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Background: PsbP is an extrinsic subunit of photosystem II in green plants.
Results: H144A mutation in PsbP alters the chloride requirement and affects the interaction between its N terminus and the

PsbE component of photosystem II.

Conclusion: The N- and C-terminal domains of PsbP cooperate to support PSII activity.
Significance: This provides important information about the binding characteristics of PsbP in green plant PSIIL.

The PsbP protein regulates the binding properties of Ca>* and
Cl7, and stabilizes the Mn cluster of photosystem II (PSII); how-
ever, the binding site and topology in PSII have yet to be clarified.
Here we report that the structure around His-144 and Asp-165 in
PsbP, which is suggested to be a metal binding site, has a crucial
role for the functional interaction between PsbP and PSII. The
mutated PsbP-H144A protein exhibits reduced ability to retain
Cl™ anions in PSII, whereas the D165V mutation does not affect
PsbP function. Interestingly, H144A/D165V double mutation sup-
presses the effect of H144A mutation, suggesting that these residues
have a role other than metal binding. FTIR difference spectroscopy
suggests that H144A/D165V restores proper interaction with PSII
and induces the conformational change around the Mn cluster during
the S,/S, transition. Cross-linking experiments show that the H144A
mutation affects the direct interaction between PsbP and the Cyt b5,
« subunit of PSII (the PsbE protein). However, this interaction is
restored in the H144A/D165V mutant. In the PsbP structure, His-
144 and Asp-165 form a salt bridge. H144A mutation is likely to
disrupt this bridge and liberate Asp-165, inhibiting the proper
PsbP-PSII interaction. Finally, mass spectrometric analysis has
identified the cross-linked sites of PsbP and PsbE as Ala-1 and Glu-
57, respectively. Therefore His-144, in the C-terminal domain of
PsbP, plays a crucial role in maintaining proper N terminus inter-
action. These data provide important information about the bind-
ing characteristics of PsbP in green plant PSIIL

Photosystem II (PSII)* consists of both membrane-intrinsic
and membrane-extrinsic subunits, and functions as a water/
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plastoquinone oxidoreductase (for reviews, Refs. 1-4). On the
thylakoid lumenal side of PSII, a metal cluster of four Mn ions,
one Ca®" ion, and five oxo ligands (the Mn cluster) catalyzes the
oxygen-evolving reaction. Additionally, two Cl~ ions are bound
near to the Mn cluster (5). The membrane-intrinsic subunits of
PSII are involved in pigment and/or cofactor binding for pho-
tochemical reactions, while the membrane-extrinsic subunits
surround the catalytic Mn cluster and play crucial roles in sta-
bilizing the Mn cluster and retaining the PSII cofactor ions
(6-38).

X-ray structural analysis of the cyanobacterial PSII complex
at atomic resolution has revealed the location of subunits, pig-
ments, and cofactors, including the exact organization of the
subunits within PSII (5, 9-11). However, the crystallographic
information gained from the study of cyanobacterial PSII can-
not necessarily be applied in the context of other eukaryotes
because of the differences in PSII subunit composition. In par-
ticular, the composition of the PSII extrinsic subunits has
undergone significant evolutionary changes; green plants, such
as higher plants, green algae, and euglena have a set of 3 extrin-
sic proteins, namely PsbO (33 kDa), PsbP (23 kDa), and PsbQ
(17 kDa). Alternatively, cyanobacteria have PsbV and PsbU
instead of PsbP and PsbQ (12, 13). In cyanobacteria, the PsbP
and PsbQ homologs (CyanoP and CyanoQ, respectively) are
present (14, 15), but they are not included in the current struc-
tural models. The PsbP and PsbQ proteins in green plants seem
to have evolved from their cyanobacterial homologs, although
considerable genetic and functional modifications seem to have
occurred to generate the eukaryote-type PsbP (16, 17). The
locations and binding topologies of PsbP and PsbQ in the green
plant PSII complex have been proposed (17, 18), but this model
has not yet been clarified.

PsbP and PsbQ are responsible for the retention of Ca®** and
Cl™ within PSII (for a review, see Ref. 8). Recent FTIR difference
spectroscopy suggests that the protein conformational changes
around the Mn cluster, which are induced by PsbP binding,

JOURNAL OF BIOLOGICAL CHEMISTRY 26377


http://www.jbc.org/cgi/content/full/M112.385286/DC1

The Functional Role of the His-144 of PsbP in Photosystem Il

modulate the binding properties of Ca®>" and Cl~ in PSII (19,
20). Truncation of the PsbP N terminus by 15 residues resulted
in a loss of the protein Ca®>* and Cl™ retention ability (21). In
addition, we have recently reported that His-144, a highly con-
served residue in PsbP and CyanoP, was important for the ion
retention ability (20). However, the functional role of His-144
has not been elucidated.

