic proteins. S2/S1 FTIR difference spectra of these
treated PSII samples, measured in the presence of 5 mM CaCl2,
are also shown in Figure 3 (red lines) in comparison with the
control spectrum of untreated PSII (black lines). The spectra
were normalized on the basis of the amount of protein, which
was estimated by the intensity of an amide II band at 1549
cm−1 in original FTIR absorption spectra before taking a
difference. When all the extrinsic proteins were removed, the
overall spectral intensity was lost (Figure 3a, red line),
indicating the inactivation of the Mn4CaO5 cluster.
It has been reported that in cyanobacterial PSII complexes,

PsbO and PsbV each independently bind to the intrinsic
proteins, whereas PsbU requires the presence of both PsbO and
PsbV for its binding to PSII.18,61 The spectral intensity was not
recovered by binding of PsbV (Figure 3b, red line), indicating
that the sole binding of PsbV is not effective for maintaining the
Mn4CaO5 cluster at a low CaCl2 concentration. The situation
drastically changed when PsbO was bound and the spectral
intensity was mostly recovered (Figure 3c, red line). The
spectral features are also very similar to those of the control
spectrum, except that peaks at 1669(+)/1661(−) cm−1 in the
amide I region are clearly lost in the PsbO-reconstituted
sample. The spectral intensity and the 1669/1661 cm−1 peaks
were further recovered upon binding of PsbO and PsbV
[expressed as PsbO/V (Figure 3d, red line)], while
simultaneous binding of all the three PsbO/V/U proteins
fully recovered the control spectrum (Figure 3e, red line).
Figure 4 shows S2/S1 FTIR difference spectra of the

untreated and treated PSII samples (black and red lines,
respectively) measured in the presence of 100 mM CaCl2. The
spectra were normalized on the basis of the amount of protein
as in Figure 3. The spectral features of the untreated PSII
(black lines) were virtually identical to those with 5 mM CaCl2
(Figure 3, black lines). In contrast to the case of 5 mM CaCl2,
with 100 mM CaCl2, the spectra of PSII depleted of all the
extrinsic proteins (Figure 4a, red line) and reconstituted with
PsbV (Figure 4b, red line) recovered their overall intensities by
∼50%, although the structures in the amide I region were less
recovered. The spectral intensities were fully recovered by
reconstitution with PsbO, PsbO/V, and PsbO/V/U (spectra c,
d, and e of Figure 4, respectively, red lines), judging from the
symmetric COO− stretching region (1450−1350 cm−1).
However, in the samples reconstituted with PsbO and with
PsbO/V, the peaks at 1668/1661 cm−1 in the amide I region
were still not fully recovered.
Because the spectral features in the symmetric COO−

stretching region of the treated PSII samples (except for the
all-depleted and PsbV-reconstituted PSII samples with 5 mM
CaCl2) were virtually identical to those of the untreated PSII
(Figures 3 and 4), the intensities of the S2/S1 spectra of the
treated PSII were normalized to the control spectrum based on
the intensities of this COO− region (1450−1350 cm−1). The
factors for normalization were determined by least-squares
fitting of the spectra in this region. Figures 5 and 6 (red lines)
show the resultant normalized spectra with 5 and 100 mM
CaCl2, respectively, in comparison with the corresponding
control spectrum (black lines) of the untreated PSII. Spectra of
the all-depleted and PsbV-reconstituted PSII samples with 5
mM CaCl2 are not included in Figure 5 because of the absence

of the overall intensities (Figure 3a,b, red lines). Comparison of
the normalized spectra of the treated and untreated samples

Figure 4. S2-minus-S1 FTIR difference spectra of PSII core complexes
from T. elongatus in the presence of a high concentration of CaCl2
(100 mM). PSII core complexes were depleted of all the extrinsic
proteins (a) and then reconstituted with PsbV (b), PsbO (c), PsbO/V
(d), and PsbO/V/U (e). Each spectrum of the treated PSII samples
(red lines) is compared with the spectrum of the untreated PSII (black
line). The intensities of the spectra were normalized on the basis of the
absorbance of an amide II band at 1549 cm−1 in original FTIR spectra
before taking a difference.

