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Abstract 
 
PsbP is an extrinsic protein of PSII having a function of Ca2+ and Cl− retention in the water-oxidizing center (WOC). In 
order to understand the mechanism how PsbP regulates the Cl− binding in WOC, we examined the effect of PsbP depletion 
on the protein structures around the Cl− sites using Fourier transform infrared (FTIR) spectroscopy. Light-induced FTIR 
difference spectra upon the S1→S2 transition were obtained using Cl−-bound and NO3

−-substituted PSII membranes in the 
presence and absence of PsbP. A clear difference in the amide I band changes by PsbP depletion was observed between 
Cl−-bound and NO3

−-substituted PSII samples, indicating that PsbP binding perturbed the protein conformations around 
the Cl− ion(s) in WOC. It is suggested that PsbP stabilizes the Cl− binding by regulating the dissociation constant of Cl− 
and/or an energy barrier of Cl− dissociation through protein conformational changes around the Cl− ion(s). 
 
Additional key words: Mn4CaO5 cluster; oxygen evolution; photosynthesis. 
 
Introduction 
 
Photosystem II is a multiprotein complex that has a 
function of oxygen evolution by water oxidation in 
oxygenic photosynthesis performed by plants and cyano-
bacteria. The catalytic site of water oxidation is the water-
oxidizing center (WOC) that consists of the Mn4CaO5 
cluster, two Cl− ions, and surrounding amino acid residues 
(Umena et al. 2011, Suga et al. 2015). In the WOC, two 
water molecules are oxidized into one molecular oxygen 
and four protons by abstraction of four electrons using 
light energy (Grundmeier and Dau 2012, Messinger et al. 
2012, Vinyard et al. 2013, Shen 2015). The electrons from 
water are transferred to the primary quinone electron 
acceptor QA and then to the secondary quinone acceptor 
QB, which becomes a quinol upon double reduction and is 
released into thylakoid membranes (Petrouleas and Crofts 
2005). Such abstracted electrons are finally used to reduce 
CO2 to synthesize sugars. Reactions in WOC are 
performed by a cycle of five intermediates called Si states 
(i = 0–4) (Joliot et al. 1969, Kok et al. 1970). The reaction 
starts from the dark-stable S1 state, and it advances to the 
S2 state upon one-electron oxidation. Likewise, S2 
advances to the S3 state and then to the S4 state, which is a 
transient intermediate and immediately relaxes to the S0  

state by releasing a molecular oxygen. The S0 state is 
oxidized to the S1 state to complete a reaction cycle. 

Amino acid residues, which ligate or directly interact 
with the Mn4CaO5 cluster and two Cl− ions (designated Cl-
1 and Cl-2), are all provided from the D1, D2, and CP43 
subunits, which are membrane-spanning intrinsic proteins 
(Umena et al. 2011, Suga et al. 2015). However, some 
extrinsic proteins attached to the lumenal side of PSII are 
necessary for stabilizing the WOC structure and 
optimizing water oxidation activity (Seidler, 1996, Enami 
et al. 2008, Ifuku, et al. 2008, 2011, Fagerlund and Eaton-
Rye 2011, Bricker et al. 2012, 2013, Ifuku and Noguchi 
2016, Roose et al. 2016). PsbO, PsbP, and PsbQ are the 
extrinsic proteins involved in PSII of higher plants, while 
cyanobacteria have PsbV and PsbU in addition to PsbO as 
major extrinsic proteins. The localizations of these 
extrinsic proteins in PSII complexes have been revealed by 
X-ray crystallography (Umena et al. 2011, Suga et al. 
2015) or cryo-electron microscopy (Wei et al. 2016). 
Among the extrinsic proteins in higher plants, the role of 
PsbP has been extensively studied (reviewed in Ifuku et al. 
2008, 2011, Bricker et al. 2013, Ifuku and Noguchi 2016, 
Roose et al. 2016), and its major function was shown 
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to be the retention of Ca2+ and Cl− ions in WOC. In order 
to understand the mechanism of this PsbP function, the 
effect of PsbP binding on the structure of WOC has been 
investigated using light-induced Fourier transform 
infrared (FTIR) difference spectroscopy (Tomita et al. 
2009, Ido et al. 2012, Kakiuchi et al. 2012, Nishimura et 
al. 2014, 2016). This spectroscopy is a powerful method to 
detect the structural changes of active sites upon reactions 
in photosensitive proteins, and has been extensively used 
to study the structure and reactions of WOC (Noguchi and 
Berthomieu 2005, Chu 2013, Debus 2015, Noguchi 2015). 
It was shown that PsbP depletion from spinach PSII 
induced protein conformational changes in WOC (Tomita 
et al. 2009). Similar conformational changes were also 
detected by depletion of some extrinsic proteins in PSII 
complexes from a red algae (Uno et al. 2013) and a 
cyanobacterium (Nagao et al. 2015). From these obser-
vations, it was proposed that PsbP in higher plants and 
some extrinsic proteins in other phyla play a role in 
retaining the protein conformations of WOC to regulate its 