X-ray crystal structural analyses suggest that the C-terminal
domain of the PsbP protein from Nicotiana tabacum (PDB:
1V2B) and the CyanoP protein from Thermosynechococcus
elongatus (PDB: 2XB3) have a similar o/ 8/« structure, which is
characteristic of the PsbP superfamily (22, 23). The crystal
structure of spinach PsbP (PDB: 2VU4) has been recently
reported (24). Interestingly, the structure of spinach PsbP has
one Zn>" ion that is ligated to the Asp-165 and His-144 resi-
dues in the C-terminal domain. This Zn?"-binding domain is
conserved in the structure of CyanoP. PsbP has been reported
to bind Mn*" ion, and the metal-binding site has been sug-
gested to be around the His-144, Asp-165, and Glu-177 resi-
dues (25, 26). The structural conservation may indicate the
importance of metal binding for the function of PsbP and
CyanoP. However, it is also possible that Zn>* binding to the
PsbP protein is an artifact, due to the conditions during the
crystallization process. Therefore, further research is required
to determine the importance of metal binding for the function
of PsbP in PSIIL.

In this study we characterized PsbP mutants to analyze how
His-144 is involved in the functions of PsbP. We produced three
PsbP mutant proteins: PsbP-H144 A (H144A), wherein the con-
served His-144 residue was substituted with Ala, PsbP-D165V
(D165V), in which the Asp-165 residue was substituted with
Val, and a mutant containing both substitutions, PsbP-H144A/
D165V (H144A/D165V). The functional properties of the
mutated PsbP proteins were studied by conventional release-
reconstitution experiments and FTIR analyses. In addition,
interaction between PsbP and PSII was investigated using a
chemical cross-linker, a water-soluble carbodiimide, 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC). The results
obtained from these investigations suggest that metal-binding
is not required for PsbP function, and that PsbP structure
around the His-144 and Asp-165 residues plays a crucial role in
maintaining the protein functional interaction with PSIL
Finally, cross-linking experiments show that PsbP directly
interacts with the cytochrome (Cyt) b, a subunit (the PsbE
protein) via its N terminus, and that this interaction is affected
by H144A mutation.

EXPERIMENTAL PROCEDURES

Plasmid Construction, Recombinant Protein Expression, and
Purification—The expression plasmids for the mutated PsbP
proteins H144A, D165V, and H144A/D165V were constructed
using a site-directed mutagenesis kit (Stratagene) with the
designed primers 5'-GGTGATGAGGGTGGAAAAGCCCA-
AGTAATTGCAGCGACTG-3', 5'-GCTCAAGCTGGAGTC-
AAGAGATGGTTC-3', and their respective complementary
primers. The expression plasmid for A186C, in which Ala-186
is substituted with Cys, was constructed with the designed
primer pair 5'-GGGAATTCCATATGGCCTATGGAG-
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AAG-3"and 5'-GGTTAACGAGCTCTTAACAAACACTGA-
AAGAACTGG-3'. The recombinant WT and mutated PsbP
proteins were expressed in the Escherichia coli strain BL21
(DE3) and purified, as previously reported (27). A186C was
labeled with maleimide-PEG2-biotin (Pierce) according to the
manufacturer’s protocol. The presence of the desired mutation
in each recombinant PsbP and maleimide-PEG2-biotin labeling
was confirmed by MALDI-TOF mass spectrometry (Autoflex
III, Bruker).

Reconstitution of the PsbP Protein to NaCl-washed PSII, and
Measurement of Oxygen-evolving Activity—Oxygen-evolving
PSII membranes of spinach were prepared as reported previ-
ously (28). The chlorophyll (Chl) concentration was calculated
from the equations described in Ref. 29. The activity of isolated
PSII membranes was ~480 umol O,/mg Chl/h. The reconsti-
tution of PsbP to NaCl-washed PSII membranes and the mea-
surement of O, evolution were performed according to a pro-
cedure reported elsewhere (27, 30) with a slight modification:
To stabilize the interaction of the extrinsic proteins and the
NaCl-washed PSII membranes, 0.4 M sucrose was replaced with
2 M betaine in the reconstitution buffer (25 mm Mes-NaOH, pH
6.5, 2 M betaine, 20 mm CaCl,) and in the activity measurement
buffer (25 mm Mes-NaOH, pH 6.5, 2 M betaine). PsbP was
reconstituted with PSII in molecular ratio of 2:1 (PsbP:PSII),
unless otherwise noted. To measure the oxygen-evolving activ-
ity in the presence of Ca>" or ClI~, Ca(OH),, or NaCl was added
to the buffer used for activity measurements, respectively. The
SDS-PAGE gels were stained using Flamingo (Bio-Rad) and
visualized using a fluoro image analyzer FLA-3000 (FUJIFILM).
The amount of protein bound to PSII was determined by mea-
suring the fluorescence intensity with the software Multi Gauge
Ver 3.0 (EUJIFILM).

FTIR Analysis—Preparation of membrane samples and FTIR
measurements were performed as reported previously (19),
except that S,Qj -minus-S,Q, difference spectra (hereafter
termed S,Q, /S;Q, difference spectra) were analyzed, instead
of the S,/S, difference spectra, as in the previous study. This
modification was introduced to avoid the effect of potassium
ferricyanide, which can act as an exogenous electron acceptor,
on PsbP and PsbQ binding. The PSII samples in the presence of
0.1 mm DCMU were centrifuged, and the resulting pellet was
sandwiched between the CaF, plates. Light-induced S,Q,/
S,Q, FTIR difference spectra were recorded using a Bruker
IFS-66/S spectrophotometer equipped with an MCT detector
(Infrared D316/8) at a resolution of 4 cm ™~ * (31). Illumination
was performed using a Q-switched Nd:YAG laser (Quanta-Ray
GCR-130, 532 nm, ~7 ns full width at half-maximum, ~7 m]
pulse ' cm™ 2 at the sample surface). Single-beam spectra (150
s scan) were recorded before and after single-flash illumination,
providing a difference spectrum via subtraction of the initial
spectrum from the spectrum obtained after illumination. The
measurements were repeated three to five times for each sam-
ple. The samples were warmed to 285 K to relax the S, state, and
then cooled again to 250 K. One to two samples were used for
the measurements, and the obtained spectra were averaged.

