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ABSTRACT: Extrinsic proteins of photosystem II (PSII) regulate the oxygen-evolving reaction performed at the
Mn cluster by controlling the binding properties of the indispensable cofactors Ca>* and Cl~. However, the
molecular mechanism underlying this regulation is not yet understood. We have investigated the structural
couplings of the extrinsic proteins PsbO, PsbP, and PsbQ of higher plants with the Mn cluster using Fourier
transform infrared (FTIR) spectroscopy. Light-induced FTIR difference spectra upon the S; — S, transition
were measured using spinach PSII membranes, and the effects of the selective depletion of extrinsic proteins
were examined. Depletion of the PsbP and PsbQ proteins by NaCl washing revealed clear changes in the
amide I bands with no appreciable changes in the bands of carboxylate and imidazole groups, whereas the
depletion of all three proteins by CaCl, washing did not cause further changes. The original amide I features
were recovered by reconstitution of the NaCl-washed PSII with PsbP, and the same recovery was observed
with '*C-labeled PsbP. These results indicate that the PsbP protein, but not PsbQ and PsbO, affects the
protein conformation around the Mn cluster in the intrinsic proteins without changing the ligand structure.
Reconstitution with A15-PabP, in which the 15 N-terminal residues were truncated, did not restore the amide I
bands, indicating that the interaction of the N-terminal region induces the conformational changes. This
observation correlates well with a previous finding that A15-PabP did not restore the Ca® " and Cl™ retention
ability upon rebinding to PSII [Ifuku, K., et al. (2005) Photosynth. Res. 84,251—255]. Therefore, the evidence
strongly suggests that protein conformational changes around the Mn cluster induced by PsbP through its
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N-terminal region affect the binding properties of Ca>* and Cl~ and enhance their retention.

Oxygen evolution by plants and cyanobacteria is performed at
the oxygen-evolving center (OEC)" in the photosystem II (PSII)
protein complex (/—4). X-ray crystallographic structures of the
PSII core complexes from Thermosynechococcus elongatus at
2.9-3.5 A resolution (5—7), together with information from
EXAFS studies (8), have revealed that the OEC consists of a
metal cluster of four Mn ions and one Ca*" ion (the Mn cluster)
and the surrounding amino acid ligands provided by the D1 and
CP43 proteins. Recent crystallographic studies have demon-
strated that one or two Cl™ ions are bound near the Mn cluster
at a distance of 6—7 A (7, 9). Because of the limited resolution
and possible damage by X-ray radiation (10, /1), however, details
of the OEC structure remain poorly understood. In the OEC, two
water molecules are converted into one molecular oxygen and
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four protons through a light-driven cycle consisting of five
intermediates called S; states (i = 0—4) (/—4). Among them, the
S, state is the most dark-stable, and flash illumination advances
each S state to the next as S; — S, = S3—[Sq] — Sy — S;.
Molecular oxygen is released during the S;—[S4] — Sy transition
after the transient S, state.

The PSII complex possesses several extrinsic proteins on its
lumenal side (/2—16). Higher plants have three major extrinsic
proteins, PsbO, PsbP, and PsbQ, which are also termed the 33,
23, and 17 kDa proteins, respectively, from their apparent
molecular masses. The PsbO protein exists in all types of oxygenic
photosynthetic organisms, including cyanobacteria and red
algae, and is strongly associated with the PSII core complex.
X-ray structures of cyanobacterial PSII complexes and cross-
linking experiments have revealed that PsbO interacts directly
with the CP47, CP43, D1, and D2 proteins (/3, 15). PsbO
functions to stabilize the Mn cluster and retain CI™ (12, 13).
The depletion of PsbO significantly retards the S;—[S4] — Sp
transition (/7).

