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Calcium Exchange and Structural Changes during the Photosynthetic
Oxygen Evolving Cycle
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ABSTRACT PSII catalyzes the oxidation of water and reduction of plastoquinone in oxygenic photosynthesis. PSII contains
an oxygen-evolving complex, which is located on the lumenal side of the PSII reaction center and which contains manganese,
calcium, and chloride. Four sequential photooxidation reactions are required to generate oxygen. This process produces five
S,-states, where n refers to the number of oxidizing equivalents stored. Calcium is required for oxygen production. Strontium is
the only divalent cation that replaces calcium and maintains activity. In our previous FT-IR work, we assessed the effect of
strontium substitution on substrate-limited PSII preparations, which were inhibited at the S; to Sy transition. In this work, we
report reaction-induced FT-IR studies of hydrated PSII preparations, which undergo the full S-state cycle. The observed dif-
ference FT-IR spectra reflect long-lived photoinduced conformational changes in the oxygen-evolving complex; strontium
exchange identifies vibrational bands sensitive to substitutions at the calcium site. During the S;’ to Sy’ transition, the data are
consistent with an electrostatic or structural perturbation of the calcium site. During the S3' to Sy’ and Sy’ to Sy’ transitions, the
data are consistent with a perturbation of a hydrogen bonding network, which contains calcium, water, and peptide carbonyl
groups. To explain our data, persistent shifts in divalent cation coordination must occur when strontium is substituted for

calcium. A modified S-state model is proposed to explain these results and results in the literature.

INTRODUCTION

Photosystem II (PSII) catalyzes the light-driven oxidation of
water and the reduction of plastoquinone. The oxidation of
water to oxygen occurs within the PSIT OEC. Four sequential
oxidation reactions are required to oxidize water and to gen-
erate oxygen. The sequentially oxidized forms of the OEC
are called the S-states. From the dark adapted S;-state, three
flashes produce S4, which releases oxygen and converts to
So in the dark (1).

The oxidation state of Mn as a function of S-state has
been studied by EPR and XANES. The §;-state contains a
MnllII,MnlV, cluster and the S,-state contains a Mnlll;MnIV3
cluster (see Britt et al. (2) and references therein). The oxi-
dation state of the Mn ions in the Ss-state has been
controversial, with some XANES studies suggesting that a
Mn oxidation occurs during the S, to S5 transition (3,4) and
some studies suggesting that a ligand or u-oxo bridge to the
Mn is oxidized instead (5,6). EXAFS and kinetic studies
suggest that a structural change in the OEC occurs during the
S, to S5 transition (7-9).

Calcium is an essential cofactor in PSII (reviewed in (10)).
EXAFS and *’Sr*? ESEEM measurements report Ca-Mn
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distances of 3-5 A (11-13). Four x-ray diffraction studies of
PSII crystals from thermophilic cyanobacteria have been
presented at 3.8-3.0 A (14-17). In the 3.5 and 3.0 A
structures, electron density has been assigned to calcium and
manganese, and calcium is an integral component of the
manganese cluster (16,17). However, many of the calcium
and manganese ligands are not yet assigned in these struc-
tures (18,19). A '"*Cd NMR study suggests that Ca*? has
symmetric array of ligands, containing oxygen, nitrogen,
and/or chlorine (20).

Calcium removal blocks the S-state cycle (reviewed in
Yocum (10)). Strontium is the only divalent ion that can
restore oxygen evolution (21). However, preparations con-
taining strontium exhibit a slower turnover of the S-state
cycle (21-24), and substitution of strontium for calcium
alters the S,-state EPR signals (for an example, see Kim et al.
(13) and references therein). To explain these results, three
possible roles for calcium in PSII have been suggested; these
roles are not mutually exclusive. First, it has been suggested
that calcium plays an electrostatic role in maintaining the
correct reduction potential of the Mn cluster (25). Second,
it has been suggested that calcium maintains a hydrogen-
bonded network, which is essential for activity (26,27).
Third, it has also been suggested that calcium binds a water
or hydroxide ion, which acts as a nucleophile during for-
mation of the oxygen-oxygen bond (28-30).

