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In photosynthesis, photosystem II evolves oxygen from water by
the accumulation of photooxidizing equivalents at the oxygen-
evolving complex (OEC). The OEC is a Mn4CaO5 cluster, and its
sequentially oxidized states are termed the Sn states. The dark-
stable state is S1, and oxygen is released during the transition from
S3 to S0. In this study, a laser flash induces the S1 to S2 transition,
which corresponds to the oxidation of Mn(III) to Mn(IV). A broad
infrared band, at 2,880 cm−1, is produced during this transition.
Experiments using ammonia and 2H2O assign this band to a cat-
ionic cluster of internal water molecules, termed “W5

+.” Observa-
tion of the W5

+ band is dependent on the presence of calcium, and
flash dependence is observed. These data provide evidence that
manganese oxidation during the S1 to S2 transition results in a cou-
pled proton transfer to a substrate-containing, internal water clus-
ter in the OEC hydrogen-bonded network.

Internal proton transfer reactions play important catalytic roles
in many integral membrane proteins. In these enzymes, including

bacteriorhodopsin, light-driven or redox-coupled proton-transfer
reactions lead to the production of a transmembrane, electro-
chemical gradient. Amino acid side chains often participate in
the acid/base chemistry that occurs in proton-transfer pathways.
However, internal bound water clusters can also play essential
roles as proton donors or acceptors (reviewed in ref. 1).
In photosystem II (PSII), proton transfer contributes to the

generation of a transmembrane potential, and chemical protons
are released from the substrate, water, during the light-driven
reactions that produce molecular oxygen (2). PSII is a complex
membrane protein consisting of both integral, membrane-span-
ning subunits and extrinsic subunits (3). Amonomeric unit of PSII
consists of at least 20 distinct protein subunits, which are com-
posed of 17 integral subunits and 3 extrinsic polypeptides (4, 5).
The primary subunits that make up the reaction center and bind
most of the redox-active cofactors are D1, D2, CP43, and CP47.
The light-induced electron transfer pathway in the reaction center
involves the dimeric chlorophyll (chl) donor, P680, and accessory
chl molecules. One light-induced charge separation oxidizes the
primary donor, P680, and reduces a bound plastoquinone accep-
tor, QA. P680

+ oxidizes a tyrosine residue, YZ, Y161 of the D1
polypeptide, which is a powerful oxidant. YZ• oxidizes the oxy-
gen-evolving complex (OEC) on each photoinduced charge sep-
aration (reviewed in ref. 6).
The OEC is a Mn4CaO5 cluster (Fig. 1 A, Inset) (5). Oxygen

release from the OEC fluctuates with period four (7). The OEC
cycles through five sequentially oxidized states, called the Sn
states. A single flash given to a dark-adapted sample (S1 state)
generates the S2 state (Fig. 1A), which corresponds to the oxi-
dation of Mn(III) to Mn(IV) (8). Subsequent flashes advance the
remaining manganese ions to higher oxidation states, with an
accompanying deprotonation of two bound water molecules. The
O–O bond is formed, and oxygen is evolved during the transition
from S3 to S0 (Fig. 1A). Despite decades of study, many aspects
of the water-oxidation mechanism remain to be elucidated.
In this work, we obtain previously unknown information con-
cerning proton-coupled electron transfer reactions during the S1-
to-S2 and other S-state transitions.

Many mechanisms have been proposed for photosynthetic ox-
ygen evolution (reviewed in refs. 9–13). Fig. 1B shows a possible
mechanism for the S1-to-S2 transition based on quantum me-
chanics (QM)/molecular mechanics (MM) calculations (ref. 14;
but also see ref. 13). The calcium ion in the metal cluster has been
proposed to bind a substrate water molecule and to activate the
substrate (15–18). Deprotonation of terminal water ligands is
important in decreasing the midpoint potential necessary for ox-
ygen evolution, which is mediated by YZOH/YZ• (midpoint po-
tential; 1V vs. normal hydrogen electrode) and which, therefore,
occurs with a low driving force (19).
A hydrogen-bonding network containing bound water mole-