In contrast to PsbO, the PsbP and PsbQ proteins are replaced
by the PsbV and PsbU proteins in cyanobacteria (/2—15).
Although PsbP-like and PsbQ-like proteins have been identified
in cyanobacterial PSIT complexes, they are lipoproteins with
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binding properties that are significantly different from those
of plant PsbP and PsbQ (/4), and they were also absent from
the PSII complexes from T. elongates used for crystallization
(5—7, 9). A low-resolution structure of plant PSII complexes
obtained by electron cryomicroscopy was used to predict that
PsbP interacts with the lumenal surface in the vicinity of CP43
and with PsbO, and PsbQ bridges the PsbP and PsbO pro-
teins (/8). This is consistent with biochemical observations that
PsbO is necessary for the stable binding of PsbP and that PsbP is
required for PsbQ binding (19, 20). However, the exact locations
of the PsbP and PsbQ proteins and the interactions with intrinsic
proteins in the PSII complexes remain to be clarified.

The PsbP and PsbQ proteins aid in Ca>* and CI” retention in
the OEC. The depletion of PsbP and PsbQ changes the binding
properties of Ca>* and CI~ depending on the S state (21, 22). In
the absence of these proteins, nonphysiological concentrations of
Ca®" and CI™ are required to support high O»-evolving rates (23,
24), and Ca’" is released readily from the Mn cluster during
illumination (25). In addition, PsbP and PsbQ play a role in
protecting the Mn cluster from exogenous reductants (26). An in
vivo characterization study of PsbP and PsbQ in transgenic
tobacco, in which the levels of these proteins were downregulated
by RNAI, demonstrated that PsbP, but not PsbQ, was essential
for maintaining PSII activity (27). Arabidopsis studies using
RNAI have also shown that PsbP is required for the assembly
and stability of PSII (28), but a PsbQ-deficient mutant was
indistinguishable from the wild type under normal light condi-
tions (29). However, the mutant could not grow photoautotro-
phically under low-light conditions (29).

Thus, the extrinsic proteins play important roles in optimizing
oxygen evolving activity by stabilizing the Mn cluster and
retaining Ca®* and CI™ cofactors. In spite of extensive biochem-
ical and physiological studies of the extrinsic proteins in PSII, the
molecular mechanisms of their functions are poorly understood.

To address this question, in this study we investigated the
structural couplings of the extrinsic proteins of higher plants with
the OEC using light-induced Fourier transform infrared (FTIR)
difference spectroscopy. FTIR difference spectroscopy is a
powerful method for detecting subtle structural changes coupled
to the OEC reactions, including changes in the conformations of
protein main chains, amino acid side chains, the core structure of
the Mn cluster, and substrate and functional water mole-
cules (30—35). PSII membranes from spinach were used to
examine the effects of selective depletion of the extrinsic proteins
by salt washes and reconstitution with PsbP on the FTIR
difference spectra upon the S;— S, transition. The effect of
reconstitution with an N-terminally truncated PsbP, which can
bind to the PSII core without restoration of Ca®" and CI~
retention (36, 37), was also investigated. The results provide solid
evidence that the PsbP protein induces the conformational
changes in the protein moieties around the Mn cluster, suggesting
that these conformational changes regulate the binding proper-
ties of Ca®>" and CI".

MATERIALS AND METHODS

Oxygen-evolving PSII membranes of spinach (38) were pre-
pared as reported previously (39) and suspended in a Mes buffer
at pH 6.0 (buffer A consisting of 40 mM Mes-NaOH, 400 mM
sucrose, 5 mM NaCl, and 5 mM CaCl,). Depletion of PsbP
and PsbQ was performed by NaCl washing (39, 40), in which
the sample was incubated in a buffer containing 2 M NaCl
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[40 mM Mes-NaOH, 400 mM sucrose, 5 mM CaCl,, and 2 M
NaCl (pH 6.5)] for 20 min on ice, followed by washing with the
same buffer and then again with buffer A. PsbP, PsbQ, and PsbO
depletion was performed by CaCl, washing (39, 4/) in a similar
manner using a buffer containing 1 M CaCl, [40 mM Mes-
NaOH, 400 mM sucrose, S mM NaCl, and 1 M CaCl, (pH 6.5)].
The depletion of extrinsic proteins by these treatments was
confirmed by SDS—PAGE (Supporting Information, Figure S1).