reaction (Tomita et al. 2009, Nagao et al. 2015, Ifuku and 
Noguchi 2016). However, the molecular mechanism how 
PsbP specifically regulates the binding properties of Ca2+ 
and Cl− in WOC remains to be clarified. 

In this study, we investigated the effect of PsbP on the 
protein structures of the Cl− binding sites of WOC using 
light-induced FTIR difference spectroscopy. For this 
purpose, we examined the effect of replacement of Cl− 
with NO3

− on the PsbP-induced structural changes in 
WOC, which were detected by FTIR difference measu-
rement upon the S1→S2 transition. It has been shown that 
NO3

− substitution for Cl− retains O2 evolution activity but 
with a decreased efficiency in the S3→S0 transition 
(Sinclair 1984, Wincencjusz et al. 1999, Hasegawa et al. 
2004, Suzuki et al. 2012). It is predicted that NO3

− 
substitution induces perturbations in the protein moieties 
around Cl− ions. The obtained results clearly showed that 
PsbP binding affects the protein conformations around the 
Cl− ions, which should cause the alteration in the binding 
properties of the Cl− ions in WOC. 

 
Materials and methods 
 
Oxygen-evolving PSII membranes of spinach were 
prepared as reported previously (Ono and Inoue 1986) and 
suspended in a pH 6.5 buffer (Cl−-buffer: 40 mM Mes-
NaOH, 400 mM sucrose, 40 mM NaCl, 5 mM Ca(OH)2, 
pH 6.5). For treatment of NO3

−, the PSII membranes were 
suspended [0.5 mg(Chl) mL−1] in a buffer involving  
40 mM NO3

− [NO3
−-buffer: 40 mM Mes-NaOH, 400 mM 

sucrose, 40 mM NaNO3, 5 mM Ca(OH)2, pH 6.5], and 
washed twice with the same buffer by centrifugation. A 
buffer involving Na15NO3 (Shoko Co. Ltd., 99.1 atom %) 
instead of natural abundance NaNO3 (Na14NO3) was used 
for 15NO3

− treatment. For depletion of the PsbP and PsbQ 
proteins, the PSII membranes were suspended [0.5 mg(Chl) 
mL−1] in the Cl−-buffer additionally involving 2 M NaCl 
and incubated for 20 min on ice under dark (the PAGE 
image of the PsbP, Q-depleted PSII prepared by this 
treatment was presented in Fig. S1 of Tomita et al. 2009). 
The sample was then washed twice with the Cl−-buffer or 
three times with the NO3

−-buffer by centrifugation. 
For S2QA

−/S1QA FTIR measurements, 1 mL of the 
sample suspension [0.5 mg(Chl) mL−1] in the Cl−- or NO3

−- 
buffer in the presence of 0.1 mM 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU) and 0.5 mM phenazine metho-
sulfate (PMS) was centrifuged at 170,000 × g for 35 min to 
obtain a pellet. In the case of QA

