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The PsbP protein is an extrinsic subunit of photosystem II (PSII) that is essential for photoautotrophic growth in
higher plants. Several crystal structures of PsbP have been reported, but the binding topology of PsbP in PSII has
not yet been clarified. In this study, we report that the basic pocket of PsbP, which consists of conserved Arg48,
Lys143, and Lys160, is important for the electrostatic interaction with the PSII complex. Our release-
reconstitution experiment showed that the binding affinities of PsbP-R48A, -K143A, and -K160A mutated pro-
teins to PSIIwere lower than that of PsbP-WT, and triplemutations of these residues greatly diminished the bind-
ing affinity to PSII. Even when maximum possible binding had occurred, the R48A, K143A, and K160A proteins
showed a reduced ability to restore the rate of oxygen evolution at low chloride concentrations. Fourier trans-
form infrared resonance (FTIR) difference spectroscopy results were consistent with the above finding, and sug-
gested that these mutated proteins were not able to induce the normal conformational change around the Mn
cluster during S1 to S2 transition. Finally, chemical cross-linking experiments suggested that the interaction be-
tween the N-terminus of PsbP with PsbE was inhibited by these mutations. These data suggest that the basic
pocket of PsbP is important for proper association and interaction with PSII. This article is part of a Special
Issue entitled: Photosynthesis Research for Sustainability: Keys to Produce Clean Energy.

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

The photosynthetic oxygen-evolving reaction is the basis for the
light-to-chemical energy conversion, and is catalyzed by the pigment–
protein complex called photosystem II (PSII) [1]. Much progress has
been made toward determining the structure of the PSII complex
[2–4], and recent X-ray structural analysis of the cyanobacterial PSII
complex at atomic resolution has revealed the exact location of
subunits, pigments, and cofactors, including the exact organization of
the subunits within PSII [5]. The PSII complex is composed of more
than 20 proteins, including both membrane-intrinsic and membrane-
extrinsic subunits. On the thylakoid luminal side of PSII, a metal cluster
consisting of four Mn ions, one Ca2+, and five oxo ligands (the Mn
U, 3-(3,4-dichlorophenyl)-1,1-
l) carbodiimide; FTIR, Fourier
telluride; NSP, N-succinimidyl
nylidene difluoride; PSII, photo-
PAGE, sodium dodecyl sulfate-
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cluster) catalyzes the oxygen-evolving reaction. Additionally, two Cl−

ions are bound near the Mn cluster and act as indispensable cofactors
for the reaction.

The Mn cluster is surrounded by several membrane-extrinsic
subunits within the PSII complex. Together with the loop regions of
several membrane-intrinsic subunits such as D1, D2, CP43, and CP47,
these support the proper assembly and stabilization of the Mn cluster.
This complex is called the oxygen-evolving complex (OEC), and the
membrane-extrinsic subunits are referred to as the OEC proteins.
Although the composition of membrane-intrinsic PSII core subunits is
highly conserved among photo-oxygenic organisms, the composition
of the membrane-extrinsic subunits has undergone significant evolu-
tionary change [6]. Green plants such as higher plants, green algae,
and euglena have a set of three OEC proteins [PsbO (33 kDa), PsbP
(23 kDa), and PsbQ (17 kDa)]. In contrast, cyanobacteria feature PsbV
(Cytochrome (Cyt) c550) and PsbU (12 kDa) instead of PsbP and PsbQ
[7,8]. However, it has been reported that cyanobacteria also possess
PsbP and PsbQ homologs, CyanoP and CyanoQ [9,10]. The current
view is that PsbV and PsbU were lost during evolution, and PsbP and
PsbQ in green plants seem to have evolved from CyanoP and CyanoQ
respectively [11]. The crystal structures of isolated PsbP and PsbQ have
been ascertained using high-resolution X-ray crystallography [12–15],
and locations and binding topologies of PsbP and PsbQ in the green
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plant PSII complex have been proposed [16,17]. However, these
models have not yet been verified, because it has not yet been possible
to identify the crystal structure of the green plant PSII complex.