Recombinant spinach PsbP was expressed in Escherichia coli
[strain BL21(DE3)] cells and purified as described previously (42).
A15-PsbP, in which the 15 N-terminal residues were truncated,
was prepared as described previously (37). The ['*C]PsbP protein,
in which the carbon atoms were universally labeled with 3¢, was
prepared by culturing E. coli cells in a *C-labeled bacterial
growth medium [*C Spectra 9 Medium, >98 at. % "°C (Spectra
Gases Inc., Columbia, MD)] followed by purification. Recon-
stitution of the PSII membranes with the PsbP protein was
performed by adding the purified PsbP protein to the NaCl-
washed PSII (0.5 mg of Chl/mL) in buffer A at a molar ratio of 3
per PSII reaction center, followed by incubation for 1 h on ice.
For A15-PsbP, a higher molar ratio of 5 was used for reconstitu-
tion due to a slightly lower binding affinity (36, 37). The samples
were then washed once with buffer A. The successful rebinding of
PsbP and A15-PsbP to the NaCl-washed PSII membranes was
confirmed by SDS—PAGE (Supporting Information, Figure S1).

For FTIR measurements, membrane samples were suspended
in buffer A in the presence of 18 mM potassium ferrocyanide and
2 mM potassium ferricyanide and centrifuged at 170000g for
30 min, and the resulting pellet was sandwiched between two
BaF, plates (13 mm in diameter) (43). Here, ferricyanide acts as
an exogenous electron acceptor and ferrocyanide is necessary for
maintaining the redox potential sufficiently low to prevent
oxidation of the non-heme iron (44). The sample temperature
was adjusted to 250 K in a cryostat (Oxford DN1704).

Light-induced FTIR difference spectra upon the S;— S,
transition (hereafter termed S,/S; difference spectra) were re-
corded using a Bruker IFS-66/S spectrophotometer equipped
with an MCT detector (Infrared D316/8) at 4 cm™' resolu-
tion (43). lllumination was performed using a Q-switched Nd:
YAG laser (Quanta-Ray GCR-130, 532 nm, ~7 ns full width at
half-maximum, ~7 mJ pulse”' ¢cm™> at the sample surface).
Single-beam spectra (150 s scan) were recorded before and 10 s
after single-flash illumination, providing a difference spectrum
via subtraction of the initial spectrum from the one obtained after
illumination. The 10 s interval after the flash was used to allow
complete reoxidation of Q4 by ferricyanide. The measurements
were repeated three to five times for each sample. The samples
were warmed to 285 K to relax the S, state and then cooled again
to 250 K. One or two samples were used for measurements, and
the obtained spectra were averaged.

FTIR spectra of the unlabeled and '*C-labeled PsbP proteins
in Mes buffer [10 mM Mes and 10 mM NaCl (pH 6.0)] were
recorded at room temperature. The PsbP solution (~15 mg/mL)
was sandwiched between two CaF, plates with a piece of
aluminum foil as a spacer. A water band around 1640 cm™'
was removed from the spectra by subtracting a buffer spectrum
obtained in a similar manner.

RESULTS

The S,/S; FTIR difference spectra of untreated, NaCl-washed,
CaCly-washed, and NaCl-washed and then PsbP-reconstituted
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FiGure 1: Light-induced S,/S; FTIR difference spectra of the OEC
in PSII membranes from spinach: (a) untreated PSII, (b) NaCl-
washed PSII, (c) CaCl,-washed PSII, and (d) NaCl-washed, PsbP-
reconstituted PSII. Samples contained ferricyanide as an exogenous
electron acceptor, and a single flash illumination induced the S; — S,
transition in the OEC. The sample temperature was 250 K.