−/QA FTIR measurement, 

the last buffer for centrifugation additionally involved  
10 mM NH2OH, which depletes the Mn4CaO5 cluster and 
functions as an exogenous electron donor during measure-
ment. The pellet obtained by centrifugation was sand-
wiched between two CaF2 plates (25 mm diameter). One 
of the CaF2 plates had a circular groove (10 mm inner 
diameter, 1 mm width), and the sample cell was sealed 
with silicone grease laid on the outer part of the groove 
(Noguchi and Sugiura 2001). The sample temperature was 
adjusted to 283 K by circulating cold water in a copper 
holder. 

Light-induced S2QA
−/S1QA and QA

−/QA FTIR diffe-
rence spectra were recorded using a Bruker VERTEX 80 
spectrophotometer equipped with an MCT detector (D313-
L, InfraRed Associates, Inc., USA). Flash illumination was 
performed using a Q-switched Nd:YAG laser (Quanta-
Ray INDI-40-10, Spectra-Physics, USA; 532 nm; ~7 ns 
fwhm; ~7 mJ pulse−1 cm−2). Single-beam spectra (10-s 
scans) were recorded before and after a single flash 
followed by dark relaxation for 5 min. This cycle was 
repeated 40–80 times and averaged spectra were used to 
calculate a light-induced difference spectrum. Spectra 
measured using a couple of samples were averaged to 
improve signal-to-noise ratios. 

 
Results and discussion 
 
Light-induced FTIR difference spectra upon the formation 
of an S2QA

− charge separated state (S2QA
−/S1QA 

difference) and only QA reduction (QA
−/QA difference) 

were measured using intact and Mn-depleted PSII 
membranes of spinach, respectively (Fig. 1, trace a). An 

FTIR difference spectrum upon the S1→S2 transition 
(S2/S1 difference) was obtained by subtraction of the 
QA

−/QA spectrum from the S2QA
−/S1QA spectrum so as to 

cancel the strong band at 1,477 cm−1 arising from the 
CO/CC stretching vibration of the QA

− semiquinone anion 
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(Berthomieu et al. 1990, Ashizawa and Noguchi 2014) 
(Fig. 1, trace b). This S2/S1 spectrum is virtually identical 
to the spectrum of spinach PSII membranes reported 
previously (Noguchi et al. 1995, Tomita et al. 2009). 
Prominent bands in the 1,700–1,600 cm−1 and 1,450–1,350 
cm−1 have been assigned to the amide I vibrations (CO 
stretches) of backbone amides and the symmetric COO− 
stretching vibrations of carboxylate groups around the 
Mn4CaO5 cluster, respectively (Noguchi and Sugiura 
2003, Nakamura and Noguchi 2016). In the 1,600–1,500 
cm−1 region, bands of the amide II vibrations (NH bends + 
CN stretches) of backbone amides and those of the 
asymmetric COO− vibrations of carboxylate groups 
overlap (Noguchi et al. 1995). The presence of strong 
amide I and II bands reflects the perturbation of protein 
conformations around the Mn4CaO5 cluster coupled with 
the S1→S2 transition. 

The S2/S1 difference spectrum of PSII membranes, in 
which Cl− ions in WOC were replaced with NO3

− ions, was 
obtained in an analogous way (Fig. 1, trace d) as a double 
difference spectrum between the QA

−/QA and S2QA
−/S1QA 

difference spectra (Fig. 1, trace c). Note that at the present 
stage it is uncertain whether both of the two Cl− ions (Cl-1 
Cl-2) were replaced with NO3

− ions or only one of them 
 

 
 
Fig. 1. S2QA

−/S1QA (a, c – red line), QA
−/QA (a, c – black line), 

and S2/S1 (b, d) FTIR difference spectra of intact (Cl−-bound)  
(a, b) and NO3

−-substituted (c, d) PSII membranes of spinach. 
and S2/S1 difference spectra were obtained by subtraction of the 
QA