cules (Fig. 1A, Inset) has been assigned in a recent X-ray structure
(5). This network has been hypothesized to play a role in the
water-oxidizing cycle (18, 20). Recent reaction-induced FTIR
studies of the S1-to-S2 transition showed that the frequencies of
hydrogen-bonded amide C=O groups were markers of hydrogen-
bonding changes in the network. In another approach, the re-
combination kinetics of YZ• were used as a probe of electrostatic
changes in the network in the S2 and S0 states (21, 22). In both
studies, ammonia, a substrate-based inhibitor (23–25), was used
to perturb hydrogen bonding in the OEC and was shown to have
significant effects on the spectroscopic signals (18, 20, 22).
Proton-coupled electron-transfer reactions occur during the

S-state cycle (11, 12). Although the S1-to-S2 transition is not ac-
companied by a net proton release to sucrose-containing buffers,
proton release accompanies the other S-state transitions (26).
Proton-transfer pathways have been proposed based on site-
directed mutagenesis and the 3D arrangement of amino acid side
chains (5, 27, 28). However, the idea that the water network itself
may act as a proton acceptor has not yet been critically evaluated.
Spectroscopic signals from protonated water clusters (Fig. 1C)
have been identified in model compounds (29) and in proteins
(30–33). The OH frequencies of these clusters are red-shifted
from bulk water, with a frequency related to the size of the cluster
(34, 35). For example, in bacteriorhodopsin, a cluster of internal
water molecules acts as a proton donor during the L-to-M tran-
sition (36, 37).
Here, spectroscopic evidence for the formation of a cationic

water cluster, termed W5
+, during the S1-to-S2 transition is pre-

sented (Fig. 1C). The results suggest that deprotonation of a ter-
minal water ligand or a μ–OH bridge occurs on this transition,
that the W5 water cluster acts as a proton acceptor, and that this
proton is not released to bulk solvent until later S states. The
formation of the protonated cluster is shown to be dependent on
temperature, S state, and calcium, consistent with a role for an
internal water cluster in photosynthetic oxygen evolution.
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Results
Reaction-induced FTIR spectra, associated with the S1-to-S2
transition, were constructed from data recorded before and after
an actinic flash (Fig. 1D). Light-induced difference spectra for
the other S state transitions (Fig. 1A) were constructed similarly.
This technique was originally described in refs. 38 and 39, where
it was established that the spectra exhibit period four oscillations
in frequency and amplitude. Under the conditions used here (18,
20), these spectra reflect long-lived structural dynamics in the
OEC (40, 41).
In Fig. 2A (black), reaction-induced FTIR spectra were ac-

quired from a calcium-containing preparation, termed calcium
PSII. The PSII preparation was isolated from market spinach by
using Triton X-100 and octylthioglucoside (42, 43) and exhibited
high steady-state rates of oxygen evolution activity (Table S1). To
make the samples used in these studies, calcium was removed and
then reconstituted, restoring activity (Table S1). This method was
recently described (18). The reaction-induced FTIR spectrum
reflects the S2-minus-S1 transition in this preparation. The 3,200-
to 1,800-cm−1 region of this spectrum exhibits a broad band at
2,880 cm−1, in addition to the 2,116/2,038 cm−1 CN bands from
the potassium ferricyanide/ferrocyanide couple. This couple is
used to oxidize the quinone acceptor after the flash and can be
used as a marker of charge separation. The 1,800- to 1,200-cm−1

region of this spectrum is described and presented in ref. 18.
In Fig. 2A (gray), the spectrum was acquired from a calcium-

depleted PSII preparation, which is inactive in oxygen evolution
but able to undergo part of the cycle—i.e., a S1-to-S2′ transition
(see ref. 18 and references therein). This spectrum does not ex-
hibit the 2,880-cm−1 band, but does show the ferricyanide/fer-
rocyanide CN bands, reflecting photoinduced charge separation.
The frequency and amplitude of the 2,880-cm−1 band in cal-

cium PSII were reproducible, as shown by data in Fig. S1, and
exhibited significant intensity above the baseline, as deduced from
a background recorded before the flash (Fig. 2D).
Previously, experimental (44) and theoretical (34, 35) methods

have assigned broad infrared features in the 2,900-cm−1 region to
the protonation of small clusters of four or five hydrogen-bonded
water molecules. To test whether the 2,880-cm−1 band in
Fig. 2A (black) originates from the water network in the OEC,
ammonia treatment (Fig. 2B, black) and 2H2O exchange
(Fig. 2C, black) were used. These treatments disrupt the water

network by intercalation (ammonia) or by alterations in pKa
(2H2O), leading to changes in hydrogen-bond strength (18). In
Fig. 2 B and C (black), ammonia-treated and 2H2O-exchanged