In this report, we employ reaction-induced or difference
FT-IR spectroscopy to identify structural changes, which
occur on each S-state transition and involve the calcium site.
Recently, microsecond infrared measurements have been
reported, which are on the timescale of the water oxidation
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chemistry (31). Alternatively, as is done here, FT-IR spectra
can be recorded on long timescales (s) before and after a
saturating flash, and persistent changes in electrostatics, con-
formation, protonation, and ligation changes can be identified
(for examples, see (27,32-34)). These long-lived structural
changes have been reported to be modulated in amplitude
and frequency as a function of flash number (32,33). Some of
the bands in these spectra have been assigned by global '°N
and "*C labeling and by specific isotopic labeling of a PSII
extrinsic subunit (34-37). However, the origin of these
spectra and the assignment of the many of the FT-IR bands are
still under investigation.

In our previous strontium exchange and FT-IR experi-
ments (27), we studied PSII samples that were substrate
water limited. Under these conditions, the OEC can undergo
the S| to S, and the S, to S5 transitions and cannot complete
the oxygen evolution cycle. Our data showed that both the S,
to S, and the S, to §; transitions produce vibrational bands,
which are sensitive to strontium substitution on the seconds
timescale. In addition, the vibrational spectra on the first and
second flash were distinct.

To understand the origin of these spectral changes in more
detail, we have conducted reaction-induced FT-IR studies
under hydrated conditions in which the complete S-state
cycle can occur. Divalent cation editing identifies vibrational
bands that are sensitive to strontium substitution. To explain
our results, we propose a new model for the photosynthetic
water oxidizing cycle.

MATERIALS AND METHODS

PSII membranes were prepared from market spinach, suspended in SMN
buffer (0.40 M sucrose, 50 mM MES-NaOH, 15 mM NaCl, pH 6.0) at
3-5 mg chlorophyll per ml, and then stored at —70°C (38,39). To deplete the
18 and 24 kDa subunits, PSII membranes were prepared by dark incubation
of PSII samples in high-salt (2.0 M NaCl) SMN buffer for 30 min at 4°C
(40). These PSII membranes were then washed with SMN buffer. To ex-
change strontium for calcium, this salt-washed PSII was resuspended in and
pelleted from a SMN buffer that contained either 20 mM CaCl,, as a control,
or 20 mM SrCl, (27). Aliquots of these samples were stored at —70°C (27).
Oxygen evolution activity was monitored using a Clark electrode, as
previously described (41). Average oxygen rates for calcium-substituted
samples (in calcium-containing buffers) were 390 = 60 wmol O, (mg chl-
h)~'; average oxygen rates for strontium-substituted samples (in strontium-
containing buffers) were 120 * 60 wmol O, (mg chl-h) ', The lower steady
state rate observed in the presence of strontium is consistent with substitution
of strontium for calcium at the active site for water oxidation (27,30,42).
EPR spectroscopy was used to verify the replacement of calcium with
strontium in SMN buffer (13). Data acquisition was conducted at 10 K using
a Bruker (Billerica, MA) EMX EPR spectrometer, Oxford (Concord, MA)
cryostat, and standard Bruker TE cavity. Samples contained 500 uM
potassium ferricyanide and 250 uM recrystallized DCBQ as electron
acceptors. An EPR spectrum was recorded before illumination to generate
the dark background. To generate signals from the S,-state, samples were
illuminated outside the EPR cavity at 200 K with red-filtered and heat-
filtered illumination from a Dolan-Jenner (Lawrence, MA) fiber optic
illuminator. EPR parameters were: 9.44 GHz frequency, 3.2 mW microwave
power, 16 G field modulation, 5.2 s time constant, and 336 s sweep time.
Four scans were averaged, and light-minus-dark spectra were constructed.
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For FT-IR spectroscopy, samples were defrosted on ice immediately
before use, and the electron acceptors, potassium ferricyanide, and recrys-
tallized DCBQ, were added to the suspension to give 760 and 67 mol
equivalents per mole reaction center, respectively. The concentrated DCBQ
stock was made up in ethanol; the final ethanol concentration in the FT-IR
samples was =0.3%. After the addition of the electron acceptors, samples
were pelleted (48,000 X G for 6 min at 4°C). The FT-IR sample was created
as previously described (27), except that a 1 mg chl sample was concentrated
under nitrogen at 4°C for 2-3 min, instead of ~20 min. The amplitude ratios
of the OH stretching (3400 cm™') and amide II (1545 cm™") bands were
indistinguishable in the calcium-containing and strontium-exchanged sam-
ples (3.0 = 0.4 and 2.7 = 0.3, respectively). The sample was sealed with
silicone high-vacuum grease, applied in a continuous bead that did not
contact the sample, and a layer of parafilm was used to seal the circum-
ference of the windows. Using this procedure, dehydration of the sample
over the course of data acquisition was minimal (<2.5%), as previously
described (27).

