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Calcium Ligation in Photosystem Il under Inhibiting Conditions

Bridgette A. Barry, Charles Hicks, Antonio De Riso, and David L. Jenson
School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta, Georgia 30332

ABSTRACT In oxygenic photosynthesis, PSlI carries out the oxidation of water and reduction of plastoquinone. The product of
water oxidation is molecular oxygen. The water splitting complex is located on the lumenal side of the PSII reaction center and
contains manganese, calcium, and chloride. Four sequential photooxidation reactions are required to generate oxygen from water;
the five sequentially oxidized forms of the water splitting complex are known as the S, states, where n refers to the number of
oxidizing equivalents stored. Calcium plays a role in water oxidation; removal of calcium is associated with an inhibition of the S
state cycle. Although calcium can be replaced by other cations in vitro, only strontium maintains activity, and the steady-state rate of
oxygen evolution is decreased in strontium-reconstituted PSII. In this article, we study the role of calcium in PSII that is limited
in water content. We report that strontium substitution or "®OH, exchange causes conformational changes in the calcium ligation
shell. The conformational change is detected because of a perturbation to calcium ligation during the S, to S, and S to Sz transition

under water-limited conditions.

INTRODUCTION

In plants, algae, and cyanobacteria, oxygenic photosynthesis
converts solar energy into chemical energy. PSII is one of the
two photosynthetic reaction centers that carry out this
process. PSII catalyzes the light-driven oxidation of water
and reduction of plastoquinone. Reduced plastoquinone dis-
sociates from PSII to act as a proton and electron carrier in
the thylakoid membrane. The oxidation of water to oxygen
occurs within the OEC of PSII. Four sequential oxidation
reactions are required to generate oxygen from water. The
sequentially oxidized forms of the OEC are called the S
states. Oxygen release occurs during the S; to Sy transition
from an unstable intermediate, known as the S, state. Sy is
the most oxidized state of the OEC. The oxidation state of
Mn in the S states has been studied by EPR and x-ray
absorption near edge spectroscopy (reviewed in Britt, 1996
(1)). It is generally accepted that the S; state contains a
Mnlll,MnlIV, cluster and that the S, state contains a
Mnll[;MnlV; cluster (for example, see Peloquin et al.,
2000 (2) and Weng et al., 2004 (3) and references therein).
The oxidation state of the Mn ions in the Sj state has been
controversial, with some x-ray absorption studies suggesting
that a Mn oxidation occurs (4,5) and some indicating that
a ligand or u-oxo bridge to the Mn is oxidized instead (6,7).
Extended x-ray absorption fine structure and kinetic studies
have shown that a structural change in the OEC occurs
during the S, to S5 transition (8—10). Recently, it has been
suggested that this structural change includes the addition of
a third di-u-oxo bridge between two Mn atoms (11).
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Calcium and chloride are essential cofactors in the OEC
(12). Calcium is believed to bind close to the Mn cluster, and
extended x-ray absorption fine structure measurements re-
port Ca-Mn distances of 3.3—4.2 A (13,14). Recent 37Sr*?
ESEEM experiments confirm that strontium is 3-5 A from
Mn (15). Four x-ray diffraction studies of PSII crystals from
thermophilic cyanobacteria have been presented at 3.8 (16),
3.7 (17), 3.5 (18), and 3.2 A (19), respectively. In the 3.5 A
structure, electron density has been assigned to calcium and
manganese, which are 3.4 A apart and u-oxo bridged (18).
Although ligating water molecules have been included in the
calcium first ligation shell, all calcium ligands have not yet
been assigned (18). In the other three structures, active site
calcium has not yet been identified (16,17).