Cross-linking Experiments—NaCl-washed PSII membranes,
at a concentration of 0.5 mg Chl/ml were cross-linked with the
recombinant PsbP proteins in the cross-linking buffer (25 mm
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Hepes-NaOH, pH 7.2, 25 mm CaCl,) by 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 termi-
nated by adding ammonium acetate to a final concentration of
0.2 M. The solution was centrifuged for 5 min at 20,400 X g at
4 °C, and the pellet was subjected to SDS-PAGE. Proteins sep-
arated by SDS-PAGE were transferred to PVDF membranes
and analyzed by immunoblotting using specific antibodies. To
cross-link the carboxyl groups on the NaCl-washed PSII and
the primary amines on the PsbP, NaCl-washed PSII was treated
with 6.25 mm EDC and 5 mm sulfo-NHS in activation buffer (25
mM Mes-NaOH pH 6.0, 500 mm NaCl) for 15 min in darkness,
and then centrifuged for 5 min at 20,400 X g at 4 °C. The pellet
was washed once with the cross-linking buffer and the activated
PSII was subsequently incubated with PsbP in the cross-linking
buffer without EDC or sulfo-NHS for 2 h in darkness.

Rabbit antibodies against PsbP and D1 were prepared by the
authors. Rabbit antibody against PsbO was provided by the late
Dr. A. Watanabe of Tokyo University. Anti-CP47 rabbit anti-
body was provided by Dr. A. Tanaka of Hokkaido University,
while rabbit antibody against CP43 was a gift from Dr. Y.
Kashino of Hyogo Prefectural University. Rabbit antibodies
against D2, PsbR and PsbE were purchased from Agrisera.

Purification of Cross-linked Products—PSII membrane cross-
linked with A186C labeled with maleimide-PEG2-biotin was
solubilized in 100 mm Hepes-NaOH pH 7.2, 150 mm NaCl, 2%
n-octyl-B-p-glucoside and incubated with Strep-Tactin Sep-
harose (IBA) at 4 °C for 1 h. The resin was washed three times
with 100 mm Hepes-NaOH pH 7.2, 150 mm NaCl and 1% SDS at
room temperature for 10 min. The proteins bound to the resin
were eluted by boiling the resin in SDS-PAGE sample buffer
(62.5 mm Tris-HCI pH 6.8, 10% (v/v) glycerol, 2.5% (w/v) SDS,
2.5% (v/v) 2-mercaptoethanol) at 90 °C for 10 min, and used for
subsequent analysis.

MS Analysis—The purified proteins were separated by SDS-
PAGE and subjected to in-gel digestion with Mass Spec Grade
Modified Trypsin (Promega). The peptides were extracted and
loaded on a column (100 wm internal diameter, 15 cm length;
L-Column, CERI) using a Paradigm MS4 HPLC pump
(Michrom BioResources) and an HTC-PAL autosampler (CTC
Analytics). Buffers were (A) 0.1% (v/v) acetic acid and 5% (v/v)
acetonitrile in water and 0.1% (v/v) acetic acid, and (B) 90% (v/v)
acetonitrile in water. A linear gradient of buffer B from 5% to
45% was employed, and peptides eluted for 26 min from the
column were introduced directly into an LTQ-Orbitrap XL
mass spectrometer (Thermo Fisher Scientific) with a flow rate
of 200 nl min~* and a spray voltage of 2.0 kV. The range of the
mass spectrometric scan was a mass-to-charge ratio of 450 to
1,500, and the top three peaks were subjected to tandem mass
spectrometry analysis.

Search for Cross-linked Sites—Thermo RAW files were con-
verted to mzXML files with MM File Conversion Tools (www.
massmatrix.net). Cross-linked peptides and cross-liked sites
were identified with the MassMatrix Data base Search Engine
(32). The settings were as follows: enzyme, trypsin, no P rule;
decoy database, reversed; missed cleavages, 4; variable modifi-
cations, oxidation of M, amidation of DE, carbamidomethyl of
C; precursor ion tolerance, 10 ppm; product ion tolerance, 0.8
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FIGURE 1. Comparison of the PsbP structures of spinach (PDB ID: 2VU4;
A) and tobacco (PDB ID: 1V2B; B). a-Helices and B-strands are shown in blue
and orange, respectively. The side chains of the His-144, Asp-165, and Glu-177
residues are shown as stick models. A Zn** ion is shown as a magenta sphere.
Da; maximum number of PTM per peptide, 2; mass type,
monoisotopic; minimum peptide length, 5; maximum peptide
length, 40; cross link, EDC; cross link mode, exploratory; cross
link site cleavability, non-cleavable by enzyme or not applica-
ble; maximum number of cross links per peptide, 2.

