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ABSTRACT: A Ca2+ ion is an indispensable element in the oxygen-evolving Mn cluster in photosystem II
(PSII). To investigate the structural relevance of Ca2+ to the Mn cluster, the effects of Sr2+ substitution
for Ca2+ on the structures and reactions of ligands to the Mn cluster during the S-state cycle were
investigated using flash-induced Fourier transform infrared (FTIR) difference spectroscopy. FTIR difference
spectra representing the four S-state transitions, S1 f S2, S2 f S3, S3 f S0, and S0 f S1, were recorded
by applying four consecutive flashes either to PSII core complexes fromThermosynechococcus elongatus
or to PSII-enriched membranes from spinach. The spectra were also recorded using biosynthetically Sr2+-
substituted PSII core complexes fromT. elongatusand biochemically Sr2+-substituted PSII membranes
from spinach. Several common spectral changes upon Sr2+ substitution were observed in the COO-

stretching region of the flash-induced spectra for both preparations, which were best expressed in Ca2+-
minus-Sr2+ double difference spectra. The significant intensity changes in the symmetric COO- peaks at
∼1364 and∼1418 cm-1 at the first flash were reversed as opposite intensity changes at the third flash,
and the slight shift of the∼1446 cm-1 peak at the second flash corresponded to the similar but opposite
shift at the fourth flash. Analyses of these changes suggest that there are at least three carboxylate ligands
whose structures are significantly perturbed by Ca2+/Sr2+ exchange. They are (1) the carboxylate ligand
having a bridging or unidentate structure in the S2 and S3 states and perturbed in the S1 f S2 and S3 f
S0 transitions, (2) that with a chelating or bridging structure in the S1 and S0 states and perturbed also in
the S1 f S2 and S3 f S0 transitions, and (3) that with a chelating structure in the S3 and S0 states and
changes in the S2 f S3 and S0 f S1 transitions. Taking into account the recent FTIR studies using site-
directed mutagenesis and/or isotope substitution [Chu et al. (2004)Biochemistry 43, 3152-3116; Kimura
et al. (2005)J. Biol. Chem. 280, 2078-2083; Strickler et al. (2006)Biochemistry 45, 8801-8811], it was
concluded that these carboxylate groups do not originate from either D1-Ala344 (C-terminus) or D1-
Glu189, which are located near the Ca2+ ion in the X-ray crystallographic model of the Mn cluster. It was
thus proposed that if the X-ray model is correct, the above carboxylate groups sensitive to Sr2+ substitution
are ligands to the Mn ions strongly coupled to the Ca2+ ion rather than direct ligands to Ca2+.

Oxygen evolution in plants and cyanobacteria is performed
at the oxygen-evolving center (OEC)1 in the photosystem II
protein complexes (1, 2). The chemical identity of OEC is
the so-called Mn cluster, which consists of four Mn ions,
embedded in the protein matrix (3-5). Molecular oxygen is
released as a result of four-electron oxidation of two water

molecules, which is accomplished through a light-driven
cycle of five intermediates called S states (S0-S4). Among
these intermediates, the S1 state is the most dark stable, and
successive four-flash illumination advances S1 to S2, S2 to
S3, S3 to S0, and S0 to S1. Molecular oxygen is released upon
illumination on the S3 state via the unstable S4 state. It has
been known that Ca2+ is an indispensable cofactor for oxygen
evolution and is located in the vicinity of the Mn ions (1, 6,
7). EXAF studies have shown that the distance between the
Ca2+ ion and the Mn ions is about 3.4 Å (3). The recent
X-ray crystal structures of the PSII core complexes of the
cyanobactriumThermosynechococcus elongatusat 3.5 and
3.0 Å resolutions (8, 9) indeed showed that one Ca2+ ion is
involved in the electron density of the Mn cluster. It was
also shown that D1-Asp170, D1-Glu189, D1-Glu333, D1-
Asp342, D1-Ala344 (C-terminus), CP43-Glu354, and D1-
His332 are candidates for the ligands to the Mn and Ca ions
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(8, 9), being consistent with mutagenesis studies (1, 4). The
relatively low resolutions of these X-ray structures (8, 9)
and the high Mn2+ content (10, 11), however, could not
definitely determine the core structure of the Mn4Ca cluster
as well as the detailed ligand structures. The Ca2+ ion can
be replaced with a wide range of metal ions (7, 12-19).
Among them, only Sr2+ can restore the O2-evolving activity
(13-15). This indicates that Ca2+ is directly involved in the
chemical mechanism of oxygen evolution, rather than only
a structural component of OEC (7, 12). Various models of
the mechanism involving the role of Ca2+ have been
proposed (2, 7, 20-22). Indeed, a recent study of mass
spectrometry showed that the slow phase of substrate
exchange is significantly affected by Sr2+ substitution,
indicating that Ca2+ is inherently involved in the binding of
a substrate water molecule (23).

To investigate the detailed structures and molecular
reactions of the redox cofactors in photosystem II, light-
induced FTIR difference spectroscopy has been used as a
powerful method (24). As for the oxygen-evolving reactions,
FTIR difference spectra of OEC upon the individual S-state
transitions have been obtained by applying flashes to the PSII
samples in the presence of exogenous electron acceptors
(25-27). Using this technique, the structures and reactions
of the carboxylate (28-35) and His (36, 37) ligands to the
Mn cluster, substrate water molecules (38, 39), and the Mn-
O-Mn bonds (40, 41) have been studied. In particular, the
coupled asymmetric and symmetric COO- stretching vibra-
tions of carboxylate groups provide several strong features
at 1600-1450 and 1450-1300 cm-1, respectively, being
consistent with the presence of five to six carboxylate ligands
to the Mn cluster as proposed by the X-ray crystallographic
studies (8, 9). Because the frequency gap between the
asymmetric and symmetric vibrations provides information
about the coordination structure of carboxylate (42-44),
these COO- bands are very useful to characterize the
structures and reactions of the carboxylate ligands to the Mn
cluster.

