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ABSTRACT: Photosynthetic water oxidation takes place in the water-oxidizing center (WOC) of photosystem
IT (PSII). To clarify the mechanism of water oxidation, detecting water molecules in the WOC and
monitoring their reactions at the molecular level are essential. In this study, we have for the first time
detected the DOD bending vibrations of functional D>O molecules during the S-state cycle of the WOC
by means of Fourier transform infrared (FTIR) difference spectroscopy. Flash-induced FTIR difference
spectra upon S-state transitions were measured using the PSII core complexes from Thermosynechococcus
elongatus moderately deuterated with D,'°0 and D,'30. D,'°0-minus-D,'®0 double difference spectra at
individual S-state transitions exhibited six to eight peaks arising from the D'*OD/D'30D bending vibrations
in the 1250—1150 cm™! region. This observation indicates that at least two water molecules, not in any
deprotonated forms, participate in the reaction at each S-state transition throughout the cycle. Most of the
peaks exhibited clear counter peaks with opposite signs at different transitions, reflecting a series of reactions
of water molecules at the catalytic site. In contrast, negative bands at ~1240 cm™! in the S, — S;, S; —
So, and possibly So — S; transitions, for which no clear counter peaks were found in other transitions, can
be interpreted as insertion of substrate water into the WOC from a water cluster in the proteins. The
characteristics of the weakly D-bonded OD stretching bands were consistent with the insertion of substrate
from internal water molecules in the S, — S3 and S; — Sy transitions. The results of this study show that
FTIR detection of the DOD bending vibrations is a powerful method for investigating the molecular
mechanism of photosynthetic water oxidation as well as other enzymatic reactions involving functional

water molecules.

Water functions as a terminal electron donor to reduce
CO; in oxygenic photosynthesis. The water oxidation takes
place at the water-oxidizing center (WOC)" in photosystem
I (PSII) protein complexes (/—4). The X-ray crystal-
lographic structures of the PSII core complexes from
Thermosynechococcus elongatus at 3.0—3.5 A resolution (5, 6)
together with the information from EXAFS studies (7)
revealed that the WOC consists of a MnyCa cluster sur-
rounded by carboxylate and histidine ligands. Because of
the limited resolutions of the X-ray structures and possible
damage by X-ray radiation (8, 9), however, the proposed
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structural models are still controversial (5—7). In addition,
no information about the locations of water molecules is
available in the current X-ray structures.

In the WOC, two water molecules are converted into one
molecular oxygen and four protons through a light-driven
cycle, the so-called S-state cycle, consisting of five inter-
mediates (S; states, where i = 0—4) (/—4). Among them,
the S; state is the most dark stable, and flash illumination
advances each S state to the next state (S; — S, — S; — S
— S)). Molecular oxygen is released during the S; — Sy
transition via the transient S, state. The molecular mechanism
of water oxidation, however, remains largely unknown.

In attempting to understand the mechanism of water
oxidation, spectroscopic detection of substrate and its reaction
is of utmost importance. Mass spectrometric measurements
have shown that the rate of 'O incorporation has biphasic
kinetics throughout the S states, representing two distinct
substrate molecules with fast and slow exchange rates (10, 11).
Several exchangeable protons, including those from substrate
water, have been detected in the vicinity of the Mn cluster
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in the Sy, Sy, and S, states using the ENDOR and ESEEM
techniques (/2—16). Also, a water-exchangeable oxygen
strongly coupled to the Mn cluster in the S, state was recently
detected by "O-HYSCOPE spectroscopy (17).

Another powerful method of directly detecting water
molecules in the WOC is Fourier transform infrared (FTIR)
spectroscopy. Using a light-induced FTIR difference tech-
nique, structural changes of the WOC, including the Mn
cluster core, amino acid ligands, polypeptide chains, and
water molecules, upon S-state transitions have been detected
(reviewed in refs /8—23). The reactions of water molecules
were detected as the OH and OD stretching vibrations in
the regions of 3800—3000 and 2800—2200 cm™!, respec-
tively (23—25). From the weakly hydrogen-bonded OH(D)
bands, which exhibited relatively sharp peaks on the higher-
frequency side of the OH(D) region, the symmetry change
in the hydrogen bond interaction of an active water in the
S1 — S, transition and proton release reactions and/or shifts
from weak to strong hydrogen bonding in the other three
transitions have been proposed (23—25). However, more
accurate analyses of water reactions by FTIR spectroscopy
have been hampered by the inherent broad features of
strongly hydrogen-bonded OH(D) bands.