PSIT membranes from spinach are displayed in Figure 1. The
S,/S; difference spectrum of untreated PSII membranes
(Figure 1a) is identical to the one reported previously using the
same spinach preparation (43) and similar to the spectra of
cyanobacterial PSII core complexes (45—47). The bands in the
S,/S; difference spectrum for untreated PSII were assigned on the
basis of group frequencies and universal or amino acid-specific
isotope substitutions (43, 45, 47, 48). Prominent bands in the
1700—1600 cm ™" region arise from the amide I vibrations (C=0
stretches of backbone amides) of polypeptide main chains, while
the amide IT bands (NH bend and CN stretch of backbone amides)
of main chains and the asymmetric COO™ stretching bands of
carboxylate groups overlap in the 1600—1500 cm ™~ region. Bands
at 1450—1350 cm ™' arise from symmetric COO~ stretching
vibrations, and a small negative peak at 1114 cm™' was assigned
to the CN stretching vibration of an imidazole group of His.

The appearance of several intense peaks in the amide I region
(Figure 1a) reflects the conformational changes of distinct main
chain regions around the Mn cluster. In addition, the presence of
several bands in the symmetric COO ™~ region and one His peak is
consistent with the X-ray crystallographic structure of the
OEC (5—7), in which the Mn cluster is surrounded by five or
six carboxylate groups from Asp, Glu, and the C-terminus, and a
few imidazole groups from His. Some of these carboxylate and
imidazole groups should function as ligands to the Mn and Ca
ions, and others may be coupled to the Mn cluster through H-
bonding or electrostatic interactions, although the details have
not yet been resolved (33, 34).

Even when the PsbP and PsbQ proteins were depleted by NaCl
washing (39, 40), the S,/S, difference spectrum (Figure 1b)
exhibited overall features similar to those of the untreated sample
(Figure 1a). In particular, the symmetric COO ™ stretching bands
in the 1450—1300 cm ™" region and the His peak at 1114 cm ™"
were virtually unchanged, indicating that the ligand structure of
the Mn cluster was not affected by PsbP and PsbQ depletion.
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FIGURE 2: (A) Expanded spectra of the amide I region of the S,/S;
FTIR difference spectra. The spectra of NaCl-washed PSII (a),
CaCl,-washed PSII (b), and NaCl-washed, PsbP-reconstituted PSII
(c) (red lines) were compared with the spectrum of untreated PSII
(black lines). (B) Double-difference spectra between the S»/S; spectra
of salt-washed, PsbP-reconstituted PSII and untreated PSII: (a)
untreated-minus-NaCl-washed PSII, (b) untreated-minus-CaCl,-
washed PSII, and (c) untreated-minus-NaCl-washed, PsbP-reconsti-
tuted PSII.

In the amide I region (1700—1600 cm™"), however, the spectral
features clearly changed. Expanded spectra of this region
are shown in Figure 2Aa. A new positive peak appeared at
1686 cm ™', and the intensity of the peak at 1668 cm ™' decreased
significantly. In addition, the intensity of the positive peak at
1650 cm ™" decreased slightly and the negative peaks at 1677 and
1640 cm ™" shifted to 1675 and 1641 cm ™", respectively.

These changes are expressed more clearly in an untreated-
minus-NaCl-washed double-difference spectrum (Figure 2Ba), in
which prominent peaks were observed at 1683, 1668, 1657, 1649,
1635, and 1626 cm ™. This double-difference spectrum did not
exhibit appreciable peaks in the 1450—1100 cm ™' region, where
carboxylate and imidazole bands are present, whereas several
medium peaks were observed at 1600—1500 cm ™", likely due to
amide I vibrations coupled with the changes in the amide I bands
(Supporting Information, Figure S2).

It should be noted that the PsbP- and PsbQ-depleted PSII
sample contained 5 mM CaCl, and 5 mM NaCl, and conse-
quently, Ca®* and Cl~ were not released from the OEC during
sample preparation and measurement. In fact, the Ca’"-de-
pleted (43, 49) and Cl -depleted (50) PSII samples displayed
S»/S; spectral features significantly different from those of
Figure 1b. The S,/S; difference spectra of NaCl-washed PSII
membranes reported previously by Kimura and co-workers
(51, 52) exhibited amide I features similar to those in
Figures 1b and 2Aa (red line).