It has been reported that PsbP, but not PsbQ, is essential for normal
PSII function [18–21]. Recent analysis with Fourier transform infrared
resonance (FTIR) difference spectroscopy has suggested that PsbP
binding induces protein conformational changes around theMn cluster
to modulate the binding properties of Ca2+ and Cl− in PSII [22]. PsbP-
Δ15, in which the N-terminus 15-residues were truncated, did not
have the ability to induce this protein conformational change, and did
not activate the oxygen-evolving reaction of PSII [22,23]. However, the
structure of N-terminus 15-residues of PsbP has not yet been resolved.
Recent chemical cross-linking experiments suggest that PsbP interacts
directly with the Cyt b559 α subunit (the PsbE protein) via its N-
terminus, and that this interaction is affected by mutation of His144,
which is located in the C-terminal domain [24]. Furthermore, FTIR
analysis showed that PsbP-H144A does not induce the conformational
change around the Mn cluster during the S1/S2 transition, nor does it
restore oxygen-evolving activity at low chloride concentration. These
findings suggest that it is important for PsbP to interact cooperatively
with PSII complex via both its N- and C-terminal domains to support
oxygen-evolving activity. However, the nature of the interaction
between the C-terminal domain of PsbP and the PSII complex is still
unclear.

In this study, we investigated the binding topology of the C-terminal
domain of PsbP in the PSII complex, using site-directed mutagenesis
analysis. Crystal structure of PsbP suggests that it has an asymmetric
charge distribution with pronounced positively (basic) and negatively
(acidic) charged surfaces (Fig. 1). In particular, there is a positively
charged (basic) pocket within the C-terminal anti-parallel β-sheet,
which is composed of conserved basic amino acids (Arg48, Lys143,
and Lys160) [12]. These basic residues are located near the His144, sug-
gesting that this basic pocket is involved in functional interaction with
PSII complex. To investigate the importance of these basic amino acid
residues, we created mutated PsbP proteins in which relevant basic
amino acids were substituted with Ala, and used release–reconstitution
experiments followedby FTIR analysis to examine their functional prop-
erties. The results demonstrate that the basic pocket of PsbP consisting
of conserved Arg48, Lys143, and Lys160 is important for its interaction
with PSII complex. Our data provide crucial information about the
binding topology of PsbP in the higher plant PSII complex.
A
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Lys143
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Fig. 1. (A)A structuralmodel of spinachPsbP [PDB_ID: 2VU4].α-helix andβ-strands are shown i
The side chains of the Arg48, Lys143, and Lys160 are shown as stick models. (B) The electrosta
(red) to 5 V (blue).
2. Materials & methods

2.1. Plasmid construction, recombinant protein expression, and purification

The expression plasmids for the mutated PsbP proteins K11A, K13A,
R48A, K143A, K160A, R48A/K143A, and R48A/K143A/K160A were
constructed using a site-directed mutagenesis kit (Agilent). We used
the following primers and associated complementary primers: K11A,
5´-CTGCTAATGTATTCGGGGCGCCAAAGAAAAACACC-3´; K13A, 5´-CTAA
TGTATTCGGGAAGCCAGCGAAAAACACCGAATTCATG-3´; R48A, 5´-CCCT
GGTCAAGTTTTGGCGTACGAGGACAACTTTG-3´; K143A, 5´-GGTGATGA
GGGTGGAGCACACCAAGTAATTG-3´; K160A, 5´-GCTTTACATCTGCGCG
GCTCAAGCTGGAG-3´.

The recombinant WT and mutated PsbP proteins were expressed in
the Escherichia coli strain BL21(DE3) and purified as described by Ifuku
and Sato [25]. The presence of the desired mutation in each recombi-
nant PsbP protein was confirmed using MALDI-TOF mass spectrometry
(Autoflex III; Bruker Daltonics).
2.2. Reconstitution experiments