In this study, we have investigated the ligand structure of
the Mn cluster relevant to the Ca2+ ion, especially focusing
on the carboxylate ligands, using flash-induced FTIR dif-
ference spectroscopy. For this purpose, we have examined
the effects of Ca2+/Sr2+ exchange on the FTIR difference
spectra of individual S-state transitions. FTIR measurements
of Sr2+-substituted PSII samples have been performed mainly
on the S1 f S2 transition (45-49). Although one group (48,
49) recently attempted to measure the FTIR spectra of Sr2+-
substituted PSII during the S-state cycle, the reactions after

the S3 state were inhibited in the PSII preparation used.2

Thus, the effects of Sr2+ substitution on all of the S-state
transitions have not been studied yet. In the present experi-
ments, we used both the PSII core complexes from the
cyanobacteriumT. elongatusand the PSII-enriched mem-
branes from spinach. In addition, two different electron
acceptors, ferricyanide and PpBQ, were used for theT.
elongatus sample. These measurements using different
samples and measuring conditions can distinguish true
features from possible artifacts, which are sometimes prob-
lematic in detecting subtle signal changes by a certain
perturbation of the sample. Several common band changes
upon Sr2+ substitution were observed in the COO- region
of the spectra during the S-state cycle. These band changes
were analyzed using the criteria for determining the coor-
dination structures and discussed in light of the previous
FTIR studies for the carboxylate ligands and the X-ray
crystallographic model of the Mn cluster.

MATERIALS AND METHODS

The PSII core complexes ofT. elongatus, in which the
carboxyl terminus of the CP43 subunit was genetically His-
tagged, were purified using Ni2+-affinity column chroma-
tography as previously described (50). The core complexes
in which Ca2+ was replaced with Sr2+ (Sr2+-PSII) were
prepared fromT. elongatuscells that were grown in a DTN
medium containing SrCl2 instead of CaCl2 (15). The core
complexes were suspended in a pH 6.5 buffer (buffer A:
40 mM Mes, 15 mM MgCl2, 15 mM CaCl2, 1 M betaine,
10% glycerol, and 0.03%n-dodecyl â-D-maltoside) and
concentrated to 11 mg of Chl/mL using Microcon-100
(Amicon). Note that the Sr2+ ion in the OEC of Sr2+-PSII
of T. elongatusis not replaced with Ca2+ even in a buffer
containing Ca2+ (15). Also note that a high concentration of
betaine is effective to keep the O2-evolving activity of Sr2+-
PSII (15).

The oxygen-evolving PSII membranes of spinach (51)
were prepared as reported previously (52) and suspended in
a pH 6.5 buffer (40 mM Mes-NaOH, 400 mM sucrose, and
20 mM NaCl). To replace Ca2+ with Sr2+ in this membrane
preparation, Ca2+ was first depleted by the low-pH treatment
(53, 54). The sample was treated with a pH 3.0 citrate buffer
(10 mM citrate, 400 mM sucrose, and 20 mM NaCl) for 5
min, and then 0.1 volume of pH 7.5 Mops buffer (0.5 M
Mops, 400 mM sucrose, and 20 mM NaCl) was added,
followed by incubation for 20 min on ice. Note that the Ca2+-
depleted PSII prepared by this procedure mostly retains the
24 and 16 kDa extrinsic proteins. The Ca2+-depleted PSII
membranes were washed with a pH 6.5 Mes buffer (buffer
B: 40 mM Mes, 400 mM sucrose, 20 mM NaCl, and 0.5
mM EDTA), and then SrCl2 was added to the suspension
(final SrCl2 concentration: 20 mM) followed by incubation
for more than 1 h onice. The control Ca2+-PSII sample
was prepared by addition of 20 mM CaCl2 instead of SrCl2
at the last step. The Ca2+-reconstituted sample recovered
about 66% of the O2-evolving activity of untreated PSII
membranes [660µM O2/(mg of Chl h)]. The activity of Sr2+-
substituted PSII membranes was∼58% of that of the Ca2+-
reconstituted PSII, which is comparable to the decrease in
O2-evolving activity by a factor of 2.2-2.4 by Ca2+/Sr2+

exchange in the PSII core complexes ofT. elongatus(15).

2 Although the authors of ref49 claimed that the PSII preparation
that they used underwent the full S-state cycle, the reported FTIR
difference spectra (Figure 2 of ref49) showed an almost flat feature in
the symmetric COO- region (1450-1300 cm-1) at the third and fourth
flashes. Thisclearly indicates that the S-state transitions were blocked
after the S3 state. This flat spectral feature at the third and fourth flashes
was very similar to that in the previous study by the same group (48)
using the PSII preparation limited in water content, in which the S3-
to-S0 transition was blocked. The fact that each flash produces a similar
amount of reduced ferrocyanide does not imply that the electron comes
from the Mn cluster. Readers can compare the FTIR difference spectra
of the S-state cycle in ref49 with those of our group (Figure 1 in the
present study;26, 27, 30, 39) and also of other two groups (25, 32-
35, 37). The S-state spectra of the latter three groups are basically in
agreement with each other and show clear bands in the 1450-1300
cm-1 region at the third and fourth flashes.
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For FTIR measurements, samples were loaded between a
pair of CaF2 plates (25 mm in diameter) as described
previously (26). For the PSII core complexes ofT. elongatus,
when ferricyanide is used as an exogenous electron acceptor,
2 µL of 100 mM potassium ferricyanide was first dried at
the center of the CaF2 plate and then was mixed with 2µL
of the PSII core suspension in buffer A (11 mg of Chl/mL).
This solution sample was covered with another CaF2 plate
and sealed with silicone grease. A piece of aluminum foil
(∼1 mm× ∼1 mm;∼15 µm in thickness) was placed as a
spacer in the outer part of the IR cell. When PpBQ was used
as an electron acceptor, 0.5µL of 500 mM PpBQ/DMSO
was mixed with 10µL of the T. elongatuscore suspension
(final PpBQ concentration: 25 mM), and 2µL of this
mixture was sandwiched between the CaF2 plates in a similar
manner. In contrast to the previous studies in which hydration
films of the core complexes were used (27, 30, 39), solution
samples were preferred in this study, because they included
a high concentration of betaine and partial drying of the
sample would increase too much the betaine concentration.
For the PSII membranes from spinach, 1 mL of the sample
suspension (0.5 mg of Chl/mL) in buffer B in the presence
of 20 mM CaCl2 or SrCl2 was mixed with 10µL of 500
mM PpBQ/DMSO (final PpBQ concentration: 5 mM) and
was centrifuged at 174000g for 45 min. The resultant pellet
was sandwiched between CaF2 (for Ca2+-PSII) or ZnSe (for
Sr2+-PSII) plates and sealed with silicone grease. An
aluminum foil spacer was not necessary to keep the thickness
of this pellet sample.