The role of calcium in PSII has been investigated by
depletion and substitution techniques (20). Calcium removal
blocks the S state cycle, generating an inhibited Sj state
(21,22). Only strontium can reconstitute oxygen evolution
(23). Strontium-substituted preparations exhibit slower
steady-state rates (23) and a slower turnover of the S state
cycle (24-26). Substitution of strontium for calcium alters
the EPR signals from the S, state (for examples, see Kim
et al., 2004 (15), Boussac et al., 1988 (27), and references
therein). A ''>Cd NMR study suggests that Ca*? may have
a symmetric array of ligands containing oxygen, nitrogen,
and/or chlorine (28). It has also been suggested that calcium
may play a role in water oxidation by binding a water or
hydroxide ion, which then acts as a nucleophile in the
reaction to form the oxygen-oxygen bond (29,30,). Mass
spectrometry experiments showing that substitution of
strontium for calcium alters the rate of substrate water
exchange support this interpretation (31) as do cation
substitution experiments (32).

In this report, we employ FTIR spectroscopy and strontium
and '"®OH, exchange to investigate structural changes in-
volving calcium in the OEC. FTIR spectroscopy has been
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used previously to study the S state cycle in cyanobacterial
and plant PSII (for representative examples, see Hillier and
Babcock (33) and Noguchi et al. (34)). Previous FTIR
measurements have disagreed about the degree of coupling
between Mn and Ca™? during the S; to S, transition (see
Noguchi et al. (35), Chu et al. (36), and Kimura et al. (37)
and discussions therein), and calcium substitution experi-
ments on the higher S states have not yet been reported.

In our experiments, we use PSII preparations under con-
ditions in which the samples are limited for substrate water.
Under these conditions, PSII does not undergo the Sz to Sy
transition (38). These conditions have the benefit of de-
creasing the contribution from water in the 1800—-1200 cm ™
region. Also, inhibiting conditions are commonly used to
investigate aspects of enzyme reaction mechanisms. For
example, in PSII, removal of calcium and chloride is known
to generate new EPR signals, which have been used to probe
mechanism and structure (reviewed in Yocum, 1992 (12)).

In this study, PSII samples were preflashed and dark
adapted to generate the S; state. Difference FTIR spectra
assigned to each S state transition were constructed by
manipulation of data obtained before and after each flash.
These data support the interpretation that strontium sub-
stitution and '®*OH, exchange cause structural changes in
peptide carbonyl ligands to calcium or in the protein
environment of calcium. This conformational change is
detected because of a perturbation to the calcium ligand
environment, which occurs during the S, to S3 transition. We
also detect a perturbation to Mn-Ca*? bridging ligands
during the S; to S, transition. Therefore, our result provides
support for the conclusion that a structural change occurs in
the OEC during these S state transitions under water-limited
conditions.

MATERIALS AND METHODS

Sample preparation and
strontium/'®0H, exchange

PSII membranes were prepared from market spinach, suspended in SMN
buffer (0.40 M sucrose, 50 mM MES-NaOH, 15 mM NaCl, pH 6) at 3.0 mg
chl per ml and stored at —70°C (39) PSII membranes were depleted of the 18
and 24 kDa subunits (salt-washed PSII samples) by dark incubation of PSII
samples in high-salt (2.0 M NaCl) SM (0.40 M sucrose, 50 mM MES-
NaOH, pH 6) buffer at 0.5 mg chl/ml for 30 min at 4°C (40). These
membranes were washed with SM buffer and then resuspended in a SM
buffer that contained either 20 mM CaCl, or SrCl,. Aliquots of these sam-
ples were stored at —70°C until use. Just before use, samples were pelleted
and exchanged twice into 50 ul aliquots of SM buffer, containing either
20 mM CaCl, or SrCl, (48,000 X G for 6 min at 4°C). For '*0OH, exchange,
the same exchange procedure was followed through the use of '*OH, SM
buffer containing calcium chloride. In one case, PSII samples also contained
15 mM NaCl (see Fig. 2). In total, samples used for FTIR spectroscopy were
incubated either in calcium or strontium buffer for more than 4 h before use
(32). Note that the method employed here is not a calcium extraction
procedure (24) but a strontium exchange method. This provides an advantage
in the avoidance of chelators, which can bind to PSII and alter the structure of
the OEC (see Kimura et al. (37) and references therein).
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Oxygen evolution measurements