FT-IR measurements were performed with a Bruker 66v spectrometer
(27,43,44). Samples were maintained at a constant temperature of 4°C through
the use of a Harrick (Ossining, NY) sample cell and a recirculating water 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 a laser intensity between 79 and 35 mJ/cm?. In this range, the laser energy
density was saturating, because there was no significant change in spectral
frequencies and amplitudes in this laser intensity range.

The measurement cycle began with dark adaptation of the samples for
60 min. This mixture was then given a single flash and allowed to equilibrate
for 20 min to achieve a maximal concentration of the S;-state (27). Single-
channel spectra (100 scans, 15 s total) were collected before S-state
advancement flashes and after each of six advancement flashes. There was a
20-min equilibration between each set of six flashes. All single channel
spectra were collected at 4 mm aperture, 8 cm ™' resolution, with a Happ-
Genzel apodization function, four levels of zero-filling, and a Mertz phase
correction. Difference spectra were calculated from the single channel
spectra collected before and after each photolysis flash by ratioing the single
beam data directly and then calculating the absorbance. A FT-IR absorption
spectrum of each sample was also measured before and after data collection
by ratioing the single beam spectrum to an open beam background.
Difference spectra were normalized to the amide II absorbance of 0.5,
correcting for pathlength and concentration. The strontium data were scaled
to account for any small difference in the intensity of the ferricyanide/
ferrocyanide bands (2114/2037 cm™'), compared to the corresponding
calcium spectra (27,45). The calcium-exchanged data is an average of 78
spectra, and the strontium-exchanged data is an average of 59 spectra.

RESULTS

Fig. 1 shows light-minus-dark EPR spectra derived from
calcium-containing (A) and strontium-exchanged (B) PSII
in SMN buffer. To facilitate divalent ion exchange, stron-
tium-exchanged samples were incubated four hours in the
presence of the divalent ion. The control (Fig. 1 A) shows the
multi-line signal at g = 2 and the g = 4.1 signal. Both of
these EPR signals derive from the S, state (46). The increase
in the g = 4.1 signal and the change in the multi-line hy-
perfine splittings observed in Fig. 1 B demonstrate that
strontium has been exchanged into the OEC calcium site (see
Kim et al. (13) and references therein).

Fig. 2 shows the 18001200 cm ' region of difference
FT-IR spectra acquired from calcium-containing PSII samples
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FIGURE 1 Light-minus-dark EPR spectra of calcium-containing (A) and
strontium-exchanged (B) PSII in SMN buffer. The frequency was 9.44 GHz.
Data points in the ¢ = 2.0 region, which contains a large signal from
oxidized tyrosine residues, have been deleted for presentation purposes.

with one (Fig. 2 A, black line), two (Fig. 2 B, black line) three
(Fig. 2 C, black line), and four (Fig. 2 D, black line) satu-
rating, 532-nm flashes. The data have previously been assigned
to Sp-minus-S;, S3-minus-S,, Sp-minus-S3, and S;-minus-S,
spectra, respectively (32,33). A dark-dark spectrum in Fig. 2 E
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FIGURE 2 Difference FT-IR spectra of calcium-containing (black traces)
and strontium-exchanged (red traces) in the 1800-1200 cm™" region. The
spectra are associated with the S| to S; (A), S5 to S3 (B), S3 to Sg (C), and S¢
to S{ (D) transitions. In E, a dark-minus-dark control is presented. The tick
marks on the y axis are 2 X 10~* absorbance units. The red traces are
labeled.
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exhibits the level of noise in the calcium-containing sample
(black line). The corresponding difference FT-IR spectra
acquired from strontium-exchanged samples are shown
superimposed as the red lines (Fig. 2, A-E).