−/QA spectra from the S2QA
−/S1QA spectra. 

was replaced with NO3
− (Hasegawa et al. 2004). NO3

− 
binding to PSII was confirmed by a 14NO3

−-minus-15NO3
− 

difference spectrum (Fig. 2, trace b), which was obtained 
from the S2/S1 difference spectra of 14NO3

−- (natural 
abundance NO3

−) and 15NO3
−-substituted PSII samples 

(Fig. 2, trace a). The spectrum clearly showed bands at 
1,416/1,369/1,330/1,278 cm−1 assignable to the 
asymmetric NO3

− stretching vibrations (Fig. 2B), whose 
features are very similar to those in the previous FTIR 
studies of NO3

−-substituted PSII (Hasegawa et al. 2002, 
2004, Suzuki et al. 2013). The corresponding 14NO3

−-
minus-15NO3

− spectrum (Fig. 2, trace d) obtained from the 
S2/S1 difference spectra of PsbP-depleted PSII membranes 
(Fig. 2, trace c) showed a similar intensity signal, 
indicating that Cl− was effectively replaced with NO3

− in 
both the intact and PsbP-depleted PSII samples. Band 
positions at 1,401/1,372/1,344/1,286 cm−1 in the PsbP-
depleted PSII (Fig. 2, trace d) seemed rather different from 
those in the intact PSII (Fig. 2, trace b), suggesting the 
changes in the interactions of NO3

− ion(s) by PsbP 
depletion, although higher-quality spectra may be 
necessary to definitely determine the band positions. 

Although NO3
− substitution little affected the feature of 

the symmetric COO− region at 1,450–1,300 cm−1, the 
feature of the amide I region (1,700–1,600 cm−1) was 
significantly altered in NO3

−-substituted PSII (Fig. 1, 
 

 

Fig. 2. Asymmetric NO3
− stretching region of the S2/S1 FTIR 

difference spectra of 14NO3
−- (a, c – black line) and 15NO3

−- (a, c 
– red line) substituted PSII membranes, and 14NO3

−-minus-
15NO3

− double difference spectra (b, d). Control (a, b; PsbP-
intact) PSII; PsbP-depleted PSII (c, d). 
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traces b, d). The intensities of the peaks at 1,678/1,669 cm−1 
significantly decreased and minor peaks appeared at 
1,697/1,686 cm−1. These changes indicate that protein 
conformations around the Cl− ion(s) are perturbed by NO3

− 
substitution. 

Comparison of the S2/S1 difference spectrum of PsbP-
depleted PSII membranes (Cl−-bound PSII) with that of in-
tact PSII showed some spectral changes (Fig. 3A, trace a). 
These are clearly shown in their double difference spec-
trum (Fig. 3A, trace b); prominent bands were observed at 
1,683, 1,666, 1,657, 1,649, 1,635, and 1,325 cm−1 in the 
amide I region together with some minor bands at 1,560 
and 1,539 cm−1 in the amide II region, although no 
appreciable bands were found in the symmetric COO− 
region (1,450–1,300 cm−1). This spectral feature is 
identical to that of a corresponding spectrum in our 
previous study (Tomita et al. 2009), in which the large 
amide I changes were attributed to the perturbation of the 
protein conformations of WOC induced by the removal of 
PsbP. Note that although PsbQ was also removed together 
with PsbP by high-concentration NaCl treatment, only 
PsbP is effective to the protein conformation of WOC, 
because rebinding of PsbP recovered the spectral features 
(Tomita et al. 2009). 