Oxygen evolution activity was monitored using a Clark electrode, as
previously described (41). The steady-state rate of oxygen evolution under
saturating light intensity was 680 wmol O, (mg-chl hr)~" for PSII samples
employed in these studies. For salt-washed PSII, reconstituted either with
CaCl, or with SrCl,, the rates were measured to be 440 and 110 wmol
0, (mg-chl hr)™", respectively. The decrease in oxygen evolution rate in
the presence of calcium after salt washing (from 680 to 440 umol O,
(mg-chl hr)~") has been noted previously (40) and may be consistent with
an increase in an acceptor-side rate limitation after salt washing (42). This
rate limitation may be due to the removal of detergent in the additional
wash steps.

The decrease in the steady-state oxygen evolution rate observed in the
presence of strontium, compared to calcium, is consistent with substitution
of strontium for calcium at the active site for water oxidation (20,32). In the
absence of added calcium in the oxygen evolution assay, calcium-exchanged
samples exhibited no significant oxygen evolution activity (~60 umol
0,(mg-chl hr)™").

Gel electrophoresis

Samples were subjected to electrophoresis using the modified SDS-PAGE
Neville method (42). Gels were fixed, stained, and destained in an aqueous
solution containing 45% methanol, 10% acetic acid, and ~0.1% Coomassie
Brilliant Blue R (Aldrich, Milwaukee, WI). This procedure was used to
verify removal of the 18 and 24 kDa subunits (data not shown).

EPR experiments

EPR experiments were performed at 10 K to verify that strontium
substitution. EPR experiments were conducted according to the method of
Kim et al., 2004 (15). A Bruker (Billerica, MA) EMX spectrometer, an
Oxford (Concord, MA) cryostat, and a standard Bruker TE cavity were
employed. Samples were dark adapted at room temperature and an EPR
background scan was performed. Samples were then illuminated at 200 K
with red-filtered and heat-filtered light from a Dolan Jenner (Lawrence, MA)
150 W illuminator, and another EPR spectrum was recorded. Fig. 1 presents
the result of the subtraction: after illumination-minus-before illumination.
Samples contained 0.25 mM recrystallized 2,6-dichlorobenzoquinone
(DCBQ) and 0.5 mM potassium ferricyanide. The spectral conditions
were frequency, 9.44 GHz; microwave power, 3.2 mW; field modulation, 16
G; frequency modulation, 100 kHz; time constant, 2.6 s; scan time, 336 s;
and sweep width, 6240 G. The data shown in Fig. 1 A were recorded on the
calcium-exchanged PSII control (four scans per sample; average of three
PSII samples), and the data shown in Fig. 1 B were recorded on the
strontium-exchanged PSII samples (four scans per sample; average of two
PSII samples). As expected (15), an increase in the g = 4.1 signal and
a change in the hyperfine splittings of the multiline signal are observed in the
strontium-exchanged sample (Fig. 1). This EPR result verifies that strontium
has been exchanged at the calcium site.

FTIR experiments

Samples were defrosted on ice immediately before use, and the electron
acceptors, potassium ferricyanide, and recrystallized DCBQ were added
to the suspension with final concentrations of 6.0 mM and 500 uM, re-
spectively. Salt-washed PSII samples were then pelleted (48,000 X G for
6 min at 4°C). Compared to our earlier work (42,44,45), this set of condi-
tions slightly raised the acceptor to reaction center ratio, which resulted in a
lower contribution of Qg to the spectrum (46).