Figure 5. S2-minus-S1 FTIR difference spectra of untreated (black
lines) and treated (red lines) PSII core complexes in the presence of a
low concentration of CaCl2 (5 mM) normalized at the symmetric
COO− bands in the 1450−1350 cm−1 region, and their double-
difference spectra (untreated-minus-treated PSII: blue lines). PSII core
complexes were reconstituted with PsbO (a), PsbO/V (b), and PsbO/
V/U (c).
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confirmed a high similarity in the symmetric COO− region,
whereas the spectra in the amide I region (1700−1600 cm−1)
showed significant differences depending on the treatments.
To examine the spectral differences in more detail, double-

difference spectra of the normalized spectra of the treated and
untreated samples (untreated-minus-treated) were calculated
(Figures 5 and 6, blue lines).45 Several peaks are clearly
observed in the amide I region (1700−1600 cm−1) in most of
the samples, whereas more minor peaks or broad features are
seen in the symmetric COO− stretching (1450−1350 cm−1)
and asymmetric COO− stretching/amide II (1600−1500 cm−1)
regions. The broad feature at 1600−1500 cm−1 in spectra a−c
of Figure 6 (blue lines) could be due to a baseline change,
although its origin is unknown at present.
The amide I region, which reflects perturbations in the

secondary structures of polypeptide backbones, of the double-
difference spectra is expanded in Figure 7, in which the spectra
with 5 mM CaCl2 (black lines) and 100 mM CaCl2 (red lines)
are compared. The PSII complexes depleted of all the extrinsic
proteins (Figure 7a) and reconstituted with PsbV (Figure 7b)
in the presence of 100 mM CaCl2 showed similar large signals
at 1679(−)/1672(+)/1663(−)/1651(+)/1643(−)/1633(+)
cm−1. In PsbO-reconstituted PSII, most of the bands
disappeared and only bands at 1671−1670(+)/1662(−)/
1649−1647(+) cm−1 were left (Figure 7c), while upon PsbO
and PsbV reconstitution, the higher-frequency peaks were left
at 1671−1669(+)/1661(−) cm−1 but with lower intensities
(Figure 7d). These peaks in spectra c and d of Figure 7 were

commonly observed at both CaCl2 concentrations of 5 and 100
mM. With 5 mM CaCl2, an additional band was left at 1638
and 1653 cm−1 in PsbO-reconstituted and PsbO/V-recon-
stituted PSII, respectively (spectra c and d of Figure 7,
respectively, black lines). In the PsbO/V/U-reconstituted PSII,
all the peaks disappeared in the double-difference spectra
(Figure 7e), consistent with the full recovery of the amide I
bands in the S2/S1 difference spectra (Figures 5c and 6e).

■ DISCUSSION
In this study, we examined the effect of the binding of the
extrinsic proteins, PsbO, PsbV, and PsbU, on the protein
conformation of OEC as well as its stability in the PSII core
complexes from the cyanobacterium T. elongatus by means of
FTIR difference spectroscopy. With a relatively low CaCl2
concentration (5 mM), the PSII complexes depleted of all the
extrinsic proteins lost the spectral intensity of the S2/S1 FTIR
difference spectrum (Figure 3a), indicating that the Mn4CaO5
cluster was inactivated under this condition. With a high CaCl2
concentration (100 mM), however, the overall intensity of the
spectrum, particularly in the symmetric COO− region, was
recovered by approximately half even without any extrinsic
proteins (Figure 4a). These results provide evidence of the
functions of extrinsic proteins as enhancing the Ca2+ and Cl−

retention capability.12,13,16 These FTIR data are also consistent
with the observation that the O2 evolution activity of the PSII
core complexes depleted of all the extrinsic proteins is higher in
the presence of 100 mM CaCl2 than in the presence of 5 mM
CaCl2 (27 and 10% of the activity of untreated PSII,
respectively). The previous study also demonstrated that
cyanobacterial PSII core complexes without the extrinsic
proteins showed no O2 evolution activity in the absence of
CaCl2 but showed a low activity (11% of the activity of
untreated PSII) in the presence of 10 mM CaCl2.