Corresponding S2/S1 spectra of NO3
−-substituted PSII 

membranes and a double difference spectrum (Fig. 3A, 
traces c and d, respectively) showed a similar tendency to 
those of Cl−-bound PSII; the spectral feature in the amide 
I region (1,700–1,600 cm−1) was significantly changed, 
whereas that in the symmetric COO− region (1,450–1,300 
cm−1) was little changed. The double difference spectra of 
NO3

−-substituted PSII and Cl−-bound PSII were compared 
in an expanded view of the amide I region (Fig. 3B). Upon 
NO3

−
 substitution, the prominent positive peak at 1,666 cm−1 

almost disappeared, and the negative peak at 1,683 cm−1 
was replaced with more complex peaks at 1,694/1,686/ 
1,680 cm−1. In addition, the intensities of the positive peaks 
at 1,649 and 1,625 cm−1 slightly increased. These changes 
indicate that PsbP-induced protein conformational 
changes in WOC were affected by NO3

− substitution for 
Cl−. In other words, we detected specific perturbations of 
the protein conformations around the Cl− ions by the 
depletion of PsbP. It is likely that the largely changed 
amide I bands at 1,683/1,666 cm−1 are attributed to the 
polypeptide chains surrounding the Cl− ions in WOC. 

The next question is how the PsbP binding/depletion 
affects the protein conformations at the Cl− binding sites. 
The recent spinach PSII structure at a 3.2 Å resolution 
obtained by cryo-electron microscopy showed the inter-
actions of extrinsic proteins with the intrinsic proteins 
forming WOC (Fig. 4) (Wei et al. 2016). Also, the high-
resolution (1.9–1.95 Å) X-ray crystallographic structures 
of cyanobacterial PSII revealed the detailed structure of 
WOC involving the Cl−-binding sites (Umena et al. 2011, 
Suga et al. 2015). Cl-1 is anchored by N181 and E333 of 
the D1 protein and K317 of the D2 protein, while Cl-2 is 
anchored by N338 and F339 of the D1 protein and D354 

 
 
Fig. 3. (A) S2/S1 FTIR difference spectra of PsbP-depleted PSII 
membranes (a – blue line; c – red lines) in comparison with those 
of control (PsbP-intact) PSII membranes (a, c – black lines), and 
control-minus-PsbP-depleted difference spectra (b, d). (a, b) Cl−-
bound PSII; (c, d) NO3

−-substituted PSII. (B) Expanded view of 
the amide I region of the control-minus-PsbP-depleted difference 
spectra of Cl−-bound (blue line) and NO3

−-substituted (red line) 
PSII membranes. 
 
of the CP43 protein (Umena et al. 2011, Suga et al. 2015). 
Here, we assume van der Waals interactions that are 
determined only by a close contact between subunits, 
because the higher resolution structures of side chains are 
necessary to argue electrostatic and hydrogen bonding 
interactions. PsbP interacts with the D1 protein mainly in 
the two regions (Fig. 4A): the region formed by E140, 
G141, and K166 in PsbP interacting with P340 and L341 
in the C-terminus loop region of D1, and the region formed 
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Fig. 4. Interactions of PsbP with the D1 subunit (A) and the D2 and CP43 subunits (B). The protein structures were produced from the 
PDB data (entry code: 3JCU) of spinach PSII obtained by cryo-electron microscopy (Wei et al. 2016). Different colors are used to 
express individual subunits: PsbP (red), D1 (blue), D2 (green), and CP43 (magenta). The Mn4CaO5 cluster, Cl− ions, and amino acid 
residues interacting between PsbP and other subunits are shown in balls with van der Waals radii. 
 
by T16, S32, K33, N52, and F53 in PsbP interacting with 
Q310–V313 in the loop region and N322 and R323 in the 
helical region of D1. The first region is very close to the 
Cl-2 binding site and may directly affect it, while the latter 
interaction may be effective to the Cl-1 site. The inter-
action with the D2 protein exists in the region formed by 
K38, E39, A55, and T56 in PsbP interacting with I340–
E343 in D2 (Fig. 4B). This interaction could affect the  
Cl-1 site though the C-terminal helix of D2. In addition, 
D139 in PsbP interacts with A351 in D2 (Fig. 4B), which 
interacts with the loop region of D1 near Cl-1 and hence 
can affect the Cl-1 site. Furthermore, G101 and G102 in 
PsbP interact with A331 and Q332 in CP43 near Cl-2  
(Fig. 4B). These interactions of PsbP with D1, D2, and CP43 