Fig. 3 shows a comparison of the 2200-1900 cm ' region
of the difference FT-IR spectra obtained from calcium-
containing (black trace) and strontium-exchanged (red trace)
PSII, as a function of flash number. As observed, the ampli-
tudes of the ferricyanide/ferrocyanide CN vibrational bands
(2114/2037 cm™") are similar on every flash in the calcium-
exchanged samples. This can be taken as a measure that the
amount of charge separation is similar (45) on each photo-
induced reaction in calcium-containing PSII. As shown in
Fig. 3, the spectra acquired from the strontium-exchanged
sample have been normalized to the calcium-containing
spectra to give the same ferricyanide/ferricyanide intensity
on each flash.

The spectral differences in the 1800—1200 cm™' region
are more readily observable in Fig. 4, which presents the
strontium-edited double difference spectra. To derive these
data, difference spectra acquired from strontium-exchanged
PSII (Fig. 2, A-D, red lines) were subtracted from difference
spectra acquired from calcium-containing PSII (Fig. 2, A-D,
black lines). The spectrum in Fig. 4 A was obtained with one
flash, the spectrum in Fig. 4 B was obtained with two flashes,
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FIGURE 3 Difference FT-IR spectra of calcium-containing (black traces)
and strontium-exchanged (red traces) in the 22001900 cm ™' region. The
spectra are associated with the S| to S; (A), S5 to S3 (B), S3 to Sg (C), and S
to S| (D) transitions. In E, a dark-minus-dark control is presented. The tick
marks on the y axis are 2 X 10~* absorbance units.
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FIGURE 4 Strontium-edited double difference spectra constructed from
the data in Fig. 2 (calcium-minus-strontium) in the 18501250 cm ™' region.
The spectra are associated with the S{ to S5 (A), S5 to S3 (B), S3 to Sg (C),
and Sg to S| (D) transitions. In E, a representative double difference control
is presented in which no vibrational bands are expected. This control was
constructed from the S5 to S3 data set by subtracting one half of the calcium
data set from the other half, by subtracting one half of the strontium data set
from the other half, and by averaging. The tick marks on the y axis are
1 X 10™* absorbance units.

the spectrum in Fig. 4 C was obtained with three flashes, and
the spectrum in Fig. 4 D was obtained with four flashes. Fig.
4 E is a representative control double difference spectrum, in
which no vibrational bands are expected (see Fig. 4, legend).
Fig. 4 E is presented as an estimate of the noise in the mea-
surements. Spectral features, with signals above the noise in
the measurements, are observed in all the double difference
spectra. Vibrational bands are only present in these double
difference spectra if substitution of strontium for calcium and
S-state advancement perturb the vibrational spectrum.

As shown in Fig. 4 A, one photolysis flash and substitution
of strontium for calcium perturb the vibrational frequency of
bands throughout the entire 18501250 cm™' region of the
infrared spectrum. In contrast, two photolysis flashes and
strontium substitution perturb only vibrational bands be-
tween 1661 and 1638 cm ™' (Fig. 4 B). Experiments were
conducted in 18OH2 buffer to assess whether these bands are
assignable to water. Although background interference in the
1650 cm ™' region was high under these hydrated conditions,
no downshifted bands were observed in this region after '*OH,
exchange (data not shown). Therefore, we favor the assign-
ment of these bands to amide I frequencies, arising from the
C=0 vibration of the peptide bond regions (47), although
amino acid side chain absorption is also possible in this
region (for example, see Braiman et al. (48)). The strontium
edited spectrum acquired with three flashes (Fig. 4 C)
spectrum is also perturbed by calcium/strontium exchange,
and the strontium-edited spectrum reflects perturbations of
amide I and II bands in the 1650 and 1545 cm ™" regions (47).
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Finally, amide I and II bands may also be observed in the
strontium-edited spectrum acquired with four flashes (Fig. 4
D), but with a lower signal/noise ratio compared to the other
transitions.

DISCUSSION

In this work, we report the effects of strontium exchange on
the S-state transitions in hydrated PSII. To appear in the
strontium edited spectrum, vibrational bands must be per-
turbed by the photooxidation reaction and by strontium sub-
stitution. A possible origin of these strontium-sensitive bands,
given the timescale of the measurements, is described below.