RESULTS

Introduction of the D165V Mutation to the H144A Mutant
PsbP Protein Restored Cl~ Retention Ability—Fig. 1 shows the
structural models of spinach PsbP (A, PDB ID: 2VU4) and of
tobacco PsbP (B, PDB ID: 1V2B). In the spinach PsbP model a
Zn>" jon is ligated through the His-144 and Asp-165 residues,
while the tobacco PsbP crystallizes in the absence of Zn>* ions
(22, 33). The Glu-177 residue was speculated to be a metal-
binding residue (26); however, its distance from the Zn>" ion is
relatively far (~11 A)in spinach PsbP. In tobacco PsbP, His-144
is likely to form a salt bridge (~3.6 A) with the carboxyl group of
Asp-165. The spinach and tobacco PsbP structures are very
similar, with a low root mean square deviation value (~1.6 A),
indicating that the binding of Zn>" does not cause major struc-
tural changes to PsbP.

Recombinant WT and the mutated PsbP proteins H144A,
D165V, and H144A/D165V expressed in Escherichia coli were
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FIGURE 2. The oxygen-evolving activity of PSIl reconstituted with WT,
H144A, D165V, and H144A/D165V respectively, and the binding ability
of these PsbP proteins to PSIl. A, oxygen-evolving activity was measured in
the absence of Ca®>" and Cl~ ions. WT-reconstituted PSll activity (216 wmol
0O,/mg Chl/h) was set at 100%. n = 3, error bars = S.D. B, the quantities of the
PSlI-bound PsbP following reconstitution were quantified from the intensity
of the fluorescence in the SDS-PAGE gel. The band intensity in the mock lane
was subtracted from the intensity of each test lane. The intensity of the WT
was set at 100%; n = 3, error bars = S.D. C, binding profiles of WT (squares,
black line) and H144A (triangles, gray line) to NaCl-washed PSII. PSIl was recon-
stituted with WT or H144A in various molecular PsbP:PSll ratios, and the
amount of PSIl-bound PsbP was quantified as in B. The intensity of WT:PSIl =
4:1 was set at 100%; n = 4, error bars = S.D.

purified to metal-free forms. The absence of any divalent cat-
ions was confirmed by inductively coupled plasma mass spec-
trometry (data not shown). We then performed conventional
release-reconstitution experiments to determine whether these
PsbP variants could restore the oxygen-evolving activity of the
NaCl-washed PSII and bind to PSIL. The oxygen-evolving activ-
ity was measured in the absence of Ca®>* and Cl~ ions. The
oxygen-evolving activity of the H144A-reconstituted PSII was
about 55% of that of WT-reconstituted PSII (Fig. 24), while
D165V-reconstituted PSII showed activity comparable to that
of WT-reconstituted PSII Intriguingly, H144A/D165V-recon-
stituted PSII also showed activity comparable to that of WT-
reconstituted PSII. Quantification of the PsbP bands in the
SDS-PAGE gels showed that similar amounts of PsbP were
bound in the WT-, H144A-, D165V-, and H144A/D165V-re-
constituted PSII, suggesting that these mutations did not affect
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FIGURE 3. A, effect of Ca?* and Cl~ ions on the oxygen-evolving activity of
WT- and H144A-reconstituted PSII. Activity was measured in the absence of
Ca?" and CI~ (white bars), and in the presence of 10 mm Ca®" (dark gray bars),
20 mm CI™ (light gray bars), and 10 mm CaCl, (black bars). WT-reconstituted
PSll activity measured in the absence of Ca?* and Cl~ (289 umol O,/mg Chi/h)
was set at 100%; n = 3, error bars = S.D. B, effect of CI~ concentration on the
oxygen-evolving activity of WT- (squares) and H144A- (triangles) reconsti-
tuted PSII. The activity was measured in the absence of Ca®*. The activity of
WT-reconstituted PSIl measured in 20 mm Cl~ (250-334 umol O,/mg Chi/hin
the independent experiments) was set at 100%; n = 3-4, error bars = S.D.

o
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the ability of PsbP to bind to PSII (Fig. 2B). We also analyzed the
importance of Glu-177 for PsbP function. Both the oxygen-
evolving activity and the amount of PsbP bound to the PSII of
the E177V-reconstituted PSII were similar to those of the WT-
reconstituted PSII, indicating that Glu-177 is not essential for
the ion retention and binding ability of PsbP (supplemental Fig.
S1). These results suggest that the metal binding around His-
144 and Asp-165 is not essential for PsbP function.

To compare the binding ability of the WT and H144A PsbP
proteins more precisely, reconstitution experiments were per-
formed with various PsbP:PSII ratios. As shown in Fig. 2C, the
WT and H144A PsbP proteins bound to PSII in a very similar
manner when the reconstitution was performed with PsbP:PSII
ratios from 0.25:1 to 2:1, indicating that the specific manner
with which PsbP binds to PSII and the affinity of this binding is
not affected by H144A mutation. Alternatively, when PsbP was
reconstituted with a PsbP:PSII ratio of 4:1, the binding affinity
of the H144A protein appeared greater than that of the WT.
This may suggest that H144A binds to PSII in a nonspecific
manner when an excess amount of H144A is present.