18 The effect
of CaCl2 on the O2 evolution activity was slightly weaker than
that on the FTIR signal probably because the FTIR
measurement detects only the S1 → S2 transition, whereas O2

Figure 6. S2-minus-S1 FTIR difference spectra of untreated (black
lines) and treated (red lines) PSII complexes in the presence of a high
concentration CaCl2 (100 mM) normalized at the COO− bands in the
1450−1350 cm−1 region, and their double-difference spectra (un-
treated-minus-treated PSII: blue lines). PSII core complexes depleted
of all the extrinsic proteins (a) were reconstituted with PsbV (b),
PsbO (c), PsbO/V (d), and PsbO/V/U (e).

Figure 7. Amide I region of the double-difference (untreated-minus-
treated) spectra in the presence of 5 mM CaCl2 (black lines) and 100
mM CaCl2 (red lines). PSII core complexes depleted of all the
extrinsic proteins (a) were reconstituted with PsbV (b), PsbO (c),
PsbO/V (d), and PsbO/V/U (e).
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evolution activity reflects the efficiency of the whole S-state
cycle. The recovery of FTIR signals and O2 evolution by high-
concentration CaCl2 suggests that the OEC structures are
partially retained in the presence of Ca2+ and Cl− ions even in
the absence of all the extrinsic proteins.
Depletion of all the extrinsic proteins also induced significant

changes in the protein conformation around the Mn4CaO5
cluster, which was monitored by the amide I bands in the S2/S1
FTIR difference spectra measured at a high (100 mM) CaCl2
concentration (Figures 6a and 7a). The double-difference
spectrum between the all-depleted and untreated PSII samples
(Figure 7a) showed several peaks at 1679/1672/1663/1651/
1643/1633 cm−1 over the whole amide I region of 1700−1600
cm−1, indicating that several polypeptide chains with different
secondary structures are affected by depletion of the extrinsic
proteins. These changes arise from the disappearance or
decrease in intensity of the peaks at 1677/1668/1661/1652/
1641/1632 cm−1 in the control S2/S1 difference spectrum
(Figure 6a). This suggests that the structural changes in the
polypeptide chains around the Mn4CaO5 cluster in the S1 → S2
transition are suppressed by depletion of the extrinsic proteins.
Alternatively, the protein structures around the Mn4CaO5
cluster could be loosened in the absence of extrinsic proteins,
which induced the broadening of the amide I bands and
diminished the peak intensities in the difference spectra.
The observations of instability of the Mn4CaO5 cluster at a

lower CaCl2 concentration (Figures 3b and 4b) and significant
conformational changes around the Mn4CaO5 cluster (Figures
6b and 7b) were unchanged by the single binding of PsbV,
indicating that PsbV solely is not effective for the structure of
OEC. In contrast to PsbV, single binding of PsbO dramatically
recovered the stability of the Mn4CaO5 cluster (Figures 3c and
4c) and the protein conformation of OEC (Figures 5a, 6c, and
7c). This is consistent with the previous observations that
rebinding of PsbO to the PSII core complexes from T. vulcanus
depleted of all the extrinsic proteins significantly increased an
O2-evolving activity (43% of the activity of untreated PSII) and
lowered the Ca2+ and Cl− requirements.18 It was also observed
that the ΔpsbO mutants of Synechocystis sp. PCC 6803 did not
grow photoautotrophically at low Ca2+ and Cl− concentra-
tions.62−64 It is thus suggested that the significant recovery of
the protein conformation of the OEC by PsbO binding is
responsible for the stabilization of the Mn4CaO5 cluster by
enhancing the Ca2+ and Cl− retention capability.
Although the amide I bands of the S2/S1 difference spectrum