Another vibration of water is the HOH bending mode,
which shows a band at ~1640 cm™! in liquid water (26).
The HOH bending band is also sensitive to hydrogen bond
interactions (27, 28), while it is not significantly broadened
by strong hydrogen bonding. In addition, since this
vibration disappears upon deprotonation, it is suitable for
monitoring water reactions that include proton release
steps. Thus, this vibration appears to be a useful marker
for analyzing the water reactions in the WOC as well as
in other proteins involving functional water in the active
sites. Unfortunately, however, the HOH bending band
often shows a weak intensity relative to the OH stretching
bands (26), and in addition, in proteins it heavily overlaps
with the amide I bands arising from backbone amides,
which usually exhibit strong, complex features in FTIR
difference spectra and are sensitive to subtle changes in
sample conditions. Hence, attempts to detect the HOH
bending vibrations of water molecules in the WOC have
not been successful so far.

We report here, for the first time, detection of the DOD
bending vibrations of D,O molecules in flash-induced FTIR
difference spectra during the S-state cycle of the WOC. The
DOD bending bands appear around 1210 cm™! (26), where
proteins do not exhibit any strong bands. Several DOD peaks
were identified by D,'®0 substitution in the spectra of the
individual S-state transitions, reflecting the reactions of water
molecules including substrate at the catalytic site of the
WOC.

MATERIALS AND METHODS

The PSII core complexes from the 7. elongatus 43-H
strain, in which the carboxyl terminus of the CP43 subunit
was genetically histidine-tagged, were purified using Ni**
affinity column chromatography as described previously (29).
The complexes were suspended in a 10 mM Mes-NaOH (pH
6.0) buffer containing 5 mM NaCl, 5 mM CaCl,, and 0.06%
n-dodecyl f3-D-maltoside and concentrated to ~4.5 mg of
Chl/mL using a Microcon-100 apparatus (Amicon). An
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aliquot of the sample suspension (7 L) was mixed with 2
uL of 100 mM potassium ferricyanide and dried on a BaF,
plate (25 mm in diameter) under N, gas with an oval shape
(6 mm x 9 mm). We moderately hydrated (or deuterated)
the sample under 95% relative humidity by placing 3 uL of
a 40% (v/v) glycerol/water solution in a sealed IR cell
without touching the sample (30). For hydration, glycerol/
H,'°O (natural abundance) and glycerol/H,'0 (Euriso-top,
95.44 atom % '80) mixtures were used, and for deuteration,
glycerol(OD); (CDN, 98.7 atom % D)/D,'°0O (CDN, 99.9
atom % D) and glycerol(OD)3/D,'30 (ICON, 99 atom % D,
95 atom % '80) mixtures were used. The sample temperature
was kept at 10 °C by circulating cold water in a copper
holder.

Flash-induced FTIR difference spectra during the S-state
cycle were recorded using a Bruker IFS-66/S spectropho-
tometer and a Q-switched Nd:YAG laser (Quanta-Ray GCR-
130, 532 nm, ~7 ns fwhm) (25, 30). A Ge filter (OCLI,
L0O2584-9) was placed in front of the sample to block red
light of a He—Ne laser from the interferometer. Another Ge
filter was placed at the exit of the sample room to protect
the MCT detector from the scattering of laser pulses. After
two preflashes and subsequent dark adaptation for 1 h, the
sample was subjected to four consecutive flashes with 10 s
intervals. Single-beam spectra (10 s scan, 20 scans with a
scanning mode of double-sided fast return) were recorded
twice before the first flash and after individual flashes. The
sample was then dark-adapted for 1 h, and this cycle was
repeated eight times for one sample. Difference spectra upon
individual flashes and a dark-minus-dark spectrum before
the first flash were calculated, and the spectra obtained using
nine samples were averaged. All spectra were recorded with
a resolution of 4 cm™!.