Timescale of the rapid scan FT-IR measurements

In our rapid scan FT-IR measurements, data are recorded for
15 s after each photolysis flash, with a ~100-ms average gap
between the photolysis pulse and the beginning of data
acquisition. A 10-100 ms delay is typical of published FT-IR
studies using rapid scan techniques (for examples, see
(32,33,49,50)). In some cases the gap between photolysis
and data acquisition is longer (see for example, Debus et al.
(50)). In contrast, the Mn redox reactions associated with the
S-state transitions are complete on the microsecond to
millisecond timescale, even in these highly concentrated
samples. For example, a recent transient IR study, conducted
in 2H20 containing buffers, reported microsecond and
millisecond time constants for OEC-related processes (31).
A recent XANES study reports half times of 70, 190, 1100,
and 30 us for Mn redox reactions in the S; to S5, S, to S3, S3
to Sy, and Sy to S transitions, respectively (4). Results from
UV transient spectroscopy are in qualitative agreement with
the XANES results (51). Therefore, one must conclude that
electron transfer events involving the OEC are largely
completed before the beginning of data acquisition in this
type of rapid scan FT-IR experiment.

Recent transient IR measurements give insight into the
origin of the rapid scan spectra. In these microsecond
timescale measurements, a transient bleach at 1483 cem !
was detected (31). This transient bleach occurred with the 1-ms
response time of the instrument. This initial bleach was
followed by an increase in absorbance over baseline, and this
increase in absorption then decayed on the timescale of
hundreds of milliseconds. Rate constants derived from fits to
multiple flashes showed four flash oscillations (31), demon-
strating that these transients derive from structural changes
in the OEC. These spectral alterations, which are on the
microsecond-millisecond timescale of the water splitting
reactions, are not expected to be detectable on the timescale
employed here or in other published rapid scan studies.

Therefore, these rapid scan FT-IR measurements must be
detecting persistent structural alterations in PSII, which have
been reported to be modulated in frequency and amplitude
by flash number and S-state changes (32,33). These spectra
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are eliminated by removal of Mn (43) and also affected by
calcium substitution (as shown in (27,37) and this work),
showing that these long-lived structural changes are tightly
coupled to water oxidation.

Speculative model to explain persistent structural
changes during the S state cycle

A model to explain the persistent structural changes ob-
served with rapid scan FT-IR spectroscopy is proposed in
Fig. 5. In the model, each photo-induced transition produces
the appropriate S, state. Each §,, state then relaxes sponta-
neously in the dark to generate a Sy, state, which is at the same
oxidation state but distinct from the corresponding S, state,
as assessed by FT-IR spectroscopy. FT-IR spectroscopy
detects proton transfer events, changes in hydrogen bonding,
electrostatic alterations, and changes in metal ligation, so it
reasonable to propose that these structural alterations distin-
guish each S;- and S, -state.

Fig. 6 is an energy diagram, which illustrates this proposed
process for the 1 Y to S, transition (first flash). In Fig. 6, the
S,-state is a kinetic product, which will predominate at low
temperature and in measurements conducted on rapid time-
scales. At higher temperature or with longer measuring times,
the transition from S, to S5, the thermodynamic product, will
be observed. Note that deactivation of S, back to the ;Y
state (Fig. 6) will compete with S5 formation. The effect of this
S, recombination reaction is to reduce the overall amplitude of
the difference FT-IR signal, which only detects photolysis-
induced changes in vibrational bands.

In Fig. 5, the proposed relaxation events that populate
local thermodynamic minima are proposed to be reversible.
For example, S5 is linked to recombination of the S,-state

hv

hv\l

5 Z
;D./

FIGURE 5 Proposed model for the S state transitions, which includes
thermally accessible, conformationally relaxed forms of the Sy, S,, S3, and
So states, denoted as S,;. The S4 state was proposed in Haumann et al. (4)
and is consistent with the results of Barry et al. (31).
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FIGURE 6 Speculative energy diagram showing the proposed production
of kinetic (S,) and thermodynamic (S5) states from the S;Y°* state. For
a more general discussion of kinetic versus thermodynamics processes,
see Carey and Sundberg (75).

with electrons on the acceptor side, which generates the S; Y,
state, and with the next photolysis-induced reaction, which
generates the Ss-state. Therefore, the structural changes
induced by dark relaxation will fluctuate with flash number.
If the S, and S5 do not differ in oxidation state or in magnetic
coupling, the two states will not be distinguished by
magnetic resonance techniques.