Fig. 1. Photosynthetic water oxidation and pro-
tonation of a water cluster during the S1-to-S2
transition. (A) S-state cycle of photosynthetic water
oxidation (7). (A, Inset) Predicted hydrogen-bond
network of water molecules in the OEC of PSII (5).
Amino acids are shown as sticks. Oxygen atoms of
water molecules are shown in blue, with hydrogen
bonds to peptide carbonyl groups shown as dashed
lines. (B) Mechanism proposed for deprotonation of
a terminal water ligand during the S1-to-S2 transi-
tion in PSII (14). Hydrogen bonds are shown as
dashed lines. Putative substrate water molecules are
shown in blue. (C) Schematic diagram showing the
formation of a cationic water cluster, W5

+, on the S1
to S2 transition in PSII. (D) Diagram showing method
generating the reaction-induced FTIR spectrum,
corresponding to the S2-minus-S1 spectrum. Differ-
ence FTIR spectra for the other S-state transitions
are produced with two (S3-minus-S2), three (S0-mi-
nus-S3), or four (S1–S0) flashes (see cycle in A).

Fig. 2. Reaction-induced FTIR detection of the protonated water cluster,
W5

+, produced by the S1-to-S2 transition. (A) Positive 2,880-cm−1 band from
the cationic water cluster in calcium PSII (black), compared with calcium-
depleted (gray). (B) Calcium PSII after treatment with 100 mM ammonia
(black), compared with calcium-depleted (gray; repeated from A, gray). (C)
Calcium PSII after exchange into 2H2O buffer (black), compared with cal-
cium-depleted in 1H2O buffer (gray; repeated from A, gray). The O–D
stretching band in C, black has been omitted for clarity. The calcium-depleted
difference spectrum was acquired with a single flash to a dark-adapted sample
and corresponds to S2′-minus-S1. (D) Baseline (S1-minus-S1) acquired from
dark-adapted, calcium-depleted PSII. Spectra are averages of 31 (A, black),
16 (B, black), 12 (C, black), and 15 (A–D, gray) samples. y axis ticks represent
1 × 10−4 absorbance units. The temperature was 263 K.
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PSII failed to exhibit the 2,880-cm−1 band. This result supports
the assignment of this spectral feature to a water cluster in the
hydrogen-bonded network.
To test whether the 2,880-cm−1 band was observed in an

S-state–dependent manner at 263 K, reaction-induced FTIR
spectra were acquired before and after a second flash, generating
the S3 state (Fig. 3B, black) in calcium PSII. The S3-minus-S2
difference spectrum exhibited a negative 2,880-cm−1 band (Fig.
3B, black). A negative band was also observed on the third flash,
corresponding to S0-minus-S3 (Fig. 3C, black), and on the fourth
flash, corresponding mainly to S1-minus-S0, but with mixing of
other S states, due to misses (22) (Fig. 3D, black). Consistent
with significant mixing, on the fifth flash, there was no difference
spectrum, even in the midinfrared (1,800–1,200 cm−1), but dark
adaptation of the sample regenerated a light-induced difference
spectrum (see below). In this PSII preparation, observation of
the signal at pH 7.5 required removal and reconstitution of
calcium; the signal could also be observed under various con-
ditions at pH 6.0. We conclude the cationic water cluster appears
during the S1-to-S2 transition and disappears during the S2-to-S3,
S3-to-S0, and S0-to-S1 transitions at 263 K. The disappearance
most likely reflects loss of the proton from internal waters to bulk
solvent. The change in the bulk solvent is not directly detectable