may contribute to the protein conformational changes 

around the Cl− ions upon PsbP removal. It is noteworthy that 
similar sites in the D1 and D2 proteins (K310–V313, 
R323, P340, and L341 of the D1 protein and E343 of the 
D2 protein) interact with the PsbV extrinsic protein in the 
cyanobacterium Thermosynechococcus vulcanus (Suga et 

al. 2015), suggesting a similar effect on the WOC structure 
between PsbP in higher plants and PsbV in cyanobacteria. 
In contrast to PsbP, PsbQ interacts with neither the D1 nor 
the D2 protein, but interacts with the CP43 protein at sites 
rather far from the Cl− ions, which is consistent with the 
previous FTIR observation that PsbQ binding did not 
affect the FTIR spectrum (Tomita et al. 2009). 

It has been known that depletion of PsbP enhances the 
Cl− requirement in O2 evolution, and decreases the activity 
at a low concentration of Cl− (Miyao et al. 1988, Seidler 
1996, Ifuku et al. 2008). The results of the present study 
showed that PsbP binding induces the protein confor-
mational changes around the Cl− ion(s). It is highly likely 
that such perturbations of protein conformations change 
the dissociation constant of the Cl− ions and/or the energy 
barrier of Cl− dissociation from the binding sites. We thus 
conclude that the PsbP extrinsic protein regulates the Cl− 
binding and hence the reaction of WOC by perturbing the 
protein conformations around the Cl− binding sites.

 
References 
 
Ashizawa R., Noguchi T.: Effects of hydrogen bonding inter-

actions on the redox potential and molecular vibrations of 
plastoquinone as studied by density functional theory calcu-
lations. – Phys. Chem. Chem. Phys. 16: 11864-11876, 2014. 

Berthomieu C., Nabedryk E., Mäntele W. et al.: Characterization 
by FTIR spectroscopy of the photoreduction of the primary 
quinone acceptor QA in photosystem II. – FEBS Lett. 269: 363-
367, 1990. 

Bricker T.M., Roose J.L., Fagerlund R.D. et al.: The extrinsic 
proteins of Photosystem II. – Biochim. Biophys. Acta 1817: 
121-142, 2012. 

Bricker T.M., Roose J.L., Zhang P. et al.: The PsbP family of 
proteins. – Photosynth. Res. 116: 235-250, 2013. 

Chu H.-A.: Fourier transform infrared difference spectroscopy 
for studying the molecular mechanism of photosynthetic water 
oxidation. – Front. Plant Sci. 4: 146, 2013. 

Debus R.J.: FTIR studies of metal ligands, networks of hydrogen 
bonds, and water molecules near the active site Mn4CaO5 

cluster in Photosystem II. – BBA-Bioenergetics 1847: 19-34, 
2015. 

Enami I., Okumura A., Nagao R. et al.: Structures and functions 
of the extrinsic proteins of photosystem II from different 



PsbP-INDUCED CONFORMATIONAL CHANGES AROUND Cl– IONS IN WOC 

183 

species. – Photosynth. Res. 98: 349-363, 2008. 
Fagerlund R.D., Eaton-Rye J.J.: The lipoproteins of cyano-

bacterial photosystem II. – J. Photoch. Photobio. B 104: 191-
203, 2011. 

Grundmeier A., Dau H.: Structural models of the manganese 
complex of photosystem II and mechanistic implications. – 
Biochim. Biophys. Acta 1817: 88-105, 2012. 

Hasegawa K,. Kimura Y., Ono T.: Chloride cofactor in the 
photosynthetic oxygen-evolving complex studied by Fourier 
transform infrared spectroscopy. – Biochemistry 41: 13839-
13850, 2002. 

Hasegawa K., Kimura Y., Ono T.: Oxidation of the Mn cluster 
induces structural changes of NO3

− functionally bound to the 
Cl− site in the oxygen-evolving complex of photosystem II. – 
Biophys. J. 86: 1042-1050, 2004. 