FTIR spectra were recorded using a Bruker IFS-66/S
spectrophotometer equipped with an MCT detector (InfraRed
D316/8) (26, 27). The sample temperature was adjusted to
10 °C by circulating cold water in a copper holder. Flash
illumination was performed using a Q-switched Nd:YAG
laser (Quanta-Ray GCR-130; wavelength, 532 nm; pulse
width, ∼7 ns fwhm; intensity,∼7 mJ pulse-1 cm-2 at the
sample surface). After two preflashes (1 Hz) and subsequent
dark relaxation for a certain period (see below), four
consecutive flashes were applied to the sample with 20 s
intervals forT. elongatuscore complexes and 4 s intervals
for spinach PSII membranes. Single-beam spectra (acquisi-
tion mode: double-sided fast return) with 40 scans (20 s
accumulation) and 8 scans (4 s accumulation) forT.
elongatusand spinach, respectively, were recorded before,
between, and after the flashes. A longer accumulation time
was adopted for theT. elongatuscore sample because of
the slower relaxation rates of the S2 and S3 states in
comparison with the spinach sample (see below). Before the
first flash, two single-beam spectra were recorded to calculate
the noise level. After dark relaxation (see below), the entire
cycle was repeated, and the spectra of 2, 4, and 12 cycles
for theT. elongatuscore complexes with ferricyanide, those
with PpBQ, and spinach PSII membranes, respectively, were
averaged for one sample. The fewer repetition cycles for the
T. elongatuscore with ferricyanide were to avoid the
contamination of the YD signal due to the increase in
ferrocyanide concentration. Difference spectra upon indi-
vidual flashes (after-minus-before the flash) and a dark-
minus-dark difference spectrum before the train of flashes
were calculated using the obtained single-beam spectra. The
spectra of several samples were averaged to improve the
signal-to-noise ratios. The dark relaxation periods after the

preflashes and between the cycles were 60 and 90 min for
Ca2+- and Sr2+-PSII, respectively, ofT. elontgatuswith
ferricyanide, 100 and 120 min for Ca2+- and Sr2+-PSII,
respectively, ofT. elontgatuswith PpBQ, and 30 min for
both Ca2+- and Sr2+-PSII of spinach. These dark periods
were determined from the relaxation time of the S3/S2 states
estimated as described previously (27). Note that much longer
dark periods were necessary for theT. elongatuscore
complexes in the present study in comparison with the
previous solution sample (10 min) (26), probably because
of the presence of 1 M betaine and 10% glycerol in the
samples. The spectral resolution was 4 cm-1.

To study the flash-number dependence of signal intensities,
FTIR spectra were recorded basically under the same
conditions except that 12 consecutive flashes were applied
to the sample. In addition, for the PSII membrane prepara-
tion, a spectral resolution of 16 cm-1 was used to obtain a
better signal-to-noise ratio. The total number of flashes
subjected to one sample was adjusted to that of the above
four-flash measurements as much as possible by changing
the repetition number of the cycle. Several samples were
used to average the data.

RESULTS

Figure 1 shows flash-induced FTIR spectra of the S-state
cycle of the PSII core complexes ofT. elongatusin the
presence of ferricyanide (blue lines) and PpBQ (red lines)
as exogenous electron acceptors and the PSII membranes of
spinach in the presence of PpBQ (green lines). All of these
samples include Ca2+ in the OEC. Although the Ca2+-
containing PSII sample from spinach was prepared by adding
Ca2+ to Ca2+-depleted PSII membranes (by low-pH treat-
ment), as a control sample for Sr2+-reconstituted PSII, the
obtained spectra were basically identical to the native PSII
membranes (not shown) except for relatively large non-heme
iron signals (see below) due to partial inactivation of OEC
during Ca2+ depletion. Measurements of the spinach PSII
membranes were also performed using other electron ac-
ceptors, i.e., ferricyanide, 2,5-DCBQ, and duroquinone, but
the results showed less efficient S-state cycling compared
with the measurement using PpBQ. Because the present study
focused on the carboxylate stretching vibrations in the regions
of 1600-1300 cm-1, a relatively large amount of sample
was loaded so that the absorbance of the∼1650 cm-1 peak
due to the amide I and water bands exceeds 1.0. This
condition significantly enhanced the noise level of the region
of 1700-1610 cm-1, and hence we did not present spectra
in this region in Figure 1.

The first- (a), second- (b), third- (c), and fourth- (d) flash
spectra represent the structural changes of the S1 f S2, S2

f S3, S3 f S0, and S0 f S1 transitions, respectively (25,
26). Previous studies of isotope substitution showed that
basically all of the bands at 1450-1300 cm-1 arise from
the symmetric COO- stretching vibrations of carboxylate
groups and those at 1600-1450 cm-1 arise from the
asymmetric COO- stretching and the amide II (NH bend
plus CN stretch) vibrations (30). The spectra ofT. elongatus
using ferricyanide and PpBQ as electron acceptors showed
basically identical band features, indicating that the contribu-
tion of PpBQ bands is negligible in the presented region.
The absence of a positive peak around 1480 cm-1 due to

13456 Biochemistry, Vol. 45, No. 45, 2006 Suzuki et al.



the semiquionone CO vibration in the spectra with PpBQ
(Figure 1, red lines) indicates that PpBQ was converted to
the quinol form (PpBQH2) upon reduction either by the
reaction with the non-heme iron (see below) or by dispro-
portionation. From a multiflash experiment, the intensities
of PpBQH2/PpBQ difference signals in the 1600-1300 cm-1

region per a single flash were estimated to be smaller than
10-5. The spectra of Ca2+-reconstituted PSII membranes of
spinach were also very similar to those ofT. elongatusin
the 1500-1340 cm-1 region. However, spectral features in
the regions of 1600-1500 and 1340-1090 cm-1 were rather
different from those ofT. elongatus. In the first-flash
spectrum, prominent peaks were observed at 1097, 1103,
1229, 1253, 1338, and 1546 cm-1. These peaks arise from
the non-heme iron on the electron acceptor side (55, 56),
which was oxidized from Fe2+ to Fe3+ by singly photore-
duced PpBQ (57, 58). The peaks around 1100 cm-1 and in
1340-1220 cm-1 have been assigned to the histidine and