Approximately 2.0 mg of PSII was sandwiched between two CaF,
windows. The windows were slid apart, leaving a thin uniform film of sam-
ple, which was wiped from a 3 mm boundary around the window edge with
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FIGURE 1 Light-minus-dark EPR spectra obtained on (A) calcium-

exchanged PSII and (B) strontium-exchanged PSII. The frequency was
9.44 GHz. Data points in the g = 2.0 region, which contains a large signal
from oxidized tyrosine residues, have been deleted for presentation pur-
poses. Other conditions are given in the Materials and Methods section.

a cotton swab. The sample was then dried under nitrogen flow (2500 cc/min)
on ice. The windows were sandwiched again, and the space between them
was sealed with silicone high-vacuum grease, applied in a continuous bead
that did not contact the sample. A layer of parafilm was used to seal the
circumference of the windows. Using this procedure, dehydration of the
sample over the course of data acquisition was minimal, with <2.5% change
in the ratio of the ~3400 cm™" band to the protein amide IT (1545 em™h
band. The average ratio of the 3400/1545 cm ™" bands in the FTIR spectrum
was >3.0 in Fig. 2 and 2.4 in Figs. 3-5. In samples with the lower ratio, the
final sucrose concentration was estimated to be 1.3 M from the weight
change after dehydration. We have previously shown that this concentration
of sucrose gives optimal steady-state oxygen rates in solution (42). Oxygen
rates before and after the FTIR experiments were consistent with retention of
activity, as previously reported (42,44).

FTIR measurements were performed with a Bruker 66v spectrometer, as
previously described (42,44,45). Samples were maintained at a constant
temperature of 4°C through the use of a temperature-controlled Harrick
(Ossining, NY) cell and a temperature-controlled recirculating bath.
Samples were transferred to the cell at 14°C and immediately cooled. The
sample compartment was purged with dry nitrogen for 60 min before data
acquisition began and during data acquisition. Samples were irradiated
with a depolarized Nd-YAG laser spot (Continuum, Santa Clara, CA; 7 ns,
532 nm), with an intensity of 10 mJ/cm?.

The measurement cycle began with dark adaptation of the samples for
60 min to give an equilibrium mixture of Sy and S;. This mixture was then
given a single flash and allowed to equilibrate for 20 min to achieve a
maximal concentration of the S; state (see Halverson and Barry (42,44) and
references therein). Single-channel spectra (100 scans, 15 s) were collected
before S-state advancement flashes and after each of six advancement
flashes. In all experiments, samples were used for three measurement cycles
(19 flashes). The spectra recorded with each measurement cycle were found
to be identical (data not shown). There was a 20 min equilibration between
each set of six flashes. This dark adaptation time of 20 min was constant
throughout the experiment to prevent spontaneous, dark-induced alterations
in the S,-S; spectrum, as previously described (44).
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All single channel spectra were collected with a 4 mm aperture, 8 cm ™!
resolution, a Happ-Genzel apodization function, four levels of zero-filling,
and a Mertz phase correction. Difference spectra were calculated directly
from the single channel spectra collected before and after each advancement
flash. An FTIR absorption spectrum of each sample was also measured
before and after data collection. In Fig. 2, spectra were normalized to an
amide II absorbance of 0.5, correcting for pathlength and concentration. In
Figs. 3-5, all data were scaled to the calcium S,-minus-S; difference spec-
trum, using the intensity of a differential set of bands at 2112/2034 cm ™.
These bands arise from the CN stretching vibration of ferricyanide and
ferrocyanide, respectively (47). The data in Fig. 2 are an average of 24
individual difference spectra. The data in Figs. 3-5 are an average of 81
(calcium, '®OH,), 87 (strontium, '°OH,), or 93 (calcium, '*OH,) individual
difference spectra.