Spinach oxygen-evolving PSII membranes were prepared using
methods previously reported [26]. Spinach leaves used to isolate PSII
membranes were purchased at a local market. The chlorophyll (Chl)
concentration was calculated using equations described by Arnon [27].
The rate of oxygen-evolving activity in the isolated PSII membranes
was ~562 μmol O2 (mg Chl)−1 h−1. Reconstitution of the recombinant
PsbP protein to NaCl-washed PSII membranes was performed following
the procedure reported by Ido et al. and Kakiuchi et al. [24,28]. To
compare the binding affinities of mutated PsbP proteins with PSII
membranes, reconstitution was performed using PsbP:PSII molar ratios
of 0.25:1, 0.5:1, 1:1, 2:1, 4:1, 8:1, and 10:1. SDS-PAGE separation was
performed using the standard procedure. Gels were stained using
Flamingo (Bio-Rad) and visualized using a fluorescent image analyzer
(FLA-3000; GE Healthcare). The amount of PsbP bound to PSII was
determined by measuring fluorescence intensity using Multi Gauge
Ver. 3.0 (GE Healthcare). The rate of oxygen-evolution was measured
as described by Ido et al. [24]. To measure oxygen-evolving activity in
the presence of various concentrations of Cl−, NaCl was added to the
buffer used for activity measurement.
B

n blue and orange, respectively. TheN (residue 16) andC (residue186) termini are labelled.
tic surface potential of spinach PsbP. Acidic and basic surfaces are color-coded from −5 V



Fig. 2. The binding profiles ofmutated PsbP proteins to NaCl-washed PSII. NaCl-washed PSII
membranes were reconstituted with PsbP-WT (circles), PsbP-R48A (squares), PsbP-K143A
(diamonds), and PsbP-K160A (crosses) in various molar PsbP:PSII ratios, and the amounts
of PSII-bound protein were estimated using SDS-PAGE analysis. A WT:PSII molar ratio of
4:1 was set as 100%; n = 3, error bars = S.D.

Fig. 3. Oxygen-evolving activity and the amount of PSII-bound PsbP in PSII membranes
reconstituted with various PsbP mutant proteins. Reconstitution was performed at a
molar PsbP:PSII ratio of 10:1. The sample “mock” consisted of NaCl-washed PSII
membranes without reconstitution. Oxygen-evolving activity of reconstituted PSII was
measured in the absence of Ca2+ and Cl− (black bars). The rate of oxygen evolution of
WT-reconstituted PSII membranes (442 μmol O2 mg Chl−1 h−1) was set as 100%; n = 3,
error bars = S.D. White bars indicate the extent of binding of PsbP proteins to PSII
membranes. The amount of WT protein bound was set as 100%; n = 3, error bars = S.D.
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2.3. FTIR analysis

FTIR measurements were performed as reported previously
[22,24,28]. PSII samples in the presence of 0.1 mM DCMU were
centrifuged, and the resulting pellet was sandwiched between CaF2
plates. Light-induced S2QA

−-minus-S1QA difference spectra (hereafter
S2QA

−/S1QA spectra) were recorded using an IFS-66/S spectrophotome-
ter (Bruker Optics) equipped with an MCT detector (Infrared D313L,
Bruker Optics) at a resolution of 4 cm−1 [29]. Illumination was provid-
ed by a Q-switched Nd:YAG laser (Spectra-Physics INDI-40-10, 532 nm,
~7 ns full width at half-maximum, ~7 mJ pulse−1 cm−2 at the sample
surface). The sample temperature was adjusted to 250 K in a cryostat
(DN1704, Oxford Instrument) using a controller (ITC-5, Oxford Instru-
ment). Single-beam spectra (150 s scan) were recorded before and
after single-flash illumination and a difference spectrumwas calculated.
Samples were warmed to 285 K to relax the S2QA

− charged pair, and
then cooled down again to 250 K. Measurements were repeated three
to five times for each sample and then averaged.