Experimental evidence supporting this model

Previously published data are consistent with the model
shown in Fig. 5. For example, previous FT-IR work showed
that prolonged dark adaptation in the S,-state causes
spontaneous changes in the S,-minus-S; FT-IR difference
spectrum (43). Work from other groups has also suggested
that extended dark adaptation results in structural changes in
PSII (see Beck et al. (52) and references therein).

The model in Fig. 5 can also explain the observation of
different infrared signatures on different timescales and with
different repetition rates. On the microsecond timescale, with
a rapid repetition rates, as in Barry et al. (31), the model
would propose that population of the Sy, states is prevented
kinetically because thermal equilibration between S, and S;,
is slow (Fig. 6) relative to the rate of S-state oxidation. The
exception would be the population of the Si and Sy states,
which can occur during dark adaptation before the beginning
of data acquisition.

With longer scan times and longer repetition rates, the
model in Fig. 5 predicts that difference FT-IR spectra will
actually reflect differences between the S, states and in the
concentrations of the S, states. For example, the 15-s dif-
ference spectrum obtained with the second flash reflects
S5-minus-S5 structural changes. These structural changes will
include those associated with relaxation events and with the
photoinduced transition from the S,- to S3-state. Because the
structurally relaxed states are linked to the S-state cycle,
these difference spectra would be modulated by flash num-
ber, as previously reported (32,33). The observed, overall
decrease in amplitude with increasing flash number is
attributed to S, recombination in some centers.

Biophysical Journal 91(5) 1999-2008
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The model in Fig. 5 can also explain differences in FT-IR
spectra acquired at different temperatures. Low temperatures
would be expected to favor kinetically accessible product
states (Fig. 6, S,); higher temperatures and longer relaxation
times would favor thermodynamically accessible product
states (Fig. 6, S5). In previous work, S,-minus-S; spectra
were recorded at 200 K in an optical glass, which required
high concentrations of osmotic agents (53-55). At this
temperature, all S-state transitions but the S; to S, transition
are blocked, and Q}, to Qg electron transfer cannot occur (see
Steenhuis et al. (53-55) and references therein). Therefore,
the difference spectrum associated with $>Q} -minus-$,Qa
can be obtained under continuous illumination at 200 K.
Control experiments showed that there was no illumination-
induced heating of the sample and that spectra acquired
immediately after illumination were identical to spectra
acquired under illumination (56). These 200 K spectra
exhibited broad lines and significant frequency shifts relative
to spectra acquired with a single flash at higher temperature
(56). Effects of osmotic agents could explain part of the
observed spectral changes, but could not account for all
frequency shifts and for the observation of broad vibrational
bands (44). The model in Fig. 5 can explain increased
heterogeneity and broad line widths because the spontaneous
equilibration between S, and S3 is predicted to be temper-
ature dependent. To explain these results in the literature, the
model would propose that the 200 K conditions favor a more
mixed population of the S3- and S,-states, compared to the
experimental conditions at higher temperature, which may
reflect mainly the Sh-state. The mixed population of the S-
and S,-states is proposed to have the effect of broadening
vibrational bands and shifting vibrational frequencies.

The model in Fig. 5 can potentially explain differing
results concerning PSII mutations at aspartate 170 in the
D1 subunit (57). The phenotype of the DE170D1 mutant
suggested that this aspartate is close to or ligating Mn
(57). X-ray diffraction studies of PSII also suggest that
aspartate 170 is close to or ligating the manganese cluster
((16,17), but see (18,19)). In 200 K cryogenic FT-IR experi-
ments conducted of the DE170D1 mutant, this mutation
changed the light-induced difference spectrum dramatically
(58). In experiments conducted with a single flash at higher
temperature and scan times on the seconds timescale, no
apparent effects of a DH170D1 mutation on the light-
induced difference spectra were observed in the 1800-1200
cm ! region (50). These discrepancies can be rationalized if
photoinduced structural changes at D170 decay in the 330 ms
before the beginning of data acquisition in Debus et al. (50).