bicarbonate, respectively, ligated to the non-heme iron (55),
and the peak near 1546 [at 1552 cm-1 in the original Fe3+/
Fe2+ spectrum (55, 56)] is probably due to the amide II band.
These peaks clearly showed a period 2 oscillation by
subsequent flashes in agreement with the previous observa-
tion using EPR spectroscopy (57, 58), supporting the above
assignment to the non-heme iron signals. It is noted that the
spectra ofT. elongatususing PpBQ as an exogenous electron
acceptor (red lines) showed similar features in the non-heme
iron region, although their intensities were much smaller.
This indicates that Fe oxidation by reduced PpBQ also takes
place in the core complexes ofT. elongatus, but in fewer
centers. Fortunately, the non-heme iron spectrum does not
exhibit prominent features in most of the symmetric COO-

stretching region (1450-1300 cm-1), and thus the effect of
Ca2+/Sr2+ exchange in spinach PSII membranes on this
region can be analyzed without the interference of the non-
heme iron signals.

Figure 2 shows the flash-induced FTIR spectra of the
S-state cycle of the biosynthetically Sr2+-substituted PSII
complexes ofT. elongatus(red lines) in the presence of
ferricyanide in comparison with those of Ca2+-PSII com-
plexes (blue lines). Several spectral changes were clearly
observed upon Sr2+ substitution. In the first-flash spectra (a),
the intensities of the bands of Ca2+-PSII at 1362 and 1418
cm-1 decreased, and in the second-flash spectra (b), the peaks
at 1516 and 1447 cm-1 were shifted to the lower frequencies.
At the third flash (c), the band intensity around 1365 cm-1

increased, and at the fourth flash (d), the 1452 cm-1 band
was downshifted. Basically the same changes were observed
for the spectra recorded using PpBQ as an electron acceptor
(Figure 3).

In Figure 4, the S-state spectra of the Sr2+-reconstituted
PSII membranes (red lines) were compared with those of
the Ca2+-reconstituted sample (blue lines) in the presence
of PpBQ as an electron acceptor. Spectral intensities, when
normalized at the first flash, seem to be slightly smaller in
Sr2+-PSII at the second, third, and fourth flashes. However,
the tendency of the Sr2+-induced changes was very similar
to the cases ofT. elongatus, i.e., decrease in the intensities
of the 1364 and 1419 cm-1 bands at the first flash (a),
downshifts of 1512 and 1445 cm-1 peaks at the second flash
(b), and intensity increase around 1365 cm-1 at the third flash
(c), although the spectral change at the fourth flash was not
very clear in the raw spectra (d).

The negative peak at∼1400 cm-1 typical of the first-flash
S2/S1 spectra only slightly (∼1 cm-1) shifted to the higher
frequency upon Sr2+ substitution but did not show intensity
changes in all three sets of spectra (Figures 2-4, panel a).
Hence, the efficiency of the S-state cycle in both Ca2+- and
Sr2+-PSII was estimated by plotting the intensity at the
frequency of this peak as a function of the flash number.
Figure 5 shows the oscillation patterns of the intensities at
1400 or 1401 cm-1 of Ca2+-PSII (blue circles) and Sr2+-
PSII (red circles) ofT. elongatuswith ferricyanide (A) and
PpBQ (B) and those of spinach with PpBQ (C). Filled circles
with solid lines and open circles with dotted lines express
the experimental data and the results of simulations, respec-
tively. Typical period 4 oscillation patterns were clearly
observed in all of the samples. The S-state cycle of Sr2+-
PSII was as efficient as that of Ca2+-PSII in T. elongatus,
while in spinach PSII membranes, Sr2+-PSII showed a

FIGURE 1: Flash-induced FTIR difference spectra of OEC during
the S-state cycle measured using the Ca2+-PSII core complexes
of T. elongatusin the presence of ferricyanide (blue lines) and PpBQ
(red lines) and using the Ca2+-reconstituted PSII membranes of
spinach in the presence of PpBQ (green lines). The difference
spectra were recorded upon the first- (a), second- (b), third- (c),
and fourth- (d) flash illumination, representing the S1 f S2, S2 f
S3, S3 f S0, and S0 f S1 transitions, respectively. The dark-minus-
dark difference spectra (e) recorded before the train of flashes
express the noise levels. The scale bars in blue, red, and green colors
represent the scales (∆A ) 1 × 10-4) of the corresponding spectra
in the same colors. The single-beam spectra with 360, 320, and
480 scans in total were averaged for theT. elongatuscomplexes
with ferricyanide, those with PpBQ, and the spinach membranes
with PpBQ, respectively.
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slightly faster damping of oscillation than Ca2+-PSII. In fact,
by the simulations, the miss factors were estimated to be
0.05 and 0.09 for Ca2+-PSII and Sr2+-PSII, respectively,
of T. elongatuswith ferricyanide (Figure 5A), 0.11 for both
Ca2+-PSII and Sr2+-PSII of T. elongatuswith PpBQ
(Figure 5B), and 0.07 and 0.13 for Ca2+-PSII and Sr2+-
PSII, respectively, of spinach (Figure 5C). The efficient
S-state cycle of the Sr2+-substituted PSII core complexes of
T. elongatusis consistent with the previous measurements
of UV absorption changes at 292 nm (15). In addition, the
slightly larger miss factor in the Sr2+-reconstituted PSII
membranes of spinach than in the corresponding Ca2+-PSII
preparation is in agreement with the data of mass spectro-
metric measurements (23). It should be noted that the
oscillation pattern of Sr2+-PSII ofT. elongatuswas slightly
shifted from that of Ca2+-PSII when ferricyanide was used
as an electron acceptor (Figure 5A). This could be caused

by YD to YD
• oxidation at the first flash in some centers of

Sr2+-PSII in the presence of ferricyanide/ferrocyanide. This
is also suggested by the presence of a small negative peak
at 1704 cm-1 typical of the YD

•/YD signal (59) in the first-
flash spectrum of this sample (not shown). Such a contribu-
tion of the YD

• signal, however, was not observed when
PpBQ was used as an electron acceptor for both theT.
elongatusand spinach samples.