because the contribution would be in the saturated spectral re-
gion corresponding to the OH/NH band (3,600 cm−1).
At 283 K, the positive 2,880-cm−1 band (Fig. 4A, black) was also

observed in calcium PSII after a single flash. The frequency and
amplitude of the 2,880-cm−1 band were reproducible at this tem-
perature, as well as 263 K, as shown by data in Fig. S2. However,
there was no significant negative band detected on subsequent
flashes (Fig. 4 B–D, black), compared with a calcium-depleted
control at the same temperature (Fig. 4 A–D, gray). This failure to
observe the negative band may be attributable to a more rapid
transfer of the proton to bulk solvent at this temperature.
Dark adaptation of calcium PSII resets the S-state cycle to the

S1 state. A single flash is expected to give the S1-to-S2 transition
again on this second reaction cycle. As shown in Fig. 5B (black),
on the second cycle, the 2,880-cm−1 band was not observed at
263 K (Fig. 5, Left). However, at 283 K, the positive 2,880-cm−1

band (Fig. 5E, black) was reproduced after dark adaptation
(Fig. 5, Center). These data can be rationalized if the 2,880-cm−1

band represents contributions from a water cluster that includes
substrate water molecules. During the first reaction cycle at
263 K (Fig. 5, Left), these substrate molecules are oxidized and
produce molecular oxygen. Because 263 K may be below the glass
transition temperature, the diffusion of new water molecules into an

Fig. 3. Flash dependence of the protonated water cluster band (from W5
+)

at 263 K. (A) Positive 2,880-cm−1 cationic water cluster band in the calcium
S2-minus-S1 difference spectrum (black), generated by a single flash after
dark adaptation, compared with calcium-depleted (gray; repeated from
Fig. 2A, gray). (B) Calcium S3-minus-S2 spectrum (black), generated by two
actinic flashes after dark adaptation, compared with calcium-depleted (gray;
repeated from A, gray). (C) Calcium S0-minus-S3 spectrum (black), generated
by three actinic flashes, compared with the calcium-depleted (gray; repeated
from A, gray). (D) Calcium S1-minus-S0 spectrum (black), generated by four
actinic flashes after dark adaptation, compared with calcium-depleted (gray;
repeated from A, gray). The calcium-depleted difference spectrum was ac-
quired with a single flash to a dark-adapted sample and corresponds to
S2′-minus-S1. (E) Baseline (S1-minus-S1) acquired from dark-adapted, calcium-
depleted PSII. Spectra are averages of 31 (A–D, black) and 15 (A–E, gray)
samples. y axis ticks represent 1 × 10−4 absorbance units.

Fig. 4. Flash dependence of the protonated water cluster band (from W5
+)

at 283 K. (A) Positive 2,880-cm−1 cationic water cluster band in the calcium
S2-minus-S1 difference spectrum (black), generated by a single flash after dark
adaptation, compared with calcium-depleted (gray). (B) Calcium S3-minus-S2
spectrum (black), generated by two actinic flashes after dark adaptation,
compared with calcium-depleted (gray; repeated from A, gray). (C) Calcium
S0-minus-S3 spectrum (black), generated by three actinic flashes, compared
with the calcium-depleted (gray; repeated fromA, gray). (D) Calcium S1-minus-
S0 spectrum (black), generated by four actinic flashes after dark adaptation,
compared with calcium-depleted (gray; repeated from A, gray). The calcium-
depleted difference spectrum was acquired with a single flash to a dark-
adapted sample and corresponds to S2′-minus-S1. (E) Baseline (S1-minus-S1)
acquired from dark-adapted, calcium-depleted PSII. Spectra are averages of 21
(A–D, black) and 15 (A–E, gray) samples. y axis ticks represent 1 × 10−4 absor-
bance units.
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internal site may be slow compared with the timescale of the ex-
periment, which cycles through all of the S states within 60 s. Al-
ternatively, the water diffusion reaction may be conformationally
gated (reviewed in ref. 6) and, therefore, inhibited at 263 K.
To test this idea, the FTIR experiment was conducted at 263 K