Interpretation of strontium editing and the
S; to S, transition

Given the model in Fig. 5, the difference FT-IR spectrum,
acquired with 15-s scans and one flash, will correspond to a
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S5>-minus-S; spectrum (Fig. 5). In our experiments, dark
adaptation times were held constant at 20 min to prevent
variability due to evolution of the dark S} state. The rapid
scan FT-IR spectra will reflect both photooxidation induced
changes that occur when S| converts to S, and also any
protein structural changes that occur when S, converts to S5
and S converts to Si. The structural change must persist on
the seconds timescale to be detectable.

The strontium-edited S} to S5 transition shows complex
bands throughout the 1800 and 1200 cm ™' region (Fig. 4 A).
The S, to S, transition is known to correspond to a MnlIll
to MnlIV oxidation reaction (2). This oxidation reaction
should slightly alter bond lengths in the manganese-calcium
cluster (59) and could lead to perturbations of the calcium-
binding site through bridging ligands. These changes would
persist upon formation of the putative S5 state, because no
change in oxidation is proposed to occur (27). Available PSII
structures may show bridging carboxylate amino acid liga-
tion between calcium and manganese (16,17).

Alternatively, vibrational bands may undergo a Stark shift,
due to the generation of additional charge near the calcium
site, on this transition. Stark shifts in proteins can induce
substantial frequency shifts in vibrational bands; the direc-
tion of the shift can be either positive or negative, depending
on the relative orientations of the electric field and transition
dipole (60,61). It has been proposed that the S; to S, transi-
tion builds up charge on the OEC, because the transition does
not involve compensatory proton transfer (62). This idea
may explain the unique spectral changes observed on this
transition, when compared to the other S-states (see discus-
sion below), on which compensatory proton transfer reac-
tions are proposed to occur (62).

Strontium substitution is also expected to perturb the OEC,
because PSII x-ray structures are consistent with calcium as
an intrinsic component of the manganese cluster. Although
all metal ligands have not been assigned in the PSII struc-
tures, peptide carbonyl oxygens, as well as water, aspartate
side chains, and glutamate side chains, are likely protein
ligands for calcium ions (63-66). Previous x-ray diffraction
studies of the calcium binding protein, blood coagulation
factor XIII, showed that strontium substitution alters the
ligating environment of the divalent cation (67). Other model
studies support the conclusion that coordination changes,
including an increase in the number of divalent ion ligands,
occur when strontium is exchanged into a calcium-binding
site (68,69). Therefore, it seems possible that a strontium-
induced change in the number and type of ligands may
occur in the OEC and that these alterations may persist in
the S5 state. Changes in the number and type of ligands will
result in a strontium-induced perturbation in the FT-IR
spectrum. Note that some of the spectral perturbations are
most likely due to the putative S, to S5 thermal transition
(Fig. 5) and not due to the photo-induced oxidation reaction
itself. This idea can be tested by experiments on faster
timescales.
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Interpretation of strontium editing and the other
S-state transitions

Given the model in Fig. 5, the difference FT-IR spectrum,
acquired with 15-s scans and two flashes, will correspond to
an S3-minus-S5 spectrum (Fig. 5). Therefore, the rapid scan
FT-IR spectra will reflect both photooxidation-induced
changes that occur when S, converts to S; and also any
protein conformational changes, protonation changes, or
structural relaxation events that occur when S5 converts to S,
and S5 converts to S3. Difference spectra constructed with
three and four flashes will correspond to Sg-minus-S3 and S'-
minus-S, data, respectively. The structural change must
persist on the seconds timescale to be detectable.

The strontium-edited data acquired with two (Fig. 4 B) and
three (Fig. 4 C) flashes exhibit bands in the amide I region
(1660—1640 cm™!) and bands in the amide T and II regions
(1690-1620; 1589-1545 cmfl), respectively (47). Although
the signal/noise ratio is lower, strontium-edited spectra
acquired with four flashes also shows bands in the amide I
and II regions. In each case, the observed frequencies are
distinct. These data suggest two conclusions. First, because
these strontium-edited spectra do not exhibit the complex
spectral features observed in the S>-minus-Si, we propose
that electrostatic Stark shifts (or perturbations of bridging
ligands, see above) do not occur on these transitions.
Although Mn redox reactions have been reported to occur on
all the transitions at room temperature (4), proton transfer
reactions may compensate for the electrostatic changes on
the second, third, or fourth flash. Second, because amide
bands are observed, we propose that these transitions perturb
the vibrational frequencies of peptide carbonyl groups. This
alteration could occur through a change in hydrogen bonding
network that involves calcium and C=0 ligands to calcium.
Note that some of the spectral perturbations may be due to
relaxation to generate the S; states during the putative
thermal transitions (Fig. 5) and not due to the photoinduced
oxidation reactions themselves.