2.4. Cross-linking experiments

Cross-linking was performed as described by Ido et al. [24]. The
NaCl-washed PSII membranes, at a concentration of 0.5 mg Chl ml−1,
were cross-linked with the recombinant PsbP proteins in cross-linking
buffer (25 mM Hepes-NaOH, pH 7.2, 25 mM CaCl2) using 6.25 mM
EDC and 5 mM N-hydroxysulfosuccinimide (sulfo-NHS). The solution
was incubated for 2 h in darkness, and the reaction was terminated
by adding ammonium acetate to a final concentration of 0.2 M. The
solution was centrifuged for 5 min at 20,400 × g at 4 °C, and the
resulting pellet was subjected to SDS-PAGE. Proteins separated by
SDS-PAGE were transferred to polyvinylidene difluoride (PVDF) mem-
branes and analyzed using specific antibodies. We prepared a rabbit
antibody against PsbP. Rabbit antibody against PsbE was purchased
from Agrisera.

3. Results

3.1. Structure and electrostatic surface potential of PsbP

The crystal structures of PsbP from Nicotiana tabacum (PDB_ID:
1V2B) and from Spinacia oleracea (PDB_ID: 2VU4) have been ascertained
using X-ray crystallography [12,13]. The two structures are similar, and
the structural model of spinach PsbP used in this study is shown in
Fig. 1A. The C-terminal domain of PsbP is composed of an anti-parallel
β-sheet with an α-helix on either side, while the N-terminal domain
has two short β-strands. The structures of the N-terminus 15-residues
and the two loop regions have not yet been resolved. Fig. 1B shows the
electrostatic surface potential of spinach PsbP, obtained using the
PDB2PQR server [30]. PsbP has an asymmetrical charge distribution
with pronounced positively and negatively charged surfaces and also
features a basic pocket with conserved basic amino acids (Arg48,
Lys143, and Lys160). It has been suggested that these basic residues
could be important for the interaction with the PSII complex including
the extrinsic PsbO [12]. To examine the importance of the basic pocket
of PsbP, we produced PsbP mutant proteins (R48A, K143A, and K160A)
and characterized them by release-reconstitution experiments.

3.2. Substitution of conserved Arg48, Lys143, and Lys160 of spinach PsbP
affects binding affinity with the PSII complex

PSII membranes were treated with 1.5 M NaCl to remove native
PsbP and PsbQ proteins. Mutated PsbP proteins were reconstituted
with NaCl-washed PSII membranes at PsbP:PSII molar ratios from
0.25:1 to 10:1 (Fig. 2). PsbP-reconstituted PSII membranes were
washed to remove unbound proteins and subjected to SDS-PAGE
analysis. Quantification of the PsbP bands in SDS-PAGE gels showed
that maximum binding of PsbP-WT to PSII membranes occurred at a
PsbP:PSII molar ratio of approximately 2:1. In contrast, mutated PsbP
proteins required a molar ratio of at least 10:1 to fully bind to PSII
membranes. This suggests that the binding affinities of these mutated
PsbP proteins are weaker than that of the WT protein, and that
conserved Arg48, Lys143, and Lys160 are important for association
with PSII.

We then measured the oxygen-evolving activity of NaCl-washed
PSII membranes reconstituted with mutated PsbP proteins (Fig. 3,
black bars). Oxygen-evolving activity measurement was performed in
the absence of Ca2+ and Cl−. PsbPs with double (PsbP-R48A/K143A)
and triple (PsbP-R48A/K143A/K160A) mutations and mutations in the
N-terminal regions (PsbP-K11A and -K13A) were also prepared and
evaluated. Reconstitution of all PsbP species was performed at a 10:1
PsbP:PSII molar ratio. The oxygen-evolving activity of R48A-, K143A-,
and K160A-reconstituted PSII membranes was significantly lower than
that of WT-reconstituted PSII membranes, although the extent of
binding was almost identical to that of the WT protein (Fig. 3, white

image of Fig.�3
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bars). This indicates that functional interaction between PsbP and PSII
was affected by thosemutations. Furthermore, oxygen-evolving activity
and the extent of binding were proportionately decreased when
the double- and triple-mutated proteins were used. In contrast, the
mutation of Lys11 and Lys13, the other conserved basic residues in
the N-terminal region, did not affect binding or the rate of oxygen-
evolving activity. These results suggest that the basic pocket in the
C-terminal domain of PsbP is important for its functional interaction
with the PSII complex.