The CaCl,-washed PSII, in which PsbO was removed in
addition to PsbP and PsbQ (39, 41), gave an S,/S; spectrum
(Figures 1c) virtually identical to that of NaCl-washed PSII
(Figure 1b). The carboxylate and His bands in the 1450—
1100 cm ™" region were unchanged from those of untreated PSII
(Figure 1a), whereas amide I bands showed large changes very
similar to those of the PsbP- and PsbQ-depleted PSII
(Figure 2Ab,Bb). Indeed, a double-difference spectrum between
the spectra of NaCl-washed and CaCly-washed PSII samples
exhibited no appreciable bands (data not shown). Thus, no effect
of further depletion of PsbO was observed in the S,/S; FTIR
spectra.
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FIGURE 3: (a) Amide I region of the S,/S; FTIR difference spectrum
of the NaCl-washed PSIT membranes reconstituted with '*C-labeled
PsbP (red line) compared with that of untreated PSII (black line).
Measurement conditions were the same as those described in the
legend of Fl%ure 1. (b) Double-difference spectrum between the S,/S;
spectra of [3C]PsbP-reconstituted and untreated PSII (untreated-
minus-['*C]PsbP-reconstituted PSII). The inset shows FTIR spectra
of unlabeled (black line) and '*C-labeled (red line) PsbP in Mes buffer
measured at room temperature. The spectral baseline was corrected
by subtracting a buffer spectrum.

Figure 1d shows the S,/S; difference spectrum of NaCl-washed
PSII membranes reconstituted with PsbP. This sample corre-
sponds to PsbQ-depleted SPII membranes. This spectrum and
the expansion of the amide I region (Figure 2Ac) showed that the
amide I features perturbed by PsbP and PabQ depletion were
mostly restored by reconstitution with PsbP, and the spectrum
became similar to that of the untreated sample. The double-
difference spectrum between this spectrum and the untreated
spectrum (Figure 2Bc) also demonstrated the restoration of the
spectral features.

These results indicate that depletion of the PsbP protein, but
not the PsbO and PsbQ proteins, induced the perturbation in the
conformational changes of proteins upon the S; — S, transition.
The next question is whether the affected amide I changes can
be attributed to the PsbP protein itself, or to the intrinsic
membrane-spanning proteins of PSII. To address this question,
NaCl-washed PSIT membranes were reconstituted with univer-
sally "*C-labeled PsbP. The FTIR spectrum of the PsbP protein
exhibited an amide I peak at 1635 cm™' (Figure 3, inset,
black line), the frequency typical of the f-sheet structure
(53, 54), consistent with the X-ray structure of PsbP (55) and
the previous FTIR analysis (56). The universal '*C labeling of
PsbP caused a downshift of the amide I band by 42 cm™",
resulting ina band at 1593 cm ™' (Figure 3, inset, red line). Thus, if
the conformational changes of PsbP are involved in the S,/S;
FTIR spectrum, its amide I bands should exhibit large downshifts
of ~40 cm™!

The amide I region of the S,/S; FTIR difference spectra of
PSII membranes reconstituted with [*C]PsbP is displayed in
Figure 3a (red line). This spectrum is virtually identical to the
spectrum of untreated PSII possessing unlabeled PsbP
(Figure 3a, black line), which was confirmed by the almost flat
double-difference spectrum (Figure 3b). This result indicates that
none of the amide I bands in the S,/S; difference spectrum
originate from the PsbP protein itself, and thus, the PsbP-induced
amide I changes are attributed to the intrinsic proteins.
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FiGurE 4: (a) Amide I region of the S,/S; FTIR difference spectrum
of the NaCl-washed PSII membranes reconstituted with A15-PsbP
(red line) compared with that of untreated PSII (black line). Mea-
surement conditions were the same as those described in the legend of
Figure 1. (b) Double-difference spectrum between the S,/S; spectra of
A15-PsbP-reconstituted and untreated PSII (untreated-minus-Al5-
PsbP-reconstituted PSII).