The effects of Sr2+ substitution can be more clearly shown
by calculating Ca2+-minus-Sr2+ double difference spectra.
Figure 6 shows the double difference spectra ofT. elongatus
core complexes with ferricyanide (blue lines) and PpBQ (red
lines) and of spinach PSII membranes (green lines) at the
first (a), second (b), third (c), and fourth (d) flashes with a
noise level as a double difference of dark-minus-dark spectra
(e). For theT. elongatuscore complexes, the same subtrac-
tion factors were used for all of the four flash-induced

FIGURE 2: FTIR difference spectra (COO- stretching region) of
the S-state cycle of Ca2+-PSII (blue lines) and Sr2+-PSII (red
lines) ofT. elongatusin the presence of ferricyanide as an electron
acceptor. The difference spectra were recorded upon the first- (a),
second- (b), third- (c), and fourth- (d) flash illumination, represent-
ing the S1 f S2, S2 f S3, S3 f S0, and S0 f S1 transitions,
respectively. The dark-minus-dark spectra (e) show the noise levels.
The single-beam spectra with 360 and 400 scans in total were
averaged for Ca2+- and Sr2+-PSII, respectively. Green arrows
indicate the bands sensitive to Sr2+ substitution.

FIGURE 3: FTIR difference spectra (COO- stretching region) of
the S-state cycle of Ca2+-PSII (blue lines) and Sr2+-PSII (red
lines) of T. elongatusin the presence of PpBQ as an electron
acceptor. The difference spectra were recorded upon the first- (a),
second- (b), third- (c), and fourth- (d) flash illumination, represent-
ing the S1 f S2, S2 f S3, S3 f S0, and S0 f S1 transitions,
respectively. The dark-minus-dark spectra (e) show the noise levels.
The single-beam spectra with 320 scans in total were averaged for
both Ca2+- and Sr2+-PSII. Green arrows indicate the bands
sensitive to Sr2+ substitution.
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spectra, while for the PSII membranes of spinach, subtraction
factors were changed for individual spectra because of the
slightly higher miss factor in Sr2+-PSII compared with
Ca2+-PSII.

The double difference spectra of the three sets of samples
were all very similar at each flash, despite the differences
in electron acceptors (ferricyanide and PpBQ), the species
(T. elongatusand spinach), and preparations (PSII core
complexes and PSII-enriched membranes). In particular, the
band features and peak positions in the symmetric COO-

stretching region (1450-1350 cm-1) were mostly identical
between the three, indicating that the slight difference in the
miss factor between Ca2+-PSII and Sr2+-PSII of the
spinach membranes did not affect the double difference
spectra. Also, the spectra in the asymmetric COO- region

(1600-1500 cm-1) of T. elongatuswith different electron
acceptors were mostly the same, except for the features
around 1550 cm-1 at the first flash. Thus, the contributions
of the acceptor side signals (e.g., quinones, non-heme iron)
were negligible in the present double difference spectra. The
slight difference in the first-flash spectra could be due to
the YD

•/YD contamination in the Sr2+-PSII spectra.
The feature of the symmetric COO- region at the first

flash (S1 f S2 transition) was mostly identical to the
corresponding Ca2+-minus-Sr2+ spectra reported previously
for the Synechocystiscore complexes (47) and the spinach
core or membrane samples (46, 48, 49); the peaks at 1446-
(-)/1432-1(+)/1418(-)/1409-3(+)/1395-84(-)/1365-
3(+) cm-1 in the present study (Figure 6a) correspond to
those at 1447(-)/1433-2(+)/1419-7(-)/1409-8(+)/1395-
87(-)/1365-3(+) cm-1 in the previous studies. Also, the
features in the asymmetric COO- and amide II regions in
the first-flash spectrum of theT. elongatuscore complexes
with PpBQ [1586(+)/1567(-)/1555(+)/1540(-)/1532(+)/
1520(-) cm-1; Figure 6a, red line] were similar to those of
theSynechocystiscore complexes [1585(+)/1564(-)/1551-
(+)/1543(-)/1533(+)/1519(-) cm-1 (47)], and the peaks in
this region of spinach PSII membranes at 1587(+)/1567(-)/
1541(+)/1508(+) cm-1 (Figure 6a, green line) may cor-
respond to the peaks at 1587(+)/1570(-)/1539(+)/1504(+)
cm-1 in the previous spectra of spinach membranes (48).
Note that, in the previous studies, the PSII core (46) and

FIGURE 4: FTIR difference spectra (COO- stretching region) of
the S-state cycle of the Ca2+- (blue lines) and Sr2+- (red lines)
reconstituted PSII membranes of spinach in the presence of PpBQ
as an electron acceptor. The difference spectra were recorded upon
the first- (a), second- (b), third- (c), and fourth- (d) flash illumina-
tion, representing the S1 f S2, S2 f S3, S3 f S0, and S0 f S1
transitions, respectively. The dark-minus-dark spectra (e) show the
noise levels. The single-beam spectra with 480 scans in total were
averaged for both Ca2+- and Sr2+-PSII. Green arrows indicate
the bands sensitive to Sr2+ substitution.

FIGURE 5: Flash-number dependence of the relative intensities of
the COO- bands at∼1400 cm-1 of Ca2+-PSII (blue circles with
blue lines) and Sr2+-PSII (red circles with red lines). The
experimental data are expressed by filled circles with solid lines,
and the results of simulations are shown in open circles with dotted
lines. (A) PSII core complexes ofT. elongatusin the presence
ferricyanide. (B) PSII core complexes ofT. elongatusin the
presence of PpBQ. (C) PSII membranes of spinach in the presence
of PpBQ. The intensities of the 1400 or 1401 cm-1 peak in the
first-flash spectra were normalized to-1, and the relative intensities
at the same frequencies in thenth-flash spectra (n > 1) were plotted.
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membrane (48) preparations are depleted of 23 and 16 kDa
extrinsic proteins by salt wash, whereas our sample basically
includes these proteins. Hence, this similarity of the Ca2+-
minus-Sr2+ double difference spectra for the S1 f S2

transition indicates that the 23 and 16 kDa proteins do not
affect the structural changes of the Mn cluster upon Ca2+/
Sr2+ exchange.