were mostly recovered by PsbO binding, peaks at ∼1670(+)/
1662(−)/∼1649(+) cm−1 were commonly left in the double-
difference spectra at 5 and 100 mM CaCl2 (Figure 7c),
suggesting that the conformations of a few polypeptide chains
are still modified in the absence of other extrinsic proteins.
When both PsbV and PsbO bind, the feature was left at
∼1670(+)/1661(−) cm−1 with a lower intensity (Figure 7d),
indicative of further recovery of the protein conformation. An
additional signal was observed at 1638 and 1653 cm−1 in PsbO-
reconstituted and PsbO/V-reconstituted samples, respectively,
at 5 mM CaCl2 (Figure 7c,d, black lines), possibly because of
the lower recovery of the conformation at a lower CaCl2
concentration. When all the PsbO, PsbV, and PsbU proteins
bind, the amide I bands, and hence the protein conformation of
the OEC, fully recovered (Figure 7e). These recoveries of the
protein conformation by the binding of PsbV and PsbU are well
correlated with the previous observation of the stepwise
recoveries of O2 evolution activity by PsbV and PsbU (62

and 80%, respectively, of the activity of untreated PSII) in the
presence of CaCl2.

18 The FTIR results are also consistent with
the previous in vivo study, in which the ΔpsbU mutant of
Synechocystis sp. PCC 6803 showed a minor effect on the OEC
functions in comparison with the ΔpsbV mutant.65 However,
the ΔpsbV mutant caused a significant alteration such as a lack
of growth in the absence of Ca2+ and Cl− like that of the ΔpsbO
mutant.64,65 It could be possible that PsbV has some additional
functions in vivo in addition to those observed in isolated PSII
complexes.
The FTIR results obtained here are summarized in a

schematic diagram of the relationship between the OEC
conformation and the binding of the extrinsic proteins (Figure
8). Upon depletion of all the extrinsic proteins, the protein

conformation of OEC is significantly altered (Figure 8b). The
conformation is significantly recovered upon PsbO binding
(Figure 8d), whereas the recovery is not achieved upon single
binding of PsbV (Figure 8c). The OEC conformation is further
recovered upon binding of PsbO and PsbV (Figure 8e) and
fully recovered upon binding of PsbO, PsbV, and PsbU (Figure
8f).
The primary candidates for the polypeptide chains affected

by the S1 → S2 transition are those interacting with the
Mn4CaO5 cluster and Cl− ions via ligation or direct hydrogen
bonding. According to the X-ray structure of the PSII core
complex of thermophilic cyanobacteria,7−10 the Mn4CaO5
cluster and two Cl− ions interact with the C-terminus (D1-
Ala344), D1-Asp342, D1-His337, D1-Glu333, and D1-His332
on the C-terminal loop region, D1-Glu189 and D1-Asn181 on
the CD helix of the D1 protein, D1-Asp170 on the loop
between the CD and C helices of the D1 protein, D2-Lys317
on the C-terminal helical region of the D2 protein, and CP43-
Glu354 and CP43-Arg357 on the short 310-helix of the CP43
protein (Figure 9). The presence of the five polypeptide chains
with different secondary structures around the OEC is
consistent with the observation of several peaks (1696/1677/
1669/1661/1652/1641/1633/1617 cm−1) in the whole amide I
region of 1700−1600 cm−1 in the S2/S1 difference spectrum of
the untreated PSII (Figure 3, black lines). Amide I bands at
1660−1650 cm−1 are generally assigned to an α-helical
conformation, while bands around 1665 cm−1 could arise
from a 310-helix conformation.66,67 Although usually β-strands
and/or turns have bands at 1640−1620 and 1695−1670

Figure 8. Schematic view of the effects of the extrinsic proteins on the
protein conformation of the OEC. O, V, and U represent PsbO, PsbV,
and PsbU, respectively.
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cm−1,66,67 these conformations are scarcely involved in the
polypeptides around the OEC. A nonordered conformation
generally shows a band near the region of an α-helical
conformation in H2O.