RESULTS

Figure 1 (black lines) shows FTIR spectra in the 1300—1000
cm™! region of moderately hydrated (a) and deuterated (b)
films of the PSII core complexes from 7. elongatus. This
frequency region is devoid of strong protein bands arising
from the amide I (C=0 stretch, ~1650 cm™!), amide II (CN
stretch + NH bend, ~1550 cm™!), and amide II" (CN stretch
+ ND bend, ~1450 cm™!) vibrations of polypeptide back-
bones (see Figure S1 of the Supporting Information for the
1800—1100 cm™! region of the spectra). In the deuterated
sample, however, the DOD bending vibrations of bulk D,O
show a broad feature around 1210 cm™! (Figure 1b). Indeed,
this feature downshifted by ~10 cm™! when the sample was
deuterated using D,'30 (Figure 1b, green line). The '30-
induced shift is more clearly seen in a D,'®O-minus-D,'%0
double difference spectrum (Figure lc, red line), which
showed a differential signal with peaks at 1225 and 1186
cm™!. In contrast, the spectrum of the hydrated film was
unchanged upon H,'®0 substitution (Figure la, green line),
which is also shown by a straight line in a double difference
spectrum (Figure Ic, blue line). This observation confirms
the absence of H,O-related vibrations in this frequency
region. It should be noted that exchangeable protons,
especially in the catalytic site of WOC, are basically fully
deuterated in this moderately deuterated sample, although
protons in hydrophobic domains in the PSII core complexes
are hardly replaced with deuterons as shown in its absorption
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FIGURE 1: FTIR spectra in the 1300—1100 cm™! region of the PSII
core complexes from 7. elongatus moderately hydrated using H,'°0
(a, black line) and H,'30 (a, green line) and deuterated using D,'°0
(b, black line) and D,'80 (b, green line). (¢) Hy'®O-minus-H,'*0O
(blue line) and D,'°O-minus-D,'%0 (red line) difference spectra of
the PSII core complexes.
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FIGURE 2: Flash-induced FTIR difference spectra in the 1300—1100
cm™! region during the S-state cycle of the WOC in the PSII core
complexes moderately hydrated using H,'°O (A, black lines) and
H,'80 (A, green lines) and deuterated using D,'°0 (B, black lines)
and D,'%0 (B, green lines). Difference spectra were recorded upon
the first (a), second (b), third (c), and fourth (d) flash. Dark-minus-
dark difference spectra (e) represent noise levels.
spectrum (Figure S1b of the Supporting Information), where
the amide II band remains with an intensity comparable to
that of the amide II” band.

Figure 2 shows the flash-induced FTIR difference spectra
(1300—1100 cm™") of the hydrated (A) and deuterated (B)
PSII samples during the S-state cycle of the WOC. The
spectra at the first (a), second (b), third (c), and fourth (d)
flash basically represent the structural changes in the S; —
S2, S; — S5, S3— So, and S — S transitions (30—32). The
dark-minus-dark spectra (e) represent the noise levels of the
difference spectra. The spectra in a wider region (1800—1100
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cm™!) involving numerous protein bands (Figures S2 and
S3 of the Supporting Information) were virtually identical
to the previous ones recorded with similar hydrated (or
deuterated) samples (25, 30) and showed that the 1300—1100
cm™! region exhibited only relatively weak bands. Among
them, the bands at 1260—1255 cm™!, which have positive
intensities at the first and second flashes and negative ones
at the third and fourth flashes, are the most prominent (Figure
2A,B). These bands have been tentatively assigned to the
CO stretches of alcoholic side chains because of the
insensitivity to uniform N labeling (33, 34), although
definite assignments have not yet been made. The CN
stretching band of a His side chain is found at ~1112
cm™! (35, 36), which is clear at the first flash, but obscured
by the Mes bands superimposing this frequency at the second
through fourth flashes (Figure 2A,B).

Upon D80 substitution of the deuterated film, the
spectra exhibited small but clear changes around 1200
cm™! (Figure 2Ba—d, green lines; indicated by an arrow).
These changes, which were much larger than the noise
level (Figure 2Be), were observed in all four flash-induced
spectra. In contrast, in the hydrated film, H,'80 substitution
did not show any appreciable changes in the 1300—1100
cm™! region (Figure 2Aa—d, green lines). It is noted that
successful H,'80 substitution in the WOC as well as D,'%0
substitution was confirmed by downshifts of weakly
H-bonded OH and OD stretching bands (Figure S4A,B
of the Supporting Information), in agreement with the
previous results (25).

The '80-induced change was more clearly seen in the
D,'°0-minus-D,'30 double difference spectra at individual
flashes (Figure 3a—d, red lines). In all of the first through
fourth flash spectra, six to eight peaks were observed in the
1250—1150 cm™! region, with intensities larger than the noise
level (Figure 3e, red line). This frequency region is in good
agreement with that of the DOD bending band of bulk D,O
(Figure lc, red line). Thus, the observed peaks can be
assigned to the DOD bending vibrations of D,O molecules
affected by the S-state transitions. The observation that no
meaningful peaks were detected in the H,'°0O-minus-H,'30
double difference spectra of the hydrated films (Figure 3a—d,
blue lines) supported this assignment. The relatively narrow
widths of the DOD bands in Figure 3 (red lines) in
comparison with the widths of the bulk D,O bands (Figure
1c, red line) indicate that the detected D,O molecules are
structurally restricted in proteins or as ligands to the Mn
cluster.