It has been shown that A15-PabP, in which the 15 N-terminal
residues were truncated, can bind to NaCl-washed PSII mem-
branes without functional recovery of Ca>* and CI~ reten-
tion (37). The S,/S; FTIR difference spectrum of NaCl-washed
PSII membranes reconstituted with A15-PsbP (Figure 4a, red
line) exhibited amide I features very similar to those of the NaCl-
washed sample (Figure 2Aa). A double-difference spectrum with
untreated PSII (Figure 4b) is also similar to that between NaCl-
washed and untreated PSII samples (Figure 2Ba). To exclude the
possibility that the 20 mM potassium ferrocyanide/ferricyanide
added to the buffer to obtain the S,/S; spectrum released Al5-
PsbP with a binding affinity slightly lower than that of wild-type
PsbP (36, 37), S:Qa /S1Qa spectra were measured without
potassium ferrocyanide/ferricyanide. A comparison of the spec-
tra between A15-PsbP-reconstituted and untreated PSII samples
(Supporting Information, Figure S3a) reveals clear changes in the
amide I region, and its double-difference spectrum (Figure S3b) is
similar to the S,/S; difference spectra (Figure 4b). These results
indicate that proper conformations of the OEC cannot be
restored by the rebinding of A15-PsbP in contrast to wild-type
PsbP.

DISCUSSION

This FTIR analysis of the effects of extrinsic proteins on the
OEC structure in spinach PSII membranes has demonstrated
that the depletion of PsbP perturbs the protein conformations
around the Mn cluster, as revealed by the clear changes in the
amide I bands in the S,/S; difference spectra (Figure 2Aa,Ba),
without appreciable changes in the ligand structures, which were
monitored by symmetric carboxylate stretching bands (1450—
1300 cm ") and an imidazole CN stretching band (1114 cm™")
(Figure 1a). In contrast, the depletion of the other extrinsic
proteins, PsbQ and PsbO, did not affect any OEC structures
coupled to the S; — S, transition; the spectrum of PsbQ-depleted
PSII, which was prepared by reconstitution of NaCl-washed PSII
with recombinant PsbP, was virtually identical to the spectrum of
untreated membranes (Figures 1d and 2Ac¢,Bc), and the depletion
of the PsbP, PsbQ, and PsbO proteins by CaCl, washing did not



6322  Biochemistry, Vol. 48, No. 27, 2009

result in further changes from the spectrum of the PsbP- and
PsbQ-depleted PSII (Figures 1c and 2Ab,Bb).