In contrast to the close similarity of all the double
difference spectra in the symmetric COO- region (Figure
6), some differences were seen around 1550 cm-1 in the
asymmetric COO- and amide II region between the spinach
(Figure 6, green lines) andT. elongatus(Figure 6, blue and

red lines) samples. For example, the peaks at 1541(+), 1542-
(-), and 1548(+) cm-1 in the first-, second-, and third-flash
spectra of spinach (Figure 6, green lines), respectively,
showed shifted frequencies, and the peaks at 1535(-) and
1551(-) cm-1 at the third and fourth flashes, respectively,
exhibited much stronger intensities. Because of the close
similarity in the symmetric COO- region, these differences
could be ascribed to the amide II vibrations of backbone
amides, which can be changed by different species, rather
than the asymmetric COO- vibrations coupled to the
symmetric ones. Note that the non-heme iron signals that
have a large contribution to the S-state spectra of spinach
(Figure 5) are not responsible for the difference in this region,
because in the double difference spectra, no specific peaks
were observed at 1338, 1257, 1228, 1103, and 1097 cm-1

(not shown) where typical non-heme iron signals exist
(Figure 1) (55, 56). Taking into consideration the comparable
numbers of peaks in the symmetric and asymmetric COO-

regions, it is surmised that the peaks in 1600-1500 cm-1

commonly observed in both species arise from the asym-
metric COO- vibrations.

Depending on the flash number, characteristic band
features were observed in the double difference spectra. At
the first flash (Figure 6a), several prominent peaks were
observed in both the asymmetric and symmetric COO-

regions, i.e., peaks at∼1587(+)/∼1567(-)/1555-41(+)/
∼1520(-)/1510-08(+) cm-1 and at 1446(-)/1432-1(+)/
1418(-)/1409-3(+)/1395-84(-)/1365-3(+) cm-1. At the
second flash (Figure 6b), the prominent common features
are the relatively strong peaks at 1504-1500(-) and 1437-
(-) cm-1 with satellite peaks at 1518(+) and 1454-46(+)
cm-1. Other medium peaks are observed at 1595(-)/1562-
(+)/1552-42(-)/1528-5(+) cm-1 and 1425-17(+)/1407-
3(+) cm-1. At the third flash (Figure 6c), the most prominent
peak was observed at the relatively low frequency of 1365-
3(-) cm-1 in the symmetric COO- region, with a satellite
peak at 1383(+) cm-1. Other medium peaks in the symmetric
COO- region were observed at∼1417(+)/1406(-) cm-1.
In the asymmetric COO- region, medium or strong peaks
were observed at 1590(-)/1558-7(+)/1552(-)/1548-1(+)/
1535-2(-)/1522(+)/1512(-) cm-1. At the fourth flash
(Figure 6d), medium or weak peaks were observed at 1439-
(+)/1407-1(-)/1393(+)/1376-2(-)/1358-6(+) cm-1 in
the symmetric COO- region. In the asymmetric COO-

region, peaks were observed at 1573-70(+)/1554-1(-)/
1526-4(-) cm-1. It is worth noting that, in the double
difference spectra at every flash, a common peak was not
observed at∼1113 cm-1 (not shown) where the His CN
stretching band exists (36, 37), indicating that the His ligand
to the Mn cluster is not sensitive to the Ca2+/Sr2+ exchange.

DISCUSSION

In this study, we have investigated the effect of Ca2+/Sr2+

exchange on the ligand structure of the Mn cluster during
the S-state cycle using FTIR different spectroscopy. Because
Sr2+ has an ion radius larger than Ca2+ [1.13 and 0.99 Å for
Sr2+ and Ca2+, respectively (7)], the structure of the Mn
cluster including its amino acid ligands should be perturbed
by Ca2+/Sr2+ exchange, if Ca2+ is indeed strongly coupled
with the Mn cluster as proposed earlier by EPR and EXAFS
spectroscopies (3, 15) and now by X-ray crystallography (8,
9). Despite such a structural perturbation, however, O2-

FIGURE 6: Ca2+-minus-Sr2+ double difference spectra of the S-state
cycle of the PSII core complexes ofT. elongatusin the presence
of ferricyanide (blue lines) and PpBQ (red lines) and of the PSII
membranes of spinach in the presence of PpBQ (green lines). The
double difference spectra at the first- (a), second- (b), third- (c),
and fourth- (d) flash illumination, representing the S1 f S2, S2 f
S3, S3 f S0, and S0 f S1 transitions, respectively, and the nose
level (e) were calculated from the corresponding flash-induced and
dark-minus-dark difference spectra in Figures 2-4. Subtraction
factors were determined so as to delete the spectral features as much
as possible. For theT. elongatussamples, the same subtraction
factors were used throughout the first- to fourth-flash spectra. For
the PSII membranes of spinach, different subtraction factors were
used for individual flash-induced spectra, because the miss factor
in Sr2+-PSII was slightly higher than that in Ca2+-PSII (Figure
5). Purple arrows indicate the bands commonly observed in the
three spectra.
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evolving activity is retained in Sr2+-substituted PSII, and
hence, the structural relevance of Ca2+ to the Mn cluster in
every metastable S state (S0-S3) can be examined by
comparing the flash-induced FTIR difference spectra of the
S-state cycle in Sr2+-PSII with those of Ca2+-PSII. In
particular, such information in the S3 and S0 states cannot
be obtained in Ca2+-depleted PSII or other metal-substituted
PSII because of the inhibition of the transitions beyond the
S2 state in these preparations (1, 6, 7).

The relatively small miss factors (0.05-0.13) estimated
from the flash-number dependence of the FTIR signal (Figure
5) guaranteed that the first-, second-, third-, and fourth-flash
spectra virtually represent the structural changes upon the
S1 f S2, S2 f S3, S3 f S0, and S0 f S1 transitions,
respectively. All three kinds of samples, i.e., the PSII core
complexes ofT. elongatuswith ferricyanide as an electron
acceptor, and those with PpBQ, and the PSII membranes of
spinach with PpBQ, showed common features of Ca2+-
minus-Sr2+ double difference spectra, especially in the
symmetric COO- region (1450-1300 cm-1) (Figure 6). This
strongly indicates that the observed signals truly arise from
the OEC but not from some other origins such as YD, non-
heme iron, and quinones, which could contaminate the S-state
spectra. In addition, these common features between theT.
elongatusand spinach samples indicate that the relevance
of Ca2+ to the ligand structure of the Mn cluster during the
S-state cycle is basically identical between cyanobacteria and
plants as proposed previously (15).