To evaluate the effect of the H144A mutation on the Ca®>"
and Cl™ retention ability of PsbP separately, the oxygen-evolv-
ing activity of WT- and H144A-reconstituted PSII was mea-
sured under four conditions: in the presence of 10 mm Ca**, in
the presence of 20 mm Cl 7, in the presence of 10 mm CaCl,, and
in Ca>"- and Cl ™ -free conditions (Fig. 34). Addition of 10 mm
Ca®" did not restore the oxygen-evolving activity of H144A-
reconstituted PSII when compared with the activity in the
absence of Ca”>* and CI™. In contrast, addition of 20 mm Cl~
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FIGURE 4. A, S,Q,/S,Q, FTIR difference spectra in the amide | region (1700 -
1600 cm ") of the NaCl-washed (a, red line) and PsbP-reconstituted (b-e, red
lines) PSIlmembranes. The spectra of the untreated PSll particles are shown in
black. PSIl particles were reconstituted with WT (b), H144A (c), D165V (d), and
H144A/D165V (e) PsbP proteins, respectively. B, untreated minus NaCl-
washed (a) or PsbP-reconstituted (b-e) double difference spectra of S,Q,/
S,Q, FTIR spectra in the amide | region. b—e: WT, H144A, D165V, and H144A/
D165V-reconstituted PSII, respectively.

significantly increased the activity of H144A-reconstituted PSII
to about 80% of that of the WT. The activities of WT- and
H144A-reconstituted PSII measured in the presence of 10 mm
CaCl, was comparable to the activity measured in the presence
of 20 mm Cl™. We then examined the dependence of the oxy-
gen-evolving activity of WT- and H144A-reconstituted PSII on
Cl™ concentration (Fig. 3B). The maximum activity of WT-
reconstituted PSII occurred at 1.25 mm Cl ™. Higher concentra-
tions of Cl~ gradually decreased the activity. In contrast, the
maximum activity of H144A-reconstituted PSII occurred at 10
mM Cl ™. These data suggest that the His-144 in PsbP is required
to suppress the Cl™ requirement of PSII for oxygen-evolving
activity.

D165V Mutation of the H144A Mutant PsbP Protein Restored
the Ability of the Protein to Induce Conformational Change
around the Mn Cluster—FTIR spectroscopy suggests that the
reconstitution of PsbP restored the conformational change
around the Mn cluster, and that this conformational recovery is
related to the ability of PSII to retain Ca®>* and/or CI™ (19). We
have recently reported that H144A cannot restore this confor-
mational change (20). Because H144A showed a defect in C1™
retention in PSII, the conformational change induced by PsbP
would be relevant to CI~ binding in PSII. We then examined
whether D165V and H144A/D165V could also restore the con-
formational change around the Mn cluster.

Fig. 4 shows the S,Q,/S,Q, difference spectra of the
untreated, NaCl-washed, and PsbP WT- or mutant-reconsti-
tuted PSII membranes. Only the bands in the 1700 -1600 cm ™!
region that arise from the amide I vibrations (C=O stretches of
backbone amides) of the polypeptide main chain are shown, as
the changes in the other spectral regions were marginal as
reported previously (19). When PsbP and PsbQ were released
from PSII by washing with NaCl, the shape of the amide I bands
changed from that of the untreated PSII, indicating that the
dissociation of PsbP and PsbQ triggered the conformational
change around the Mn cluster (Fig. 44, curve a). These changes
are expressed more clearly in an untreated-minus-NaCl-
washed double-difference spectrum (Fig. 4B, curve a). Recon-
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stitution of H144 A did not restore the spectral changes, and the
spectrum obtained was very similar to that obtained from
NaCl-washed PSII (Fig. 4, A and B, curve c), indicating that
H144A could not properly restore the conformational change.
Alternatively, reconstitution of WT, D165V, and H144A/
D165V to NaCl-washed membranes restored the spectra, pro-
ducing spectra similar to that of untreated PSII (Fig. 4, A and B,
curves b, d, and e), indicating that WT, D165V, and H144A/
D165V can induce proper conformational recovery during the
S,—S, transition of the Mn cluster. This suggests that H144A/
D165V restores functional interaction between PsbP and PSII,
which is required for Cl™ retention in PSII.

The PsbP Protein Is Directly Associated with PsbE—OQOur cur-
rent data suggest that the C-terminal domain of PsbP, particu-
larly the structure around the His-144 residue, is important for
protein functional interaction with PSII. It has been suggested
that PsbP associates with PSII via PsbO in higher plants (34).
However, it can be deduced that the amide I bands perturbed by
PsbP dissociation originate from the intrinsic subunits of PSII,
as opposed to PsbO, because the release of PsbO from PSII did
not affect any oxygen-evolving center (OEC) structures cou-
pled to the S;—S, transition (19). Therefore, it is probable that
PsbP has multiple interacting sites within the PSII complex, and
it should have a direct interaction with the intrinsic subunit(s)
of PSIL