RESULTS

Fig. 2 shows difference FTIR spectra acquired of calcium-
containing samples with one (Fig. 2 A), two (Fig. 2 B), three
(Fig. 2 C), and four (Fig. 2 D) saturating, 532 nm flashes.
The data are assigned to S,-S;, S3-S,, So-Ss, and S;-Sg
spectra, respectively. A dark-minus-dark control is shown
for comparison (Fig. 2 E). In these experiments, the ratio of
water to protein infrared bands was >3.0. These spectra
resemble data previously reported under these conditions
(see Hillier and Babcock (33), Noguchi et al. (34), and
Yamanari et al. (48) and Discussion section).
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FIGURE 2 Vibrational spectra of the OEC. Difference FTIR spectra are
assigned to the S; to S, (A), S, to S3 (B), Sz to Sy (C), and Sy to Sy (D)
transitions in salt-washed PSII containing calcium. In E, a dark-minus-dark
control is presented. The tick marks on the y axis are 2 X 10~ absorbance
units. Other conditions are given in the Materials and Methods section.
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Fig. 3 shows difference FTIR spectra acquired of calcium-
containing samples under substrate-limiting conditions
(water/protein ratio = 2.4). The data were recorded with
one (Fig. 3 A, dashed line), two (Fig. 3 B, dashed line), three
(Fig. 3 C, dashed line), and four (Fig. 3 D, dashed line)
saturating, 532 nm flashes. The data are assigned to S,-Sy,
S3-S,, So-S3, and S-S, spectra, respectively. In the solid
lines, the same spectra were constructed for strontium-
containing PSII samples. A dark-dark control spectrum in
Fig. 3 E exhibits the level of noise. Only the S,-S; and S3-S,
spectra show defined vibrational bands under these con-
ditions (38), consistent with a limitation in the rate of PSII
turnover caused by removal of water. This rate limitation
does not alter the frequencies or relative amplitudes of bands
in the S; to S, difference spectrum and does not have a
dramatic effect on the S, to S; difference spectrum (compare
Figs. 2 and 3). Note that this inhibitory effect is reversible,
because oxygen evolution rates before and after the mea-
surement were similar, as previously reported (42,44).

To identify spectral changes induced by the substitution of
strontium for calcium under inhibited conditions, the solid
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FIGURE 3 Effect of strontium/calcium replacement on the vibrational
spectra of the OEC under substrate-limited conditions. Difference FTIR
spectra are assigned to the Sy to S, (A), S, to S3 (B), S5 t0 S (C), and S to S
(D) transitions. In the dashed lines, salt-washed PSII contained calcium in
the OEC; in the solid line, salt-washed PSII contained strontium in the OEC.
In E, a dark-minus-dark control is presented. The tick marks on the y axis are
1 X 10~* absorbance units. Other conditions are given in the Materials and
Methods section.
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and dashed spectra in each panel were subtracted to generate
double difference spectra. The results of this subtraction are
shown in Fig. 4 for the S,-S; (Fig. 4 A) and S3-S, (Fig. 4 B)
data. To construct the double difference spectra, the stron-
tium difference spectrum was subtracted from the calcium
difference spectrum. A representative control subtraction, in
which no spectral bands are expected, is shown in Fig. 4 E.
Spectral features, with signals above the noise in the mea-
surements, are observed in the double difference spectra in
Fig. 4, A and B. Vibrational bands are only present in these
double difference spectra if substitution of strontium for cal-
cium and photooxidation of the OEC perturb the vibrational
spectrum. As shown in Fig. 4 A, photooxidation of Mn(III)
during the S; to S, transition and substitution of strontium
for calcium perturb the vibrational frequency of bands
throughout the entire 1800—1200 cm ™' region of the infrared
spectrum. This type of frequency shift is most likely to occur
for vibrational bands of metal ligands in the OEC, which are
sensitive to changes in Mn charge, Ca™?/Sr™? ionic radius,
and accompanying changes in bond distances.
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FIGURE 4 Double difference spectra showing the effect of strontium/
calcium (A and B) and '®OH,/*°OH, (C and D) replacement on the OEC.
Data shown in (A and C) were constructed from the S,-S; spectra, calcium-
minus-strontium (A) and '*OH,-minus-'*0H, (C). Data shown in B and D
were constructed from the S3-S, spectra, calcium-minus-strontium (B) and
1OH,-minus-'*0H, (D). In E, a representative control double difference is
shown, in which no vibrational bands are expected. This control double
difference was constructed from the S3-minus-S, data set. The tick marks on
the y axis are 1 X 10~* absorbance units.
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As shown in Fig. 4 B, the S, to S; transition also perturbs
the calcium/strontium site, but the double difference spec-
trum reflects only perturbations of amide I (C=O stretching)
and IT (CN stretching/NH bending) bands (48) and is distinct
from the more complex spectral perturbation observed dur-
ing the S; to S, transition (Fig. 4 A). These data are con-
sistent with a p-oxo/ligand oxidation reaction or with the
oxidation of a different Mn ion during this S state transition
(compared to the Sy to S, transition). A possible assignment
for the S, to S; double difference spectrum is that a positive
band at 1675 cm ™' (Ca™? sample, S; state) shifts to give a
negative band at 1644 cm ! (SrJr2 sample, S; state). The
accompanying amide II changes exhibit a positive-negative-
positive band pattern (1556 (+); 1538 (—); 1507 (+) cmfl).