3.3. R48A, K143A, and K160A show reduced ability to retain Cl− in PSII

It has been reported that mutation of His144, located near the basic
pocket comprising Arg48, Lys143, and Lys160, leads to a reduced ability
in PSII to retain Cl− [24]. We therefore examined the dependence of
the oxygen-evolving activity of WT-, R48A-, K143A-, and K160A-
reconstituted PSII membranes on Cl− concentration (Fig. 4). Mutated
PsbP proteins were reconstituted with NaCl-washed PSII membranes
at a PsbP:PSII molar ratio of 10:1, and oxygen-evolving activity was
measured in the presence of various concentrations of Cl−. The maxi-
mum rate of oxygen evolution of WT-reconstituted PSII membranes
was achieved at approximately 2 mM Cl−, and greater concentrations
of Cl− gradually decreased this rate. In contrast, the maximum rates
of R48A-, K143A-, and K160A-reconstituted PSII membranes were
achieved at 10 mM Cl−. These data suggest that while R48A, K143A,
and K160A proteins can bind to the PSII complex with a lower affinity,
they lose the ability to suppress the Cl− requirement of oxygen-
evolving activity in PSII.

Recent studies using FTIR spectroscopy suggested that reconstitu-
tion of PSII membranes with PsbP restores the conformational change
around theMn cluster, and that this conformational recovery is relevant
to Cl− binding in PSII [22,24]. Because the ability to retain Cl− in PSII is
affected by R48A, K143A, and K160A mutations, FTIR spectroscopy was
applied to examinewhether they are able to restore the conformational
change. Fig. 5 shows the S2QA

−/S1QA difference spectra of untreated,
NaCl-washed, and PsbP (WT or mutants)-reconstituted PSII mem-
branes. It has already been shown that the effects of extrinsic proteins
on the S2QA

−/S1QA spectra are basically identical to those on the S2/S1
spectra [22,24], and hence the conformational changes around the Mn
cluster can be detected by this measurement. When PsbP and PsbQ
were removed from PSII membrane by washing with NaCl, the spectra
features in the 1700–1600 cm−1 region were significantly altered
Fig. 4. The dependence of oxygen-evolving activity of WT-, R48A-, K143A-, and K160A-
reconstituted PSII on Cl– concentration. The oxygen-evolving activity of WT- (circles),
R48A- (squares), K143A- (diamonds), and K160A- (crosses) reconstituted PSII was measured
in the presence of concentrations of Cl− from0–20 mM. The rate of oxygen evolution ofWT-
reconstituted PSIImembranes in the presence of 20 mMCl−was set as 100% (339–380 μmol
O2 mg Chl−1 h−1, measured in independent experiments); n = 3, error bars = S.D.
without large changes in other regions (Fig. 5Ab) [22]. Bands in this
region arise from the amide I vibrations (C = O stretches of backbone
amides) of polypeptide main chain, and hence the spectral changes in-
dicate the dissociation of PsbP and PsbQ triggered the conformational
changes around the Mn cluster. These changes in the amide I region
are expressed more clearly in an untreated-minus NaCl-washed double
difference spectrum (Fig. 5Ba). When PsbP-WT was reconstituted,
amide I bands recovered (Figs. 5Ac, 5Bb), whereas reconstitution of
K143A and K160A did not recover the bands (Fig. 5Ad, e, and Fig. 5Bc,
d) and the spectra were similar to those of NaCl-washed PSII mem-
branes (Figs. 5Ab and 5Ba). The R48A partially recovered the amide I
bands, although some changes were still observed (Figs. 5Af and 5Be).
These data suggest that binding of R48A-, K143A-, and K160A-
mutated PsbP proteins does not properly restore the protein conforma-
tions around theMn cluster, which are required for Cl− retention in PSII.
The smaller effect of R48Amutationmay indicate that themanner of in-
teraction of Arg48 is rather different from that of Lys143 and Lys160.