Ido K., Kakiuchi S., Uno C. et al.: The conserved His-144 in the 
PsbP protein is important for the interaction between the PsbP 
N-terminus and the Cyt b559 subunit of photosystem II. – J. 
Biol. Chem. 287: 26377-26387, 2012. 

Ifuku K., Ishihara S., Shimamoto R. et al.: Structure, function, 
and evolution of the PsbP protein family in higher plants. – 
Photosynth. Res. 98: 427-437, 2008. 

Ifuku K., Ido K., Sato F.: Molecular functions of PsbP and PsbQ 
proteins in the photosystem II supercomplex. – J. Photoch. 
Photobio. B 104: 158-164, 2011. 

Ifuku K., Noguchi T.: Structural coupling of extrinsic proteins 
with the oxygen-evolving center in photosystem II. – Front. 
Plant Sci. 7: 84, 2016. 

Joliot P., Barbieri G., Chabaud R.: Model of the System II photo-
chemical centers. – Photochem. Photobiol. 10: 309-329, 1969. 

Kakiuchi S., Uno C., Ido K. et al.: The PsbQ protein stabilizes 
the functional binding of the PsbP protein to photosystem II in 
higher plants. – Biochim. Biophys. Acta 1817: 1346-1351, 
2012. 

Kok B., Forbush B., McGloin M.: Cooperation of charges in 
photosynthetic O2 evolution-I. A linear four step mechanism. – 
Photochem. Photobiol. 11: 457-475, 1970. 

Messinger J., Noguchi T., Yano J.: Photosynthetic O2 evolution. 
Chapter 7. – In: Wydrzynski T., Hillier W. (ed.): Molecular 
Solar Fuels. Pp. 163-207. Royal Society of Chemistry, 
Cambridge 2012. 

Miyao M., Fujimura Y., Murata N.: Partial degradation of the 
extrinsic 23-kDa protein of the Photosystem II complex of 
spinach. – BBA-Bioenergetics 936: 465-474, 1988. 

Nagao R., Tomo T., Noguchi T.: Effects of extrinsic proteins on 
the protein conformation of the oxygen-evolving center in 
cyanobacterial photosystem II as revealed by Fourier transform 
infrared spectroscopy. – Biochemistry 54: 2022-2031, 2015. 

Nakamura S., Noguchi T.: Quantum mechanics/molecular 
mechanics simulation of the ligand vibrations of the water-
oxidizing Mn4CaO5 cluster in photosystem II. – P. Natl. Acad. 
Sci. USA 113: 12727-12732, 2016. 

Nishimura T., Nagao R., Noguchi T. et al.: The N-terminal 
sequence of the extrinsic PsbP protein modulates the redox 
potential of Cyt b559 in photosystem II. – Sci. Rep. 6: 21490, 
2016. 

Nishimura T., Uno C., Ido K. et al.: Identification of the basic 
amino acid residues on the PsbP protein involved in the 
electrostatic interaction with photosystem II. – Biochim. 
Biophys. Acta 1837: 1447-1453, 2014. 

Noguchi T.: Fourier transform infrared difference and time-
resolved infrared detection of the electron and proton transfer 
dynamics in photosynthetic water oxidation. – BBA-

Bioenergetics 1847: 35-45, 2015. 
Noguchi T., Berthomieu C.: Molecular analysis by vibrational 

spectroscopy. – In: Wydrzynski T., Satoh K. (ed.): Photo-
system II: The Light-Driven Water:Plastoquinone Oxido-
reductase. Pp. 367-387. Springer, Dordrecht 2005. 

Noguchi T., Ono T., Inoue Y.: Direct detection of a carboxylate 
bridge between Mn and Ca2+ in the photosynthetic oxygen-
evolving center by means of Fourier transform infrared 
spectroscopy. – BBA-Bioenergetics 1228: 189-200, 1995. 