(Fig. 5G, black); the calcium PSII sample was annealed at 283 K,
above the glass transition, for 10 min between the flash cycles;
and the sample was recooled to 263 K (Fig. 5, Right). In this case,
the 2,880-cm−1 band reappeared during the S1-to-S2 transition
(Fig. 5H, black). These results support the attribution of the
2,880-cm−1 band to a protonated water network, which contains
or is influenced by binding and subsequent oxidation of substrate
water molecules.
As shown above (Figs. 2A and 4A, black), the 2,880-cm−1 band

was produced in the S2 state, which was generated in calcium
PSII, but not in the S2′ state generated in calcium-depleted PSII.
To test the role of calcium in the formation of this band, stron-
tium was substituted into the OEC (18). Strontium-reconstituted
preparations (strontium PSII) were active in oxygen evolution,
but at a lower steady-state rate [1,000 μmol O2 (mg chl·h)−1],
compared with calcium PSII [1,200 μmol O2 (mg chl·h)−1], as
described (18) and as expected (17). Interestingly, in strontium
PSII, the 2,880-cm−1 band was not observed (Fig. 6B), although
these preparations were active in oxygen evolution, and the S1-to-
S2 transition occurred (18). The 2,880-cm−1 band also was not
observed in magnesium-treated preparations (Fig. 6C); magne-
sium did not restore activity, but a S1-to-S2′ transition occurs (18).
Previously, flash-dependent absorption at 3,618/3,585 cm−1 (45),

attributed to an individual water molecule, and broad baseline
displacements at 2,500 cm−1 (46), attributed to proton polariz-
ability changes, have been reported in thermophilic, cyanobacterial
PSII. We present these spectral regions in Fig. S3. As shown, the
data exhibited no significant intensity at 3,618/3,585 cm−1, when
this region was compared with the baseline (Fig. S3 A–E). Also,
there were no systematic, flash-dependent shifts in the baseline at
2,500 cm−1 in these data (Fig. S3 F–J).

Discussion
This paper describes a previously unidentified 2,880-cm−1 FTIR
band, produced in the S2 state of the photosynthetic OEC. The
frequency and breadth of the band suggests assignment to a pro-
tonated water cluster, with an OH stretching frequency that is
red-shifted from that of bulk water. The intensity of this band
changed with flash number, consistent with an association with
the water-oxidizing cycle. The 2,880-cm−1 band was not observed
after the addition of ammonia or 2H2O, which are known to
disrupt hydrogen-bonding interactions in the OEC water network
(18, 20, 22). These results support the assignment of the 2,880-
cm−1 band to a small, cationic cluster of internal water molecules,
formed when Mn is oxidized during the S1-to-S2 transition (Fig.
1C). At 263 K, the band decreased in intensity during the S2-to-
S3, S3-to-S0, and S0-to-S1 transitions, suggesting that the water
cluster deprotonates during this part of the cycle. The band was
also associated with the S1-to-S2 transition at a higher tempera-
ture, 283 K, but negative bands were not observed on subsequent
flashes. This observation suggests that the lifetime of the cationic
water cluster is short at higher temperatures.
Interestingly, the 2,880-cm−1 band was not regenerated with

a second light-induced reaction cycle, corresponding to the fifth
flash after dark adaptation, at a temperature below the sample’s
glass transition temperature (263 K). Oxygen is released and
substrate water molecules are consumed during this first reaction
cycle. The viscosity of sucrose has been shown to increase with
decreasing temperature (47). Therefore, we hypothesized that
the diffusion of water might be too slow to replace the substrate
at this low temperature. To test this hypothesis, the 263 K sample
was subjected to a reaction cycle and then annealed at 283 K.
This treatment caused the reappearance of the band on a second
reaction cycle (fifth flash after dark adaptation) at 263 K. These
results suggest that reobservation of the band requires diffusion
of water into the OEC. Together, these results support the con-
clusion that the water cluster contains, or is influenced by, binding
of substrate water.
Previously, bands from internal, protonated water clusters have

been proposed to play functional roles in several proteins that

Fig. 5. Annealing, the S2-minus-S1 spectrum, and the
protonated water cluster band (from W5