General correlations have been known between the
coordination structures of carboxylate groups and the fre-
quency gaps between the symmetric and asymmetric COO-

stretching vibrations (∆νas-s) (42-44): (1) the unidentate
structure shows a relatively large difference of>200 cm-1;
(2) the chelating bidentate structure shows a relatively small
frequency gap of<100 cm-1; (3) the bridging bidentate
structure show a medium-frequency gap close to the ionic
values (∼164 cm-1). We will interpret the carboxylate bands
in the difference spectra of the S-state cycle (Figures 2-4
and 6) using these correlations as criteria, bearing in mind
that they are not necessarily strict (42, 60).

In the first-flash spectrum (S1 f S2 transition) of each of
the three samples (Figures 2-4, panel a), the intense positive
peak at 1364-2 cm-1 in the symmetric COO- region
significantly decreased its intensity upon Sr2+ substitution.
This intensity decrease is probably linked to the intensity
increase at the similar position in the third-flash spectra (S3

f S0 transition) (Figures 2-4, panel c), because structural
changes in the S1 f S2 transition must be reversed in another
transition. In the Ca2+-minus-Sr2+ double difference spectra,
these observations correspond to strong positive and negative
peaks at 1365-3 cm-1 at the first (Figure 6a) and third
(Figure 6c) flashes, respectively. This intensity decrease
seems to be coupled with the appearance of a positive
intensity at 1386-4 cm-1 in the first-flash spectra of Sr2+-
substituted PSII (Figures 2-4, panel a, red lines), which
corresponds to a strong negative peak at 1395-84 cm-1 in
the double difference spectra (Figure 6a). The counter peak
at the third flash was observed at 1383 cm-1 with a strong
intensity in the spinach sample (Figure 6c, green line) and
with weaker intensities in theT. elongatussamples (Figure
6, blue and red lines). These band changes can be caused
by the upshifts of the band at∼1363 cm-1 in the S2 and S3

states to∼1385 cm-1 upon Sr2+ substitution. The asymmetric
COO- region of the double difference spectra at the first
and third flashes (Figure 6a,c) showed complex band features
at 1590-1505 cm-1, which should include the asymmetric
COO- bands coupled to the above symmetric bands. Thus,
the frequency gap,∆νas-s, can be in the range of 230-120
cm-1, indicative of a bridging or unidentate coordination
structure.

Another prominent effect of Sr2+ substitution on the first-
flash spectra is a clear intensity decrease of the negative
1419-8 cm-1 peak concomitant with a slight shift or an
intensity change of the neighboring positive peak at 1441-
34 cm-1 (Figures 2-4, panel a). These spectral changes were
expressed in the Ca2+-minus-Sr2+ double difference spectra
as a strong negative peak at 1418 cm-1 with negative/positive
peaks at 1446/1432-1 cm-1 (Figure 6a). This negative peak
at 1418 cm-1 seems to correspond to the positive peak at
1417-6 cm-1 at the third flash (Figure 6c), which originates
from the intensity decrease of the positive band at this
position in the third-flash difference spectra (Figures 2-4,
panel c). The coupled asymmetric COO- vibration may be
present also in the complex features in 1590-1505 cm-1 of
the first- and third-flash double difference spectra (Figure
6a, c), and thus the∆νas-s value would be at 175-85 cm-1,
which indicates a chelating or bridging structure. This
carboxylate stays in this coordination structure at least in
the S1 and S0 states.

In the second-flash spectra representing the S2 f S3

transition, the positive peaks at 1447-5 and 1516-2 cm-1

showed clear downshifts to 1445-4 and 1514-05 cm-1,
respectively (Figures 2-4, panel b). These changes were
expressed in the double difference spectra as strong negative
peaks at 1437 and 1504-0 cm-1 with satellite positive peaks
at 1454-46 and 1518 cm-1 (Figure 6b). The∆νas-s was∼65
cm-1, indicating a chelating structure. This strong negative
peak at 1437 cm-1 in the symmetric COO- region seems to
correspond to the positive peak at 1439 cm-1 at the fourth
flash (Figure 6d), although the counter peak in the asym-
metric COO- region was not clearly identified. The 1439
cm-1 peak originates from a downshift of the negative peak
at 1452-46 cm-1 in the fourth-flash spectra (Figures 2-4,
panel d). Thus, the chelating carboxylate ligand having a
symmetric COO- frequency of∼1437 cm-1 may exist in
the S3 and S0 states.

The above interpretation for the Ca2+/Sr2+-sensitive peaks
can be summarized as follows. In the Mn4Ca cluster, there
are at least three carboxylate ligands whose structures are
significantly perturbed by Sr2+ substitution. They are (1) the
carboxylate ligand having a bridging or unidentate structure
in the S2 and S3 states and perturbed in the S1 f S2 and S3

f S0 transitions, (2) that with a chelating or bridging
structure in the S1 and S0 states and also perturbed in the S1

f S2 and S3 f S0 transitions, and (3) that with a chelating
structure in the S3 and S0 states and changes in the S2 f S3

and S0 f S1 transitions. It is noted that at present the
possibility cannot be excluded that the carboxylate groups
assigned to the bridging ligands in the above interpretations
actually have a pseudo-bridging (one oxygen atom is engaged
in a hydrogen bond) or ionic structure, which shows a∆νas-s

value similar to the bridging structure (42, 43). Further
careful studies using deuterated, Sr2+-substituted samples are
necessary to address this question.
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Previously, Noguchi et al. (28) reported that, upon Ca2+

depletion, the major symmetric COO- peaks at 1403(-)/
1364(+) cm-1 in the S2/S1 difference spectra are lost
concomitantly with the disappearance of the asymmetric
peaks at 1560(-)/1587(+) cm-1. Later, Kimura et al. (45,
61), claimed in their studies using Chelex-treated buffers that
Ca2+ depletion itself does not change the S2/S1 spectrum at
all, but the presence of chelators and a potassium ion in a
buffer induces the spectral changes. However, the results of
the present study together with previous studies (46-49)
showed that FTIR spectra of the S-state cycle are clearly
different between Ca2+-PSII and Sr2+-PSII, indicating that
the ligand structure of the Mn cluster is somewhat different
between them, although both of the Ca2+- and Sr2+-PSII
samples show high O2-evolving activity. Thus, it is unrea-
sonable that Ca2+-depleted OEC, which is the same as Sr2+-
depleted OEC, has exactly the same structure as Ca2+-bound
OEC but has a different structure from Sr2+-bound OEC.
Also, the strong structural coupling of Ca2+ with the Mn
cluster shown in the present study and other spectroscopies
(3, 7) is clearly contradictory to the idea that Ca2+ depletion
does not induce any changes in the vibrational structures of
the Mn cluster (45, 61). This argument strongly suggests that
the Chelex-treated PSII sample that Kimura et al. (45, 61)
claimed as “Ca2+-depleted” PSII is actually contaminated
with Ca2+, and the presence of chelators or metal substitution
is necessary to remove such Ca2+ contamination.