Fig. 5 shows difference FTIR spectra acquired of '®OH,-
containing samples with one (Fig. 5 A, dashed line), two
(Fig. 5 B, dashed line), three (Fig. 5 C, dashed line), and four
(Fig. 5 D, dashed line) saturating, 532 nm flashes. The data
correspond to S,-Sy, S3-S,, Sp-S3, and S-Sq spectra, re-
spectively. In the solid lines, the same series of spectra were
constructed for '*OH,-substituted salt-washed PSII samples.
All samples contained calcium. A dark-dark control
spectrum in Fig. 5 E shows the level of noise.

1800 1600 1400 1200
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FIGURE 5 Effect of '*OH,/'°OH, exchange on the vibrational spectra of
the OEC. Difference FTIR spectra are assigned to the S; to S, (A), S, to S3
(B), S3t0 Sg (C), and Sy to S (D) transitions. In the dashed lines, salt-washed
PSII contained calcium and 16OHZ; in the solid line, salt-washed PSII
contained calcium and '*OH,. In E, a dark-minus-dark control is presented.
The tick marks on the y axis are 1 X 10~* absorbance units. Other conditions
are given in the Materials and Methods section.
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To identify spectral changes induced by the substitution of
'"8OH, for '°OH,, the solid and dashed spectra in each panel
were subtracted. The results of this subtraction are shown in
Fig. 4 for the S,-S; (Fig. 4 C) and S3-S, (Fig. 4 D) spectra. A
control subtraction, in which no spectral bands are expected,
is shown in Fig. 4 E. Vibrational bands, with signals above the
noise in the measurements, are observed only in the double
difference spectrum corresponding to the S, to S transition
(Fig. 4 D). Therefore, we conclude that '80OH, substitution
and the S, to S transition perturb the amide I and II vibrations
(49) of the peptide backbone. The mechanism of this pertur-
bation will be discussed below. Note that there are no signif-
icant effects of 18OH2 substitution on the S,-S; spectrum (Fig.
4 C). Interestingly, the '*OH, double difference spectrum is
indistinguishable from the S3-S, double difference spectrum
generated by strontium substitution (Fig. 4, B and D), given
the signal to noise ratio.

DISCUSSION

In this article, we report FTIR spectra of the S state tran-
sitions in salt-washed PSII. These spectra resemble data
previously reported in plant and cyanobacterial PSII
(33,34,42,44,45,48). Some of the bands in these S,-S; and
S3-S, spectra have been assigned by global "N and *C
labeling (48,50). For the S; to S, transition, specific isotopic
labeling of the manganese stabilizing subunit have been
reported; these experiments assign subsets of spectral
features to particular amino acid residues in this subunit (45).

In some of our FTIR experiments, the water content of the
PSII sample was limiting for the reaction mechanism. The
fact that those data exhibit little spectral change after three
flashes, which should induce the S; to S transition, is
consistent with an inhibition of this S state transition under
these conditions. This phenomenon has been previously
described in PSII samples maintained at low humidity (38).
We attribute the inhibition to a rate limitation, which causes
a reduction of the rate of the S5 to S transition relative to the
15 s data acquisition time. Under these conditions, PSII may
be effectively trapped in the S; state. The origin of the rate
limitation at low water contents may be on the donor or
acceptor side. Note that the frequencies and relative ampli-
tudes of the FTIR spectra of the S; to S, and S, to Sj; tran-
sitions are not altered by removal of water. These conditions
of low water content have the advantage that potential back-
ground water contributions in the 1640 cm™' region are
reduced in magnitude, and this reduction in the contribution
of background water enables us to obtain information about
the S; to S, and S, to S; transition under these inhibited
conditions.