+) in calcium PSII.
The temperature of data acquisitionwas 263 K (A–C andG–
I) or 283 K (D–F). Spectra were acquired after a single flash
on thefirst reaction cycle (A,D, andG, black) or on a second
cycle (B, E, and H, black). (H, black) The sample was
annealed to 283 K between the first and second reaction
cycles. (A, B, D, E, G, and H, gray) The S2′-minus-S1 spectra
were acquired from a calcium-depleted sample (first cycle)
at the temperatures indicated. The baselines (S1-minus-S1)
in a calcium-depleted sample are shown in C, F, and I at the
indicated temperatures. Spectra are averages of 31 (A,
black), 10 (B, black), 21 (D, black), 10 (E, black), 31 (G, black),
10 (H, black), and 15 (A–I, gray) samples. y axis ticks repre-
sent 1 × 10−4 absorbance units.
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carry out proton-transfer reactions. Examples include bacterio-
rhodopsin (30, 48, 49), nitric oxide reductase (33), ATP synthase
(32), and cytochrome c oxidase (31). In each of these systems,
protons are pumped across a membrane. This proton transfer is
facilitated by an internal water network. The results presented
here are consistent with a role for a water cluster as a proton
acceptor at one step in the photosynthetic oxygen-evolving cycle.
The 2,880-cm−1 band was not observed in strontium PSII or

magnesium-treated PSII. These data are consistent with a role
for calcium in production of the protonated cluster. Models
for water oxidation propose that calcium activates a substrate
water molecule, which may carry out a nucleophilic attack on a
Mn-oxyl intermediate during the S3-to-S0 transition (for example,
see ref. 14). Mass spectrometry experiments have shown that cal-
cium may bind a slowly exchanging water molecule (16). Recen-
tly, a structure of strontium-containing, cyanobacterial PSII (50)
suggested that the hydrogen-bond distances between strontium
and water molecules are different from the distances observed in
calcium PSII. This strontium-containing structure is consistent
with our previous FTIR results, which showed a difference in
electrostatic interactions in the water network when strontium is
bound. Peptide carbonyl frequency shifts, observed in strontium
PSII, were used to support this interpretation (18). Therefore,
failure to observe the 2,880-cm−1 band in strontium PSII (this
work) may be due to a shift in the size of the water cluster in the
strontium-containing OEC. In gas phase studies, changes in the
size and amount of proton delocalization dramatically altered the
frequency and intensity of such proton continuum bands (44).

There is no net proton release during the first S-state transi-
tion in sucrose-containing buffers (26). However, density func-
tional theory-derived models suggest that a deprotonation event
occurs from a μ–oxo bridge connecting Ca and Mn (12, 13),
concomitant with Mn4 oxidation and binding of a second sub-
strate water molecule. Alternatively, QM/MM-derived models
(Fig. 1B) suggest that a terminal water molecule is deprotonated
(14), concomitant with oxidation of Mn3, which does not bind
substrate. Thus, both computational approaches suggest that a
proton transfer is coupled with electron transfer during the S1-to-
S2 transition. Our results provide a rationalization for the failure
to observe proton release on this transition. We propose that an
excess positive charge is stored in the water network, under some
conditions, and is not released to the bulk until later in the cycle.
The size of the protonated water cluster is of interest. Theo-

retical (34, 35) and experimental (44) investigations demonstrate a
correlation between O–O bond distance, number of water
molecules, and frequency. The 2,880-cm−1 frequency observed
here is most consistent with a cluster of five hydrogen-bonded
water molecules, termed here W5, which comprises a hydronium
ion core (Fig. 1C) and which occupies a number of low-energy
conformations (44). The 1.9-Å PSII structure shows that a network
of bound water molecules connects the OEC to peptide carbonyl
groups (Fig. 1 A, Inset) and provides an exit pathway to the lumen
(5). The protonated water cluster, described here, may be a com-
ponent of this network, but, to explain our results, proton trans-
port to the solvent-exposed, luminal surface must be slow at 263 K.
This slow rate of proton transport could be due to a disruption in
network continuity or to a conformational gate, which limits
proton movement, at 263 K.
In summary, we present spectroscopic evidence that a cluster