Previously, we estimated the miss factors of individual
S-state transitions in moderately hydrated films prepared
with various relative humidities (30). The sample prepared
under 95% relative humidity, which was used in this study,
exhibited miss factors of 16 =1, 19 £2,23 + 3, and 11
+ 5% for the Sl e Sz, Sz - S3, S3 - So, and So - Sl
transitions, respectively, based on the average miss factor
of 12% estimated for a fully hydrated film. Note that the
deuterated film exhibited virtually the same oscillation
pattern as the hydrated film (Figure S5 of the Supporting
Information). Figure 4 (a—d, red lines) shows corrected
D,'°0-minus-D,'30 difference spectra representing pure
contributions of individual S-state transitions calculated
using the miss factors given above (for the detailed method
of calculation, see the Supporting Information), in com-
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FIGURE 3: H,'°O-minus-H,!80 (blue line) and D>!°O-minus-D,'30
(red line) double difference spectra in the 1300—1100 cm™! region
during the S-state cycle of the WOC at the first (a), second (b),
third (c), and fourth (d) flashes. Double difference spectra of the
dark-minus-dark spectra (e) represent noise levels.

parison with the original spectra at the first through fourth
flashes (a—d, black line; identical to the red lines in Figure
3a—d). Note that very similar spectra were obtained when
the average miss factor of 17% was used for calculation
(data not shown). The features of the S, — S; (Figure 4b)
and S; — Sy (Figure 4c) spectra were virtually identical
to the original second and third flash spectra, respectively,
except for the intensity of the S; — Sy spectrum being
much larger than the original one. The Sp — S; spectrum
(Figure 4d) also exhibited a much larger intensity than
the original fourth flash spectrum. In addition, the band
shapes slightly changed, retaining an overall spectral
feature; the peaks slightly shifted and became sharper. The
S; — Sy spectrum exhibited the largest DOD signals
among the four spectra as expected from the fact that
drastic rearrangement of substrates should take place after
O, evolution during this transition.

The presence of six to eight peaks in individual D,'°O-
minus-D,'30 spectra was unchanged by correction for pure
S-state transitions (Figure 4). If one D,O molecule changes
its interaction during the transition, then a maximum of four
peaks (two D'°OD and two D'®0OD peaks) should appear in
a double difference spectrum. When a deuteron is released
from D,O upon the transition, the bending vibration disap-
pears, and hence, two peaks should be observed. In addition,
the overlap of positive and negative peaks may cancel out
the intensities to decrease the number of peaks. Thus, the
presence of six to eight peaks indicates that at least two D,O
molecules, in a fully deuterated form and not in the form of
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FIGURE 4: Corrected D,'°0O-minus-D,'80 double difference spectra
representing the pure contribution of the S; — S, (a), S, — S; (b),
Ss— Sy (c), and Sy — S; (d) transitions (red lines) in comparison
with the original spectra at the first through fourth flashes (black
lines; identical to the red lines in Figure 3a—d). (e) D,!°O-minus-
D,!80 spectra representing completion of one cycle from the S,
state to the next S, state as sums of the corrected spectra for the
pure S-state transitions (red line) and of the original spectra at
the first through fourth flashes (black line), in comparison with the
D,'°0-minus-D,'80 spectrum of bulk D,O with an inverse sign
(green line; deduced from the spectrum in Figure lc, red line).

OD™ or ODr, are coupled to the reaction in the WOC in
each S-state transition.

Most of the peaks in Figure 4a—d have their counter peaks
with opposite signs at different transitions in a manner
analogous to that of the protein bands (30—32), e.g., peaks
at 1183 cm™! in the S; — S, and S, — S; transitions, at
~1201 and ~1210 cm™! observed in all four transitions,
at 1220 cm ™! in the S; — S, and S; — Sy transitions, and at
~1227 cm™ ! in the S, — S;3 and Sy — S; transitions. These
peaks probably represent a series of reactions or interaction
changes of D,O molecules at the catalytic site during the
S-state cycle.