Noguchi T., Sugiura M.: Flash-induced Fourier transform 
infrared detection of the structural changes during the S-state 
cycle of the oxygen-evolving complex in photosystem II. – 
Biochemistry 40: 1497-1502, 2001. 

Noguchi T., Sugiura M.: Analysis of flash-induced FTIR 
difference spectra of the S-state cycle in the photosynthetic 
water-oxidizing complex by uniform 15N and 13C isotope 
labeling. – Biochemistry 42: 6035-6042, 2003. 

Ono T., Inoue Y.: Effects of removal and reconstitution of the 
extrinsic 33, 24 and 16 kDa proteins on flash oxygen yield in 
photosystem II particles. – BBA-Bioenergetics 850: 380-389, 
1986. 

Petrouleas V., Crofts A.R.: The quinone iron acceptor complex. 
– In: Wydrzynski T., Satoh K. (ed.): Photosystem II: The Light-
Driven Water:Plastoquinone Oxidoreductase. Pp. 177-206. 
Springer, Dordrecht 2005. 

Roose J.L., Frankel L.K., Mummadisetti M.P. et al.: The 
extrinsic proteins of photosystem II: update. – Planta 243: 889-
908, 2016. 

Seidler A.: The extrinsic polypeptides of Photosystem II. – 
Biochim. Biophys. Acta 1277: 35-60, 1996. 

Shen J.-R.: The structure of photosystem II and the mechanism 
of water oxidation in photosynthesis. – Annu. Rev. Plant Biol. 
66: 23-48, 2015. 

Sinclair J.: The influence of anions on oxygen evolution by 
isolated spinach chloroplasts. – Biochim. Biophys. Acta 764: 
247-252, 1984. 

Suga M., Akita F., Hirata K. et al.: Native structure of photo-
system II at 1.95 Å resolution viewed by femtosecond X-ray 
pulses. – Nature 517: 99-103, 2015. 

Suzuki H., Sugiura M., Noguchi T.: Determination of the miss 
probabilities of individual S-state transitions during photo-
synthetic water oxidation by monitoring electron flow in 
photosystem II using FTIR spectroscopy. – Biochemistry 51: 
6776-6785, 2012. 

Suzuki H., Yu J., Kobayashi T. et al.: Functional roles of D2-
Lys317 and the interacting chloride ion in the water oxidation 
reaction of photosystem II as revealed by Fourier transform 
infrared analysis. – Biochemistry 52: 4748-4757, 2013. 

Tomita M., Ifuku K., Sato F. et al.: FTIR evidence that the PsbP 
extrinsic protein induces protein conformational changes 
around the oxygen-evolving Mn cluster in photosystem II. – 
Biochemistry 48: 6318-6325, 2009. 

Uno C., Nagao R., Suzuki H. et al.: Structural coupling of 
extrinsic proteins with the oxygen-evolving center in red algal 
photosystem II as revealed by light-induced FTIR difference 
spectroscopy. – Biochemistry 52: 5705-5707, 2013. 

Umena Y., Kawakami K., Shen J.-R. et al.: Crystal structure of 
oxygen-evolving photosystem II at a resolution of 1.9 Å. – 
Nature 473: 55-60, 2011. 

Vinyard D.J., Ananyev G.M., Dismukes G.C.: Photosystem II: 
The reaction center of oxygenic photosynthesis. – Annu. Rev. 
Biochem. 82: 577-606, 2013. 

Wei X.P., Su X.D., Cao P. et al.: Structure of spinach 



J. KONDO, T. NOGUCHI 

184 

photosystem II-LHCII supercomplex at 3.2 Å resolution. – 
Nature 534: 69-74, 2016. 

Wincencjusz H., Yocum C.F., van Gorkom H.J.: Activating 
anions that replace Cl− in the O2-evolving complex of 

photosystem II slow the kinetics of the terminal step in water 
oxidation and destabilize the S2 and S3 states. – Biochemistry 
38: 3719-3725, 1999. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CZE <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