of five water molecules, W5, accepts a proton during the S1-to-S2
transition of the water-oxidizing cycle. Our results are consistent
with deprotonation of a terminal water ligand or a μ–OH bridge
during this transition. However, these data suggest that the
proton is not released to solvent until later in the water-oxidizing
cycle. Proton transfer to this internal water cluster exhibited
calcium dependence. Perturbation of the hydrogen-bonded
water network with ammonia or 2H2O eliminated the band.
These experiments provide evidence that a hydrogen-bonded
water cluster, W5, serves as a proton acceptor in photosyn-
thetic oxygen evolution.

Materials and Methods
PSII isolation methods are described in SI Materials and Methods. Reaction-
induced FTIR difference spectroscopy was performed as described (18, 20, 41,
51) at 263 or 283 K and at pH 7.5. Briefly, a calcium-depleted sample was
thawed and pelleted. The sample was resuspended in the appropriate buffer
for a third time. K3[Fe(CN)6] (7 mM) was added from a 100 mM stock in 1H2O
or 2H2O, where indicated. NH4Cl (100 mM) was added from a 3 M buffered
stock, and CaCl2 (20 mM) was added from a 3 M buffered stock solution.
Control samples contained NaCl (100 mM) instead of ammonia. For samples
containing calcium, magnesium, or strontium, the chloride salt was added
from a 3 M buffered stock solution to give a final concentration of 20 mM.
NaCl was added from a 3 M buffered stock solution to yield a final chloride
concentration of 155 mM in all samples. After additions, the sample was
centrifuged a final time (50,000 × g for 15 min) to produce a pellet. The
residual EGTA concentration was estimated to be 0.6 mM. The total in-
cubation time, which included centrifugation, preparation of the sample,
and dark adaptation, was held constant and limited to 1 h. The pelleted
sample was spread on a CaF2 window and dried under N2 gas to give an O–H
stretching (3,370 cm−1) to amide II (1,550 cm−1) absorbance ratio of >3.
Samples were sandwiched with a second CaF2 window. Window edges were
sealed with grease and wrapped tightly with parafilm to prevent sample
dehydration over the course of the experiment.

Acquisition parameters for FTIR spectroscopy were as follows: 8-cm−1

spectral resolution; four levels of zero filling; Happ–Genzel apodization
function; 60-KHz mirror speed; and Mertz phase correction. Samples were
preflashed with a single saturating 532-nm laser flash at 40 mJ/cm2 power
density and were dark-adapted for 20 min. Dark-adapted samples were

Fig. 6. Inability of strontium or magnesium to support the formation of
a 2,880-cm−1 band from the protonated water cluster, W5

+. (A) Positive
2,880-cm−1 cationic water cluster band in the calcium S2-minus-S1 difference
spectrum (black), compared with calcium-depleted (gray; repeated from
Fig. 2A, gray). (B) Strontium S2-minus-S1 spectrum (black), compared with
calcium-depleted (gray; repeated from A, gray). (C) S2′-minus-S1 spectrum
after treatment with magnesium (black), compared with calcium-depleted
(gray; repeated from A, gray). The calcium-depleted difference spectrum
was acquired with a single flash to a dark-adapted sample and corresponds
to S2′-minus-S1. (D) Baseline (S1-minus-S1) acquired from a dark-adapted
strontium PSII sample. Spectra are averages of 31 (A, black), 16 (B, black), 17 (C,
black), 16 (D, gray), and 15 (A–C, gray) samples. y axis ticks represent 1 × 10−4

absorbance units. The temperature was 263 K.
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given a train of actinic flashes, followed by 15 s of rapid scan data collection
(first reaction cycle). In some cases, there was a second 20-min dark adap-
tation, and a second round of flashes was given (second reaction cycle).
Difference spectra were constructed by ratio of single-channel data, which
was taken before and after the actinic flash. Rapid scan data were nor-
malized to an amide II intensity of 0.5 absorbance units to eliminate any

small differences in sample path length (∼6 μm). The intensity of the amide II
band was determined from an infrared absorption spectrum, which was
collected against an open beam background.
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