To address this issue, we cross-linked PsbP and PSII using
the chemical cross-linker EDC with sulfo-NHS. 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 the
EDC cross-linking efficiency. The cross-linked PSII complexes
were analyzed by SDS-PAGE, and the cross-linked pattern of
the PSII subunits was visualized by immunoblotting using spe-
cific antibodies. Fig. 5 shows the results of immunoblotting for
PSII membranes cross-linked in the presence or absence of
PsbP reconstitution (Fig. 5, A and B, respectively). The cross-
linking pattern of major PSII intrinsic subunits such as D1, D2,
CP43, CP47, and extrinsic PsbO was not significantly affected
by PsbP reconstitution. Contrastingly, an additional band
appeared in PsbE (Cyt b, o subunit) immunoblotting in the
presence of PsbP, and a band with the same molecular mass was
also detected in the PsbP immunoblot (Fig. 54, indicated by the
arrow). This band was not observed when the PSII was treated
with EDC and sulfo-NHS in the absence of PsbP (Fig. 5B). The
molecular weight of this cross-linked product was shown to be
about 30 kDa in the SDS-PAGE gel. This size is consistent with
the theoretical molecular mass of the PsbP-PsbE cross-linked
product, indicating that PsbP and PsbE were cross-linked. This
cross-linked product was also observed when the carboxyl
groups on NaCl-washed PSII were activated with EDC and
sulfo-NHS, and subsequently incubated with PsbP (Fig. 5C).
However, the product was not detected when the carboxyl
groups on the PsbP protein were activated, and then incubated
with non-activated PSII membranes (data not shown). This
suggests that the primary amine(s) on PsbP were cross-linked
with carboxyl group(s) on PsbE.

It is worth noting that a possible cross-linked product of
PsbR and PsbE was also detected in the immunoblotting,
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both in the presence and absence of PsbP (Fig. 5, A and B,
indicated by asterisks). This suggests that PsbR is located in
close proximity to PsbE. Since PsbR is not present in the
cyanobacterial PSII complex, its location in PSII has not yet
been clarified. Because PsbP seems to interact directly with
PsbE (Fig. 5A), the location of PsbR in the vicinity of PsbE is
consistent with a previous study showing that PsbR is
required for the stable binding of PsbP to PSII (35, 36). How-
ever, the cross-linked products between PsbP and PsbR or
including PsbP, PsbR, and PsbE were not detected in our
analysis. This may indicate that PsbR plays auxiliary func-
tions in facilitating the interaction between PsbP and PsbE,
as suggested by the recent observation that PsbP can associ-
ate with PSII without PsbR.?

We then analyzed whether H144A and H144A/D165V
mutations affected the cross-linking between PsbP and PsbE.
The amount of the PsbP-PsbE cross-linked product was signif-
icantly decreased in the H144A-reconstituted PSII complex
compared with the WT-reconstituted PSII complex, and was
restored in the H144A/D165V-reconstituted PSII (Fig. 6A).
These results suggest that the H144A mutation affected the
PsbP local structure around His-144, which inhibited PsbP-
PsbE cross-linking, and that H144A/D165V restored the struc-
tural change.

To investigate the reason for the functional recovery of the
H144A/D165V mutant protein, we simulated the effects of
H144A mutation on spinach PsbP structure by using the Fold X
program (37). The Zn>" ion in the structure of spinach PsbP
was ignored in this analysis. The predicted free energy change
(AAG) caused by the H144A mutation was ~1.5 kcal/mol, indi-
cating that the H144A mutation has a minor destabilizing effect
on PsbP folding. In fact, circular dichroism spectroscopy and
analysis of Trp fluorescence did not detect major structural
differences between WT and H144.A PsbP (data not shown). As
indicated in the structure of tobacco PsbP (Fig. 1B), His-144
should form a salt bridge with the carboxyl group of Asp-165 at
physiological pH (pH 6.5, Fig. 6B). The H144A mutation is pre-
dicted to be able to break this salt bridge and alter the orienta-
tion of the Asp-165 side chain (Fig. 6B). Very similar results
were obtained when the structure of tobacco PsbP was used in
the analysis. It is probable that the liberated Asp-165 in the
H144A protein interferes with the normal interaction between
PsbP and PSII, which is required for ion retention in PSIIL. It is
likely that the PsbP His-144 residue plays a role in maintaining
the orientation of the Asp-165 residue via the formation of a salt

3 K. Ido, F. Sato, and K. Ifuku, unpublished data.

FIGURE 5. Cross-linking of PsbP with PSIl membranes using EDC and
sulfo-NHS. NaCl-washed PSIl membranes were incubated with 6.25 mm EDC
and 5 mm sulfo-NHS in either (A) the presence or (B) the absence of WT PsbP.
Cross-linked proteins corresponding to 2 ug of Chl were loaded onto each
lane. The proteins were immunodetected with antisera against CP47, CP43,
PsbO, D2, D1, PsbP, PsbR, and PsbE, as shown on each lane. Protein size mark-
ers are shown on the left. C, NaCl-washed PSII was treated with 6.25 mm EDC
and 5 mwm sulfo-NHS to activate the carboxyl groups on the PSII. After activa-
tion, the PSIl was washed and incubated either in the presence (+PsbP) or in
the absence (—PsbP) of PsbP. As a positive control, the sample used in A was
analyzed simultaneously.
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FIGURE 6. A, NaCl-washed PSIl membranes were cross-linked with WT, H144A,
and H144A/D165V. Proteins corresponding to 2 ug of Chl were loaded onto
each lane and detected with antisera against PsbP and PsbE. B, effect of the
H144A mutation on the structure of spinach PsbP was simulated using the
FoldX program. The predicted side chain of Asp-165 in H144A is shown as
stick models, and the original side chains of His-144 and Asp-165 in the WT are
shown as transparent stick models. The salt bridge between His-144 and Asp-
165 in the WT protein is depicted as a dashed line.

bridge, as well as in maintaining the functional interaction with
PsbE in PSII.