3.4. R48A, K143A, and K160Amutations affect the interaction between PsbP
and PsbE

The exact binding site of PsbP to the green plant PSII complex has not
yet been elucidated, although it has been reported that PsbP interacts
with PsbE, a cytochrome b559 α subunit of the PSII complex [24,31].
PsbP interacts with PsbE via its N-terminus, which is important for ion
retention in PSII. To examine whether the Arg48, Lys143, and Lys160
mutations affect the interaction between PsbP and PsbE, chemical
cross-linking experiments using EDC and sulfo-NHS were performed
(Fig. 6). EDC, a zero length cross-linker, cross-links a primary amine
and a carboxyl group that are electrostatically associated. Sulfo-NHS
stabilizes the intermediate products of cross-linking and increases EDC
cross-linking efficiency. SDS-PAGE analysis followed by immunoblot-
ting showed that the quantities of PsbP-PsbE cross-linked product at
approximately 33 kDa were significantly decreased in the R48A-,
K143A-, and K160A-reconstituted PSII compared with WT-reconstituted
PSII membranes. This confirms that the mutation of conserved Arg48,
Lys143, and Lys160 on PsbP impairs the interaction between the N-
terminus of PsbP and PsbE.

4. Discussion

This study provides crucial information about the binding topology
of PsbP protein in the higher plant PSII complex. The mutational analy-
ses showed that PsbP-R48A, -K143A, and -K160A mutant proteins
exhibited lower binding affinities with PSII membranes (Fig. 2), and
that double and triple mutations of these residues proportionately
lowered the binding affinity with PSII (Fig. 3). In addition, the R48A,
K143A, and K160A mutant proteins lost the ability to retain Cl−

required for oxygen-evolving activity in PSII (Fig. 4), and FTIR analysis
suggested that thesemutated proteins did not induce proper conforma-
tion around the Mn cluster, which would retain Cl− in PSII (Fig. 5).
Furthermore, cross-linking experiments with zero-length cross-linker
EDC showed that interaction between the N-terminus of PsbP and the
cytochrome b559 α subunit (PsbE) was inhibited in the mutated PsbP
proteins (Fig. 6). These data strongly indicate that the basic pocket on
PsbP, consisting of conserved Arg48, Lys143, and Lys160, is important
for functional interaction with the PSII complex.

Tohri et al. suggested that positively charged lysyl residues in PsbP
are important for electrostatic interaction with PSII by chemical modifi-
cation with N-succinimidyl propionate (NSP), which modifies primary
amino groups [32]. They surmised that Lys11, Lys13, Lys33, Lys38,
Lys143, Lys166, Lys170, and Lys174 of PsbP would be involved in the
interaction with PSII. In this report, we suggest that Arg48 and Lys160
of PsbP are also involved in the functional association with the PSII
complex. Lys160 would not be modified by NSP, probably since it is
located inside the basic pocket in the PsbP structure. We recently

image of Fig.�4


Fig. 5. (A) S2QA
−/S1QA FTIR difference spectra of untreated (a, black line), NaCl-washed (b, red line) and PsbP-reconstituted (c–f, red lines) PSII membranes. The spectrum of the untreated

PSIImembrane is also shownoverlapping the spectra of the treated samples (b–f, black lines). PSIImembraneswere reconstitutedwithWT- (c), K160A- (d), K143A- (e), and R48A- (f) PsbP
proteins. (B) Untreated-minus-treated double difference spectra of the S2QA

−/S1QA FTIR spectra in the amide I region. (a) NaCl-washed (PsbP and PsbQ-depleted) PSII. (b–e) PSII
reconstituted with WT- (b), K160A- (c), K143A- (d), and R48A- (e) PsbP.
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reported that mutation of His144 affects the interaction between the N-
terminus of PsbP and PsbE aswell as the ability to induce proper confor-
mational change around the Mn cluster to retain Cl− in PSII [24].
Because similar results were observed in PSII reconstituted with R48A,
K143A, and K160A, it is reasonable to consider that the local structures
*

Fig. 6.Cross-linking of PsbPmutant proteinswith PSII membranes, using EDC and sulfo-NHS. Na
corresponding to 2 μg Chl were loaded onto each lane and detected with antisera against PsbP
Original positions of PsbP (23 kDa) and PsbE (9 kDa) are indicated by asterisks.
around the conserved basic amino acid residues (Arg48, Lys143, Lys160,
and His144) are involved in the association with the PSII complex. It is
also likely that they have a role in keeping the N-terminus of PsbP in
exactly the right position in PSII to induce proper conformation around
the Cl− binding site. On the other hand, we showed that themutation of
*