The reconstitution with '*C-labeled PsbP proved that the
amide I bands perturbed by PsbP depletion originated not from
the PsbP protein itself but from the intrinsic core proteins
(Figure 3). Because neither PsbQ nor PsbO affects the amide I
bands, this indicates that the S; — S, transition induces protein
conformational changes only in the intrinsic proteins, and the
structure of none of the three extrinsic proteins is affected by
this reaction. The presence of several peaks observed over the
range of the amide I region (1700—1600 cm™') indicates
that several parts of the main chains are involved in the
conformational changes. A major contribution of the acceptor
side domain is unlikely because the donor side (S,/S;) and
acceptor side (Qa~/Qa, Qs /Qg, and Fe* " /Fe’ ") FTIR signals
can be treated independently to reproduce or be calculated from
the difference spectra of corresponding charge-separated
states (43, 44, 51, 57). Thus, the primary candidates are the
helical and loop regions of the D1 and CP43 proteins that include
amino acid residues that provide ligands to the Mn cluster or are
located nearby: the C-terminal loop of D1 including D1-Ala344,
D1-Asp342, D1-His337, D1-Glu333, and D1-His332; the CD
helix of D1 including D1-Glu189; the loop region of D1 between
the C and CD helices including D1-Asp170; and the short 3;¢-
helix of CP43 including CP43-Glu354 and CP43-Arg357 (5—7).
The C-terminal helical region of D2 including D2-Lys317, which
interacts with C1™ (7, 9), could also be a candidate. According to
the general criteria (53, 54), the peaks at 1660—1650 cm '
(Figure la) can be attributed to the a-helical chains, and those
around 1665 cm ™' may arise from the 3,o-helix. Although the
peaks at 1700—1660 and 1640—1620 cm™ " are usually assigned to
turns and 5-strands, the bands in these regions might arise mainly
from the loop regions that have undefined interactions of amide
groups. Some of these main chain portions are affected by the
PsbP interaction, because PsbP-induced changes also resulted in
several peaks over the amide I region (Figure 2Ba). The con-
formational changes by PsbP depletion could be related to the
previous observation of a parallel polarization multiline EPR
signal of the S; state in PsbP- and PsbQ-depleted PSII from
spinach (58). However, the observation that removal of all three
extrinsic proteins did not induce this signal (58) is inconsistent
with these FTIR results that the NaCl- and CaCl,-washed PSII
samples showed no appreciable differences (Figure 2Aa,b,Ba,b).
Thus, the effect of PsbP and PsbQ depletion detected in the EPR
signal may have an origin different from that detected by FTIR.

The PsbP-induced conformational changes around the Mn
cluster are caused by the interaction of its N-terminal region;
reconstitution with A15-PsbP, which lacks the 15 N-terminal
residues, did not restore the conformations (Figure 4), in contrast
to the wild-type PsbP (Figures 1d and 2Ac,Bc). This result
correlates well with the previous observation that reconstitution
with A15-PsbP did not restore the PsbP function of Ca®* and CI~
retention (37). Thus, the conformational changes of the OEC
induced by the interaction of the N-terminal region of PsbP likely
alter the binding properties of Ca®" and CI~ to prevent their
dissociation.

The importance of the N-terminal region of PsbP in the
interaction with the OEC is consistent with the fact that the
structure of this region was not determined in the X-ray structure
of the PsbP protein (55). The N-terminal region probably has a
flexible structure in free PsbP and exhibits a fixed structure like a
hook when interacting with a certain part of the intrinsic proteins
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to maintain the proper OEC conformation. This hook may work
as a switch to shift the OEC conformation from a low to high
level of Ca®" and CI retention ability. It has been suggested that
positively charged lysyl residues in this region (Lys11, Lys13, and
Lys14) are involved in the interactions with PSII proteins (59)
and Ca>* and CI™ retention (16, 37). Some acidic residues of the
intrinsic proteins may be the counterparts of these interactions,
although they have not yet been identified. The direct interaction
of PsbP with the PSII core proteins is consistent with the location
of PsbP in the PSII complexes predicted by an analysis of the
electron cryomicroscopic structure (/8) using the X-ray crystal-
lographic information for the cyanobacterial PSII core com-
plex (5) and plant PsbP (55) and PsbQ (60) proteins; it seemed to
interact with the loops of CP43 and possibly with the C-terminus
of the D1 protein.