Previous FTIR experiments have disagreed about the
interpretation of the S,-S; spectrum and the degree of
interaction between calcium and manganese in the OEC. It
was originally suggested, on the basis of their frequency, that
bands at 1400 (—) and 1360 (+) cm™ ! could be assigned to
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a Mn/Ca™? bridging carboxylate ligand (35). However, a
study in which other divalent metal ions were apparently
substituted for Ca™? was reported to have no significant
effect on the 18001200 cm ™' region of the spectrum (37).
In Chu et al. (36), this discrepancy is also discussed. By
contrast, in our strontium exchange experiments, we report
strontium-induced frequency shifts throughout the S,-S;
spectrum. This difference between our results and those
previously reported is not due to hydration level, because we
observe the same strontium-substituted changes in spectra
from fully hydrated PSII (A. De Riso, D. L. Jenson, and
B. A. Barry, unpublished results). The origin of this differ-
ence is under investigation.

Strontium-induced frequency shifts throughout the 1800—
1200 cm ™' spectral region suggest that the majority of bands
in the spectrum are affected by bond distance changes or
changes in force constant when Mn is oxidized and strontium
is substituted for calcium. This result is consistent with the
idea that Mn and Ca™? have bridging ligands, arising from
amino acid side chains such as glutamate and aspartate, and
that Mn oxidation on the S state transitions perturbs those
bridging ligands. Note that although some Mn ligands have
been assigned in PSII x-ray structures, the amino acid
residues providing calcium ligation have not yet been
assigned (16—19). Our result supports the idea that bridging
Mn/Ca*? ligands contribute to the 1800-1200 cm ™' region
but also suggests that the spectral contributions caused by
bond distance and force constant changes are complex. Local
protein inhomogeneity may underlie this observation. This
inhomogeneity may also underlie the width of spectral
features, assigned to ligands to the Mn cluster and observed
under illumination at 200 K. This inhomogeneity may
originate in conformational degrees of freedom that are
important for water oxidizing function (51,52,). Our pre-
vious work also showed that prolonged dark adaptation in
the S; state causes spontaneous, structural changes, again
suggesting conformational flexibility in the OEC (44).

The FTIR data presented here provide comparative
molecular information about the S; to S, and S, to S;
transition. In the calcium-strontium data, the double differ-
ence spectrum constructed from the S; to S, spectra shows
a complex set of derivative-shaped features. However, the
double difference spectrum associated with the S, to S3
transition is a relatively simple spectrum and reflects hy-
drogen bonding changes to one or more peptide bonds. Our
'80H2 data exhibit no 'O sensitive effects during the S; to
S, transition but also generate a peptide bond perturbation
spectrum during the S, to S3 transition (see below). In each
case, the derived double difference spectrum exhibits bands
at 1675 (+), 1644/2 (—), 1556/49 (+), 1538/36 (—), and
1507/4 (+) cm ™', which are characteristic of perturbations
to the C=0O stretching (amide I) and C-N stretching/
NH bending (amide II) bands of the peptide bond (49). A
possible assignment for the S, to S3 double difference
spectrum is that a 1675 cm ™' band originating from the S,
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state of the Ca™%-containing sample shifts to give a 1644/2
cm™ ' band in the Sj state of the St *-containing sample. The
pattern of amide II shifts is consistent with a downshift of
a derivative-shaped amide II vibration (+/—) when stron-
tium is substituted for calcium.