Cl-washed PSIImembraneswere cross-linkedwithWT, R48A, K143A, andK160A. Proteins
or PsbE. Arrows around 33 kDa indicate the cross-linked peptide including PsbP and PsbE.
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Lys11 and Lys13, conserved in the PsbP's N-terminal domain, did not
affect the interaction with the PSII complex (Fig. 3), while previous
analysis using N-terminal truncated mutants suggested that Lys11 and
Lys13 could be involved in the interaction with the PSII complex [33].
This suggests that Lys11 and Lys13 are dispensable when the overall
structure of the N-terminal region is preserved.

We compared the electrostatic surface potentials of PsbP
from Spinacia oleracea and CyanoP [34], and PsbV [35] from
Lys143 Arg48

Lys160

Arg141

Lys47

Lys103
Arg105

A

B

C

Fig. 7. Molecular surfaces and electrostatic potentials of (A) PsbP from Spinacia oleracea [13],
surface potentials were obtained from the PDB2PQR server [30]. The molecules are rotated an
are color-coded from −5 V (red) to 5 V (blue).
Thermosynechococcus elongatus, obtained from the PDB2PQR serv-
er (Fig. 7). CyanoP has an almost exclusively negatively charged
surface, which is completely different from higher plant PsbP
(Fig. 7A, B). Furthermore, the local structure around the basic
pocket in the spinach PsbP structure is different from that of
CyanoP. In the CyanoP structure, the relevant surface looks like
a “cleft” rather than a “pocket”, which suggests that it binds to
PSII complex with a different, unknown binding partner [36]. A
Lys47

Lys103

and (B) CyanoP and (C) PsbV from Thermosynechococcus elongatus [34,35]. Electrostatic
ticlockwise by 90° and 180° around a vertical axis (left to right). Acidic and basic surfaces



1453T. Nishimura et al. / Biochimica et Biophysica Acta 1837 (2014) 1447–1453
comparison of the amino acid sequences of PsbP homologs shows
that Arg48 and Lys160 in PsbP are not conserved, while Lys143 is
substituted for Arg in CyanoP [37]. It is suggested that CyanoP
possesses a lipid moiety on its N-terminus to anchor itself to
the thylakoid membranes [10], and its association with thylakoid
membranes is sensitive to detergent treatment [38] but resistant
to high-salt or alkaline Tris treatment in Synechocystis sp. PCC
6803 [39]. This suggests that the interaction between CyanoP
and the PSII complex is not electrostatic, and the mechanism of
the interaction of CyanoP with PSII is quite different from that
of higher plant PsbP.

In contrast, PsbV has an asymmetric charge distribution on its sur-
face, and interacts with the PSII complex via its positively charged sur-
face in cyanobacterial PSII structure (Fig. 7C). In the T. vulcanus PSII
complex, PsbV is located on the luminal side of the membrane-
intrinsic proteins D1 and CP43, and extends its N-terminus toward
PsbE [5]. In the interface with CP43, PsbV has conserved basic amino
acid residues (Lys47 and Arg105) that seem to associate with CP43
[40]. In addition, Lys103 in PsbV appears to participate in a charge–
pair interactionwith Glu83 of CP43, although this lysyl residue is not al-
ways conserved in other cyanobacterial species. These facts suggest that
the nature of the interaction seems to be conserved between PsbP and
PsbV, and that PsbP may take the place of PsbV in cyanobacterial PSII
complex. The localization of PsbP in the CP43 side of the PSII monomer
is inconsistent with recent proposals locating PsbP on the D2-CP47 side
[17,41]. Indeed, we recently detected an interaction between PsbP and
CP43 in spinach PSIImembranes (K. Ifuku, unpublished results). Further
elucidation of the exact binding sites of CyanoP and PsbP in the
PSII complex will provide valuable information about the evolutionary
relationships among PsbP, CyanoP, and PsbV.
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