The absence of the effect of PsbQ on the OEC structure in
contrast to the strong coupling of PsbP with the OEC is
consistent with the minor role of PsbQin Ca>* and CI™ retention
observed in in vitro experiments (/2) and the lack of effect of its
downregulation by RNAi on the growth of tobacco (27) and
Arabidopsis, at least under normal light conditions (29). It is likely
that PsbQ interacts with PsbP and stabilizes its interaction with
the intrinsic proteins. In contrast, it was surprising that the PsbO
protein, which binds more strongly to the PSII core proteins than
PsbP and plays a significant role in the stabilization of the Mn
cluster (12, 13), did not influence the OEC structure, at least when
PsbP was absent. This FTIR result indicates that the molecular
mechanism underlying the PsbO function is different from that of
PsbP. PsbO may act mainly as a barrier to block the access of
extrinsic reductants to the Mn cluster and the release of Ca> " and
CI™ from the OEC without directly affecting the OEC structure.
However, the possibility that PsbO perturbs the conformations of
the protein moieties near the Mn cluster that are unaffected by
the S;— S, transition and is thereby undetectable in FTIR
spectra cannot be excluded. Another possibility is that structural
changes in PsbO induced by PsbP binding perturb the OEC
conformation. It should be noted that our result showing the
absence of PsbO bands in the S,/S; difference spectrum is at odds
with a previous study by Barry and co-workers (61), in which they
observed changes in the S,Q5 /S;Q4 FTIR difference spectrum
upon rebinding of '*C-labeled PsbO. However, the S,Q4 /S;Qa
spectra used in their analysis (6/) did not resemble any of the
SHQa /S1Qa (57, 62—64), S,/S; (43, 46, 51, 63), or Qs /Qa
(51, 64—066) difference spectra obtained by several other groups
and were even different from the S,Q4 /S;Q4 spectrum of their
own group reported later (67). These inconsistencies most likely
arise from a large contribution of artifact signals to their spectra
(this discrepancy has been discussed in detail in refs (65) and (68)).
Thus, the conclusion reported by Barry and co-workers (61) on
the PsbO effect was inferred from questionable experimental
data.

The results of this FTIR study are summarized in the sche-
matic in Figure 5. PsbP has an N-terminal hook that interacts
with the intrinsic PSII proteins on the lumenal side (Figure 5a).
Upon PsbP depletion, together with PsbQ, this hook becomes
detached, triggering the conformational changes around the Mn
cluster that weaken the Ca’® and Cl™ retention ability
(Figure 5b). Further depletion of PsbO does not influence the
conformation of the OEC (Figure 5¢). Upon reconstitution with
PsbP, but still in the absence of PsbQ, the interaction of the PsbP
hook restores the protein conformations of the OEC (Figure 5d).
However, if the N-terminal hook is truncated, this A15-PsbP
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(a) untreated OEC b) PsbP.Q-depleted OEC (c) PsbP,Q.0O-depleted OEC
—-PsbP,Q -PsbO
—_— -_—
e o -conformational change -no further
- low Ca2*/CI- retention conformational change

capability

+Psb‘P/ ‘\Ais-PsbP

(d) PsbP-reconstituted .
PsbQ-depleted) OEC (e) A15-PsbP reconstituted

EC

= conformation
recovery

*no conformation
recovery

FIGURE 5: Schematic view of the relationships among the extrinsic proteins (PsbQ, PsbP, and PsbO), the OEC conformations, and the Ca*>* and

CI retention ability, obtained in our FTIR study. See the text for details.

protein binds to the PSII proteins but does not restore the protein
conformation as well as the Ca>" and CI™ retention ability
(Figure Se).

In conclusion, this FTIR study provides solid evidence
that binding of the PsbP protein influences the protein confor-
mations around the Mn cluster, which probably improves
the Ca>" and Cl” retention ability. Thus, PsbP is directly coupled
to the OEC structure and regulates its stability. An intriguing
question is whether cyanobacteria already had a similar mechan-
ism for regulating the Ca>* and Cl~ retention by using the
PabV or PsbU protein or whether this regulation mechanism
developed due to the appearance of PsbP during the evolutionary
process. This could be a clue to understanding the extensive
changes in extrinsic proteins during evolution from cyanobacter-
ia to higher plants (/2—15). Further FTIR studies using PSII
preparations from other types of organisms might answer this
question.

SUPPORTING INFORMATION AVAILABLE

SDS—PAGE analysis of PSII samples, the 1800—1100 cm ™'
region of the double difference spectra between the salt-washed/
PsbP-reconstituted PSII and untreated PSII, and S>Q /S1Qa
FTIR difference spectra of untreated and NaCl-washed, A15-
PsbP-reconstituted PSII membranes. This material is available
free of charge via the Internet at http://pubs.acs.org.
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