67 However, the loop regions with
specific interactions with the Mn4CaO5 cluster and Cl− ions via
main chain amides and side groups could show irregular amide
I frequencies and hence could spread over the whole amide I
region.
The X-ray structure (Figure 9A) also shows that PsbO is in

direct contact with the C-terminal loop region of the D1
protein between D1-Glu333 and D1-His337 interacting with
the Mn4CaO5 cluster, and the C-terminal helix of the D2
protein involving D2-Lys317, a ligand to Cl-1 (the
nomenclature of the Cl ions follows that of ref 9). PsbO also
interacts with the loop region connected to the short 310-helix
of the CP43 protein possessing CP43-Glu354 and CP43-
Arg357, which interact with the Mn4CaO5 cluster and provide a
ligand to Cl-2 (through the main chain amide of CP43-
Glu354). It is notable that there is a short β-strand, which could
be the origin of the amide I bands at 1640−1620 and 1695−
1670 cm−1, between this loop region and the 310-helix. PsbV is
also in contact with the C-terminal helix of the D2 protein
possessing D2-Lys317, and the C-terminal helix near D1-
His332 and the C-terminal loop between D1-Asp342 and D1-

His337 of the D1 protein (Figure 9B). The latter loop region
also interacts with the PsbU protein. Thus, these polypeptide
chains directly interacting with PsbO, PsbV, and PsbU can be
responsible for the amide I peaks at 1679/1672/1663/1651/
1643/1633 cm−1, which appeared in the double-difference
spectrum upon depletion of all the extrinsic proteins (Figure
7a). Because peaks at ∼1670/1662/∼1649 cm−1 remained in
the double-difference spectrum (Figure 7c) even after PsbO
was rebound, these amide I peaks could arise from the
polypeptides of the C-terminal helices of the D1 and D2
proteins (for 1662/∼1649 cm−1) and the C-terminal loop of
the D1 protein (for ∼1670/1662 cm−1), which interact with
PsbV and PsbU. This idea is supported by the observation that
the signal at ∼1670/1662 cm−1 was left with a decreased
intensity when PsbV was further rebound, and hence, only
PsbU is depleted (Figure 7d), because PsbU interacts with the
same C-terminal loop of the D1 protein (Figure 9B). It is also
possible that PsbU, which directly interacts with PsbV (Figure
1), plays a role in strengthening the interaction of PsbV with
the D1 protein by stabilizing PsbV binding. PsbV does not have
a direct interaction with PsbO and hence can bind to the PSII
complex without PsbO. However, PsbV cannot restore the
protein conformation by its sole binding, suggesting that the
interaction of PsbO probably with the C-terminal loop of the
D1 protein is required for the proper interaction of PsbV with
the nearby site of the same loop region. Thus, direct
interactions of the individual extrinsic proteins with the
polypeptide chains around the OEC can well explain the
FTIR results of this study. It is, however, noted that because
polypeptide chains in the PSII proteins significantly coupled
with each other via hydrogen bond networks, indirect
interactions between the extrinsic proteins and the polypeptides
around the Mn4CaO5 cluster and Cl− ions could contribute to
the amide I changes in the FTIR spectra.
Cyanobacteria have CyanoP and CyanoQ, which are the

homologues of PsbP and PsbQ, respectively, contained in
higher plants and green algae.19,20 Indeed, CyanoQ was
identified as one of the components in the isolated PSII
complexes from Synechocystis sp. PCC 680368 and was thought
to be involved in the activity and stability of PSII.21,69 Recently,
CyanoQ was also found in purified PSII core complexes from
T. elongatus.22 In contrast, CyanoP may not be stoichiometri-
cally involved in PSII complexes20,22 and was suggested to
function during the assembly and/or photoactivation process of
PSII.70 On the other hand, neither CyanoP nor CyanoQ has
been found in the crystal structures of PSII core complexes
from T. elongatus7,8 and T. vlucanus.9,10 These proteins were
also not detected by mass spectrometry in His-tagged PSII core
complexes from T. elongatus highly purified using Ni affinity
chromatography.71 Our PSII core samples from T. elongatus
also contained neither CyanoP nor CyanoQ judging from the
SDS−PAGE data (Figure 2 and Figure S1 of the Supporting
Information). Because the PSII core complexes from T.
elongatus show high O2 evolution activity even in the absence
of CyanoP and CyanoQ,71 their contributions to the stability of
OEC and O2 evolution activity seem to be rather minor.
Therefore, the conclusion of this study that PsbO significantly
contributes to the retention of the protein conformation of the
OEC while PsbV and PsbU make minor contributions may
hold even when CyanoP and CyanoQ are taken into
consideration.
It is generally known that isolated PSII core complexes and