Peptide carbonyl oxygens, as well as aspartate and
glutamate side chains, are likely first shell ligands for
calcium ions in proteins (for examples, see Bjornson et al.
(53), Szebenyi and Moffat (54), Ilag et al. (55), and Dudev
et al. (56). Previous FTIR studies of the Ca™*>-ATPase have
identified bands in the amide I region, which are associated
with binding of calcium to the protein (57). In the available
x-ray structures of the OEC, the ligand environment of
calcium has not been completely assigned (16-19), but
mutagenesis experiments suggest that aspartate and gluta-
mate residues in the D1 subunit provide ligation to PSII
calcium (58,59). In addition, the 3.5 A structure of PSII
shows that the carboxyl terminus of the D1 subunit is close to
calcium, and the authors have suggested that the carboxyl
terminus may be a ligand to calcium at some point in the S
state cycle ((18), but see Chu et al. (60)).

The S;-minus-S, FTIR spectrum presented here is
consistent either with the addition of a C=0 ligand to Ca™?
in the S; state or with a conformational change at the calcium
site, which is sensitive to the addition of Sr*2. Free C=0
vibrations (in the S, state) are not expected to contribute to the
double difference spectrum, because the vibrational bands of
the free C=0 group would not be sensitive to strontium
substitution. The downshift of the ligating C=O vibration in
the presence of strontium could be caused by an inductive
effect, in which strontium increases the basicity or the partial
negative charge of the carbonyl oxygen, relative to the
calcium-bound C=0 (61). This inductive effect is observed,
for example, in the pK, values of aqua ions bound to strontium
(13.2), when compared to aqua ions bound to calcium (12.8;
see Vrettos et al. (32) and references therein). This inductive
effect decreases the frequency of the C=O stretching
vibration, because ionic bonds are longer than covalent
bonds. The larger ionic radius of strontium is also expected to
decrease the M-O vibrational frequency, which is too low to
be directly observed in our experiments (62).

The amide II bands exhibit a distinct positive-negative-
positive pattern, compared to the derivative-shaped amide |
bands. A positive-negative-positive band shape is consistent
with the downshift of a derivative-shaped band in the Ss3-
minus-S, spectrum when strontium is substituted for
calcium. The magnitude of the downshift is ~10-20 cm ™"
This spectral signature suggests that the amide II perturba-
tion may be due to an additional interaction between the
calcium ligation shell and one or more peptide bonds in the
OEC or to a protein conformational change. This interaction
may be due to a change in the hydrogen bonding of peptide
NH groups in the calcium binding site. The fact that this
amide II perturbation spectrum is observed only during the
S, to S5 transition suggests that hydrogen bonding is altered
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during this part of the S state cycle. Possible mechanisms
which might give rise to such a perturbation have been
discussed (3,5,7,10,29).

"8OH, water substitution results in an indistinguishable
S3-minus-S, double difference spectrum, when compared to
calcium substitution. Hydrogen bond distances are sensitive
to 'O substitution (63). Therefore, we hypothesize that
changes in solvent-OEC hydrogen bonding slightly alter the
ligand environment of the calcium site and lead to the double
difference spectrum that we observe in 18OHz. However, this
effect must be an indirect one, due to small changes in
geometry at the calcium site, because the bond distances and
force constants of water itself are not perturbed. For
example, we observe no '®O sensitive bands in the 3500
cm~ ' region under these conditions (64). An analogous
situation is observed for enzymes in *H,O buffers, which can
induce small changes in the equilibrium structure of proteins
due to changes in the hydrogen bonding distances (reviewed
in Schowen and Schowen (65)).

In previous work, Brudvig and co-workers (32) concluded
that the calcium site in PSII is similar to EF hand sites in
other calcium-binding enzymes, with the exception that the
PSII site is less selective for cation size. Although many EF
hand sites are composed only of amino acid ligands, the PSII
calcium ion may also bind water (29,30). The mobility of
ligating water may be the cause of increased structural flexi-
bility at the PSII calcium site, compared to EF hand proteins
(32), and may be the underlying cause of the protein con-
formational changes observed in this work.

In summary, our data provide evidence that the ligand
environment of calcium is perturbed during the S, to S;
transition under conditions of low water content and that the
S, to S, transition perturbs bridging ligands between Mn
and Ca™?.

This work was supported by National Science Foundation grant MCB
03-55421.
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