In order to identify the cross-linked amino acid residues of
PsbP and PsbE, A186C PsbP, in which Ala-186 is substituted
with Cys, was labeled with maleimide-PEG2-biotin. The
labeled PsbP-A186C protein was cross-linked with PSII, and
the cross-linked products were purified using Strep-Tactin-
Sepharose. We confirmed that the cross-linked product of PsbP
and PsbE had been purified by immunoblotting using anti-PsbP
and PsbE antibodies (supplemental Fig. S2A4). We then excised
the corresponding protein band in the SDS-PAGE gel stained
with Flamingo staining (supplemental Fig. S2B), and the pro-
teins were subjected to in-gel digestion with trypsin. The pep-
tides were analyzed by LTQ-Orbitrap XL, and tandem MS
spectra obtained were analyzed by MassMatrix (32) to identify
the cross-linked peptides and cross-linked residues of PsbP and
PsbE. The possible cross-linking sites of Asp-Lys, Glu-Lys, Asp-
PsbP Alal, and Glu-PsbP Alal were searched. As a result, pos-
sible cross-linked peptides were indicated (supplemental Fig.

JULY 27,2012+VOLUME 287 +NUMBER 31

S3, C-H, Table S1, C-H). The scores of the peptides indicated
were statically significant, with the highest scores given to the
cross-linked peptides between Pro51-Arg59 of PsbE, Alal-
Lys11 of PsbP, Pro51-Arg59 of PsbE, and Alal-Lys13 of PsbP
(Figs. 7, supplemental Fig. S3, A and Band Table S1, A and B). In
both cases, the cross-linked residues were Glu-57 on PsbE and
Alal on PsbP, supporting the likelihood of this crosslinking site.
We therefore conclude that the H144A mutation in PsbP
affects the interaction between the PsbP N terminus and PsbE
in PSII.

DISCUSSION

The results presented clarify the mechanism of how His-144
mutation affects PsbP function: the H144A mutation alters the
interaction between the PsbP N terminus and PsbE, resulting in
the increased Cl™ requirement of PSIL. Furthermore, the inter-
action site between PsbP and PSII has been identified as the
Ala-1 on PsbP and the Glu-57 of PsbE. Previous reports have
suggested that the truncation of the first nine N-terminal resi-
dues specifically impairs the ability of PsbP to retain CI™~ (38).
This suggests that the C-terminal domain of PsbP, including
the local structure around His-144 and Asp-165, has a role of
binding its N-terminal sequence to exactly the right position in
PSII inducing proper conformation around the Cl™ binding
site.

We also provide solid evidence that the Zn**-binding site
observed in the structure of spinach PsbP is not required for
Ca®>* or CI™ retention in PSII, because the additional mutation
of D165V into the H144A mutant protein restored the ability of
H144A to retain Cl~ ions and fully activated oxygen evolution.
It was reported that a low concentration of Zn>" (~2 mm)
inhibited the activity of PSII and caused dissociation of PsbP
and PsbQ from the core complex in spinach PSII (39, 40). Pre-
sumably, the Zn>" incorporated into PsbP would hinder proper
interaction between the His-144 and Asp-165 residues, and
interfere with the function of PsbP. In the absence of Zn2",
His-144 seems to form a salt bridge with Asp-165 in PsbP. This
suggests that His-144 in the PsbP plays a role in maintaining the
orientation of Asp-165 such that it will not interfere with the
PsbP-PSII interaction (Fig. 6B). Because the charge of the His
side chain is sensitive to pH fluctuations within the physiolog-
ical range, it is possible that the His-144 residue in PsbP may
control the functional interaction with PSII in a pH-dependent
manner.

It is widely believed that PsbO directly binds to the PSII core,
PsbP binds to PsbO, and PsbQ binds to PsbP (34). However,
several reports suggest that PsbO can be extracted without
affecting PsbP and PsbQ binding (41-43), indicating direct
association of PsbP (and PsbQ) with the PSII intrinsic subunits.
The direct interaction between the PsbP N terminus and PsbE
is in accordance with the previous reports, showing that N-ter-
minal residues of PsbP are important for the binding of the
protein to PSII (21, 38). The interaction between PsbP and PsbE
was also reported in Chlamydomonas, although cross-linked
residues have not been determined (44). However, because
both Alal on PsbP and Glu-57 on PsbE are conserved between
Chlamydomonas and higher plants, the manner of interaction
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FIGURE 7. Product ion (tandem MS) spectra of peptides that were predicted to be cross-linked between (A) *'PNEYFTESR>® of PsbE and 'AYGEAAN-
VFGK"" of PsbP, and (B) *'PNEYFTESR>® of PsbE and 'AYGEAANVFGKPK? of PsbP. Prime and asterisk signs show unhydrated and deammoniated product
ions, respectively. Note that for clarity not all product ions assigned by MassMatrix are labeled. Complete sets of the assigned product ions are shown in
supplemental Fig. S3, A and B, and supplemental Table S1. The insets are the respective precursor ion spectra.

between PsbP and PsbE is likely to be conserved in the green
plant lineage.