their OEC from thermophilic cyanobacteria are more stable

Figure 9. Interactions of the extrinsic proteins with the polypeptides
forming the OEC in a cyanobacterial PSII core complex: (A)
interactions of PsbO and (B) interactions of PsbV and PsbU. Yellow
arrows indicate the interaction site. As for the intrinsic proteins, only
polypeptide chains directly interacting with the Mn4CaO5 cluster and
two Cl− ions (Cl-1 and Cl-2) are shown. The coordinates of the high-
resolution (1.9 Å) X-ray structure of T. vulcanus (Protein Data Bank
entry 3ARC9) were used.
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than those from mesophilic cyanobacteria. However, the
phenotype of the ΔpsbV mutant of T. elongatus, which lowered
the growth rate and O2 evolution activity,72 was similar to that
of Synechocystis sp. PCC 6803.65 In addition, the effect of
depletion of the extrinsic proteins on the stabilization of the
S2QA

− charged pair, which was shown by upshifted peak
temperatures in thermoluminescence measurements, was
similar between T. vulcanus and Synechocystis.18,64,65 Thus, the
regulatory roles of the extrinsic proteins in OEC may be similar
between thermophilic and mesophilic cyanobacteria.
Our previous FTIR study revealed that the conformation of

the OEC in PSII of the red alga C. caldarium is regulated mainly
by binding of PsbV rather than PsbO.45 Red algae in the red
lineage are thought to have evolved from cyanobacteria and
retain PsbO, PsbV, and PsbU with an additional extrinsic
protein, PsbQ′. It is interesting that although PsbO was
conserved in all oxyphototrophs during evolution, its function
was not fully conserved. The function of PsbO in cyanobacteria
as a major component for retaining the proper protein
conformation of the OEC seemed to be transferred to PsbV
in red algae.
As for higher plants, which keep PsbO but have PsbP and

PsbQ instead of PsbV and PsbU, our FTIR studies using PSII
membranes from spinach have shown that the OEC
conformation was mainly regulated by PsbP binding.42−44,46

It should be noted that although it was recently reported that
the removal of PsbP and PsbQ from PSII core preparations of
spinach showed no significant effect on the S2/S1 spectrum,

73

the control S2/S1 spectrum in ref 73 exhibited a typical amide I
feature of PsbP-depleted PSII, i.e., lower and higher intensities
for the 1668 and 1686 cm−1 peaks, respectively (compare the
spectrum of Figure 4A in ref 73 with our spectra of Figure 1b in
ref 42). Hence, it is suggested that the intact PSII core
complexes from spinach in ref 73 were actually depleted of the
PsbP and PsbQ proteins when FTIR spectra were measured,
possibly because of the presence of potassium ferricyanide in
addition to 20 mM CaCl2. The latter work also showed that
removal of PsbO significantly affected the amide I bands of the
S2/S1 difference spectrum,73 whereas our previous measure-
ments showed that PsbO depletion did not induce further
changes in the amide I bands of PsbP- and PsbQ-depleted PSII
membranes.42 The latter observation is also consistent with the
previous EPR study in which the multiline signal was not
affected by the removal of PsbO from spinach PSII
membranes.74 Because experimental conditions are significantly
different between our study42 and ref 73, including the forms of
preparations (membranes vs core complexes) and temperatures
(250 K vs 263 K), further careful studies will be necessary to
reach a conclusion about the contribution of PsbO to the OEC
conformation in higher plants.
In conclusion, this FTIR study, by monitoring the changes in

the secondary structures of polypeptides upon the S1 → S2
transition, has shown that PsbO mainly contributes to the
retention of the proper protein conformation of the OEC in
cyanobacterial PSII. PsbV and PsbU also have some
contributions to regulate the OEC conformation by affecting
specific polypeptide chains. These conformational changes
detected by FTIR are well correlated with the O2 evolution
activity and the Ca2+ and Cl− retention capability. Further FTIR
studies using PSII samples from different species such as
diatoms in the red lineage and green algae in the green lineage
will provide a clearer view of the changes in the roles of

extrinsic proteins during the evolution of PSII in oxy-
phototrophs.
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