Comparison to data acquired under water
limiting conditions and other previous results

When the data in this work are compared to strontium-edited
spectra acquired under water limiting conditions in SM
buffers (27), the spectra associated with the §; to S,
transition are similar, except for an increase in overall
amplitude in the hydrated double difference spectra. How-
ever, the spectra associated with the S, to S3 transition are
distinct from the previously reported data. In those previous
FT-IR experiments, the water content of the PSII sample was
limiting for the reaction mechanism (27). The comparison of
the results suggests that water removal and strontium sub-
stitution have synergistic effects on the S5 to S5 transition.
One possible explanation for this synergy is that this S;, state
transition perturbs a hydrogen-bonded network that contains
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calcium, water, and peptide carboxyl groups (see discussion
in Barry et al. (27)). Such a hydrogen-bonded network has
been observed in structures of a calcium and strontium
exchanged blood coagulation factor XIII (67).

Previous FT-IR experiments have disagreed about the
effect of strontium substitution on the S5>-minus-S7 spectrum
(reviewed in Barry et al. (27)). In Strickler et al. (37), FT-IR
data were acquired from cyanobacterial PSII; the cyanobac-
teria were cultured on strontium instead of calcium to
generate the strontium-exchanged samples. In the cyano-
bacterial samples as in the plant samples employed here,
complex changes are observed throughout the 1800-1200
cm~' region. Although the resulting double difference
spectra is similar to the data reported here (Fig. 4 A),
spectral differences are observed. One possible explanation
for these small differences is the content of PSII extrinsic
subunits. In our plant samples, the 24 and 18 kDa proteins
are removed to facilitate exchange. Cyanobacteria have a
different complement of extrinsic subunits when compared
to plants (70). Alternatively, differences in the temperature
or length of data acquisition may cause the small spectral
shifts observed. These factors could slightly alter the relative
contributions of the S, and S5 states to the data.

Interestingly, our data are also distinct from the results of
Kimura et al. (71), which were obtained from plant PSII
membranes. In Kimura et al. (71), little effect of strontium
substitution was observed in plant PSII membranes during the
S; to S, transition. In Kimura et al. (71), plant PSII was
calcium depleted, and then strontium was reconstituted. The
work reported here shows that the difference between the two
results is not the result of different hydration levels, because
we observe significant strontium-induced changes in both
hydrated (this work) and dehydrated (27) preparations on the
first flash. The origin of this difference is under investigation,
but may be due to differences in calcium substitution proto-
cols. Our method causes the expected strontium-induced
changes in the EPR signals from the S,-state (Fig. 1), showing
that our method effectively substitutes strontium into the OEC.

SUMMARY

In this work, we propose a new model for the photosynthetic
water oxidizing cycle, which proposes that relaxed confor-
mation states are thermodynamically accessible from each
photoinduced intermediate. These relaxed conformational
states are proposed to remain at the same oxidation state as
the photoinduced S-state. This model can explain many
apparent contradictions in the literature concerning PSII
function. Also, there is precedent in the literature showing
that membrane proteins, such as bacteriorhodopsin (72),
cytochrome bo (73), and cytochrome ¢ oxidase (74), can
undergo conformational relaxation to generate kinetically
distinct states. This model implies that substantial protein
conformational changes are linked to the photoinduced
transitions in the water oxidizing cycle.

Biophysical Journal 91(5) 1999-2008
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Our work also shows that the calcium binding site in the

OEC is perturbed on each photooxidation induced transition,
although the perturbative mechanism differs on the Sj to S,’
transition compared to later transitions. During the S; to S5
transition, the data are consistent with an electrostatic effect
of Mn oxidation on the calcium site or with a perturbation of
bridging ligands between Mn and Ca™?. During the S} to S},
and Sj to S} transitions, the data are consistent with pertur-
bations of a hydrogen-bonded network, which involves
water, peptide C=0 groups, and calcium. To explain our
results, persistent changes in divalent ion coordination must
occur when strontium is substituted for calcium.

This work was supported by National Science Foundation grant No. MCB
03-55421.
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