The location of the PsbP-binding site around Cyt b, is also
supported by genetic studies of tobacco and Arabidopsis plants.
Transplastomic tobacco plants that have a mutation in PsbE
showed lower associations between PsbP and PSII in the thyla-
koid membranes (45). It was reported that Psb] in the vicinity of
Cyt by, isrequired for the association of PsbP with PSIIand the
assembly of PsbR in tobacco (35, 46), and that PsbR is required
for the stable binding of PsbP and PsbQ in Arabidopsis (36). In
addition, we observed a putative cross-linking between PsbR

26384 JOURNAL OF BIOLOGICAL CHEMISTRY

and PsbE (Fig. 4), suggesting that PsbR is likely to be localized
near Cyt b.,. Knockdown of PsbP expression is correlated with
the decreased accumulation of PsbQ, D2, and CP47 (47), while
knockdown of PsbO expression is correlated with decreased
accumulation of the D1 and CP43 subunits (48), which are in
close contact with PsbO. These observations strongly suggest
that PsbP is localized on or near PsbE, Psb], and PsbR, where
PsbE and Psb] have a close interaction with the D2 subunit in
the cyanobacterial PSII structure.

Although the N terminus of PsbP was determined to be
involved in the interaction with PsbE, it is still unclear how the
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C-terminal domain of PsbP is associated with PSII. The
observation that the His-144 and Asp-165 residues in PsbP
affect the functional interaction with PSII suggests that these
residues should be located near the interface between PsbP
and PSII. By chemical modification with N-succinimidyl
propionate, which modifies primary amino groups, Tohri et
al. identified the modified Lys residues on PsbP that drasti-
cally decreased the binding of PsbP to PSII. Among those
residues, Lys11, 13, 33, 38, 143, 166, 170, and 174 are highly
conserved in the PsbP of higher plants (49). Interestingly,
these Lys residues are all located on one surface of the PsbP
protein (50). The His-144 and Asp-165 residues are also
located on this surface. Therefore, it is probable that His-144
and Asp-165, together with the surrounding Lys residues,
are located on the interface with PSIIL. Presumably, the neg-
ative charge of Asp-165 that is liberated by the H144A muta-
tion would interfere with the interaction between the Lys
residues of PsbP and the negative charges of the PSII core.
Further study is necessary to elucidate the amino acid resi-
dues in the C-terminal domain of PsbP that interact with
PSII subunits.

In the recently described crystal structure of cyanobacte-
rial PSII, the two Cl™ -binding sites were visualized near the
OEC (5). At the present time, however, we cannot conclude
which CI™ binding site was affected by the PsbP-H144A
mutation. The Cl™ 1 site is surrounded by the amino group
of D2-Lys317 and the backbone nitrogen of D1-Glu333,
together with two water molecules. The other Cl™ 2 site is
found close to the backbone nitrogens of D1-Asn338 and
CP43-Glu354, together with two water molecules. Because
the side chains of D1-Glu333 and CP43-Glu354 are coordi-
nated with the Mn cluster directly, the two Cl™ anions are
suggested to stabilize the coordination environment of the
Mn cluster. The direct interaction of PsbP with PsbE may
suggest that FTIR spectroscopy of PsbP binding may reflect
the changes around the C1™ 1-binding site near the D2 side.
A recent study suggests that CI~ 1 has an important role in
the transfer of protons to the lumen via hydrogen-bond net-
works, starting from the Mn cluster and extending toward
the lumenal bulk solution (51). It is possible that PsbP might
be involved in this process; however, further research is
required to confirm this hypothesis.

The results of this study are summarized as schematic mod-
els in Fig. 8. PsbP maintains the protein conformation around

JULY 27,2012+VOLUME 287 +NUMBER 31

the Mn cluster in order to retain the Ca>* and Cl™ ions in the
OEC (Fig. 84). H144A can bind to PSII; however, binding of
H144A does not retain the OEC conformation for Cl™ reten-
tion, because the liberated Asp-165 residue alters the proper
association with PSII, which affects the functional interaction
between the N terminus of PsbP and PsbE (Fig. 8B). Reconsti-
tution with the H144A/D165V double mutant restores the con-
formational change and ion retention because of the absence of
the liberated Asp-165 that interferes with the interaction
between PsbP and PSII, resulting in the recovery of PsbP-PsbE
interaction (Fig. 8C).

Recently, in silico docking experiments using PSII and Cya-
noP structures predicted that CyanoP interacts with PsbE in the
cyanobacterial PSII complex (52). If CyanoP directly interacts
with PsbE, the binding sites of PsbP and CyanoP in PSII could
be conserved across phyla. Alternatively, PsbP may take the
place of PsbV in cyanobacterial PSII, because the N terminus of
PsbV in cyanobacteria is also directly associated with PsbE.
Identification of the exact binding site of CyanoP and PsbP in
PSII will provide important clues for understanding how PsbP
developed its crucial function in PSII during the process of
evolution.
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