From the large change in∆νas-s of the asymmetric/
symmetric COO- bands lost by Ca2+ depletion from the S1
state (1560/1403 cm-1; ∆νas-s ) 157 cm-1) to the S2 state
(1587/1364 cm-1; ∆νas-s ) 223 cm-1), Noguchi et al. (28)
proposed that a certain carboxylate ligand changes its
coordination structure from the bridging to unidentate
coordination upon the S1 f S2 transition. They further
proposed the view that this carboxylate group bridges the
Mn and Ca ions and the ligation to the Ca ion is broken
upon S2 formation. In the present study, it has been observed
that the 1364-2 cm-1 band in the S2 state, which may
correspond to the 1364 cm-1 peak sensitive to Ca2+ depletion,
is drastically changed by Sr2+ substitution and seems to
upshift to ∼1385 cm-1. The coupled asymmetric band at
1587 cm-1 is also affected by Sr2+ substitution (Figures 2-4,
panel a), which was expressed as a positive feature at
1587-6 cm-1 in the Ca2+-minus-Sr2+ double difference
spectrum (Figure 6a). One of the speculative explanations
for these observations is as follows. Upon oxidation of Mn3+

to Mn4+ in the S1 f S2 transition, the Mn-O bond in the
Mn-OCO-Ca bridge is shortened, and instead the Ca-O
bond is lengthened and as a result this bond will be broken.
However, when Ca2+ is replaced with Sr2+, the larger ionic
radius of Sr2+ [by 0.14 Å (7)] could retain the Sr-O bond,
which causes the upshift of the symmetric stretching
frequency. On the other hand, the strong negative peak at
∼1400 cm-1 in the S1 state showed an only slight upshift
by ∼1 cm-1 (Figures 2-4, panel a), which seems to
contradict the assignment of this peak to the carboxylate
bridge between the Mn and Ca ions. However, it is possible
that the structure of the carboxylate group bridging
Mn3+(or 4+) and Ca2+ is rather asymmetric and the C-O bond
attached to Mn is longer than the other C-O bond ligating
Ca, and hence the C-O bond ligating Mn mainly contributes
to the lower frequency (so-called symmetric) COO- vibra-

tion. Thus, Sr2+ substitution for Ca2+ might not significantly
affect the symmetric COO- vibration. This suggests that the
absence of a large shift of the∼1400 cm-1 band upon Sr2+

substitution does not necessarily exclude the possibility that
this carboxylate group forms a bridge between Mn and Ca.

In the recent X-ray crystallographic model of the Mn4Ca
cluster at 3.0 Å resolution (9), the carboxylate groups of D1-
Ala344 (C-terminus) and of D1-Gln189 were identified as
possible ligands to Ca2+ forming carboxylate bridges with
Mn ions. The FTIR study by Chu et al. (31) usingL-[1-13C]-
alanine-labeled core complexes ofSynechocystissp. PCC6803
showed that the carboxylate of D1-Ala344 has a symmetric
COO- band at∼1356 cm-1 in the S1 state, which moves to
∼1337 or∼1320 cm-1 in the S2 state. Also, Kimura et al.
(34) showed that this change is reversed upon the S3 f S0

transition. Thus, D1-Ala344 has symmetric COO- frequen-
cies at∼1356 cm-1 in the S1 and S0 states and at∼1337 or
∼1320 cm-1 in the S2 and S3 states. Strickler et al. (47)
further showed that these D1-Ala344 bands in the S2/S1

spectra were not sensitive to Sr2+ substitution. Being
consistent with this result, the above symmetric COO-

frequencies of D1-Ala344 in the four S states disagree with
the frequencies (∼1363,∼1418, and∼1446 cm-1) of the
COO- bands that were found to be sensitive to Sr2+

substitution in the present study. Also, very recently, the
careful study by Strickler et al. (33) using site-directed
mutants at D1-Glu189 showed that the COO- bands of this
carboxylate group little contribute to the FTIR spectra during
the S-state cycle. It is therefore concluded that both D1-
Ala344 and D1-Glu189 are not responsible for the three
carobxylate groups identified to be perturbed by Ca2+/Sr2+

exchange.

The above argument indicates that if the X-ray crystal-
lographic model is correct, the carboxylate groups whose
FTIR bands were sensitive to Sr2+ substitution are not direct
ligands to Ca2+ but ligands to the Mn ions, which are strongly
coupled to the Ca2+ ion. These Mn ions might be directly
connected to Ca2+ with µ-oxo bridges. It is also possible
that Sr2+ substitution perturbs the whole structure of the Mn
cluster and affects its ligand vibrations. Such structural
perturbations of the Mn cluster were reflected by the
significant change in the Mn-O-Mn vibration at 606 cm-1

(41, 46), a slight increase in the average Mn-Mn distance
detected by EXAFS (62), and the modified multiline signal
in the EPR spectra (14, 15). Since the carboxylate group
showing the∼1400 and∼1364 cm-1 peaks in the S1 and S2

states, respectively, is assigned to neither D1-Ala344 nor D1-
Glu189, the idea of the bridging ligand with a drastic
coordination change upon the S2 formation (28) is not
consistent with the model by the X-ray structure. Also, the
X-ray model represents the structure in an uncontrolled low
redox state (10, 11), and hence the ligand structure in the
high S states could be rather different. Thus, it could be also
possible that carboxylate groups other than D1-Ala344 and
D1-Glu189 actually function as ligands to the Ca2+ ion in
some stage of the S-state cycle. Further FTIR studies using
site-directed mutants and selective isotope labeling and X-ray
crystal structures at higher resolutions will provide a clearer
view about the ligand structure of the Mn4Ca cluster during
the S-state cycle.
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