In contrast, counter peaks were not readily found for
some peaks, e.g., relatively broad negative peaks at ~1240
cm™! in the S, — S; and S; — Sy transitions. This is
reasonable because two water molecules have to be
consumed during the S-state cycle, and hence, all the water
bands do not oscillate. In fact, the spectrum as a sum of
the four corrected spectra of the S-state transitions,
representing the difference upon completion of one cycle
from the initial S; state to the next S; state, did not cancel
out the bands but exhibited relatively strong negative and
positive features at ~1238 and ~1205 cm™!, respectively
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(Figure 4e, red line). Note that a corresponding spectrum
obtained using the original flash-induced spectra, which
would represent the S;-minus-S; difference spectrum under
the assumption that the miss factors all equal zero, also
exhibited a similar feature (Figure 4e, black line). A
negative band on the higher-frequency side in the D,!O-
minus-D,'80 spectrum upon completion of one cycle
implies consumption of water molecules.

If substrate is taken up from bulk water, the DOD bands
upon one cycle (Figure 4e, red line) should agree with those
of bulk D,0O. However, both of the negative and positive
bands were observed at frequencies slightly higher than those
of the bulk D,O bands (Figure 4e, green line). It is known
that the frequencies of HOH or DOD bending vibrations shift
upward upon hydrogen bond formation and water clusters
exhibit bending frequencies even higher than those of liquid
water (27, 28), whereas an interaction with a metal ion shifts
the frequency downward (37). Thus, the observed DOD
frequencies which are higher than those of bulk D,O may
suggest that substrate is inserted into the WOC from a water
cluster present in the water pathway in the protein between
the WOC and the lumenal side. In solutions, the rate of
access of bulk water to the catalytic site of the WOC should
be faster than the millisecond time scale, which is the
measurable exchange rate of substrate in a fast phase (10, 17).
Thus, detection of internal water could indicate a rather slow
access of bulk water (on a time scale of seconds) to the inside
of the protein at least in the moderately hydrated (deuterated)
PSII samples used in this study. The substrate insertion may
occur in the S; — S3, S5 — Sy, and possibly So — S,
transitions, which exhibited negative bands at ~1240 cm™!
that can be attributed to substrate.

Similar analysis in the OD stretching region of the flash-
induced difference spectra of the sample deuterated with
D,'°0 (Figure 5) supported this view. The difference
spectrum upon completion of one cycle (Figure Se, red line),
which was calculated as a sum of the four corrected spectra
of pure S-state transitions (Figure 5a—d, red lines), exhibited
a clear negative band at ~2694 cm™! in the weakly D-bonded
OD stretching region. This band is significantly different
from the OD band of bulk DO with a broad feature at a
lower frequency (Figure 5, green line) and, hence, probably
arises from internal water molecules having weakly D-
bonded OD bonds. The negative intensity originates from
the negative band at 2695 cm™' at the S, — S; transition
and a negative shoulder at a similar position in the S; — Sy
transition, suggesting the insertion of substrate in these
transitions. The major negative band at 2678 cm™! in the S;
— Sy transition seems to correspond to the positive band at
2681 cm™! in the S; — S, transition, indicating the reaction
(a proton release or the change from a weak H-bond to a
strong one) of the water molecule already bound to the Mn
cluster.

The insertion of substrate in the S, — S; and S; — So
transitions is also consistent with our previous FTIR data
which showed that these transitions are more sensitive to
dehydration than other transitions (23, 30). Because mass
spectrometry studies showed that two substrate molecules
are already bound to the WOC in the S, state (2, /7), the
water molecule inserted in the S, — S5 transition could be
used as a substrate in the next cycle.

The results of this FTIR study show that at least two water
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FIGURE 5: Corrected FTIR difference spectra in the OD stretching
region representing the pure contribution of the S; — S, (a), S, —
S;3 (b), S3 — Sy (c), and Sy — S; (d) transitions (red lines) in
comparison with the original spectra at the first through fourth
flashes for the sample deuterated with D,!%O (black lines). (e)
Difference spectra representing completion of one cycle from the
S, state to the next S; state as sums of the corrected spectra for
the pure S-state transitions (red line) and of the original spectra at
the first through fourth flashes (black line), in comparison with the
spectrum of bulk D,O with an inverse sign (green line).
molecules, not in any deprotonated forms, are coupled to
the reactions at the catalytic site of the WOC during each
S-state transition. Two substrate water molecules should be
involved in these water molecules. However, because release
of a proton from substrate takes place probably in the Sp —
Si, So — S35, and S; — Sy transitions (38), the number of
DOD bands cannot be explained by only substrate water.
This indicates that some water molecules other than substrate
exist in the vicinity of the Mn cluster and are involved in
the reaction. Probably, they function as ligands to the Mn
and Ca ions or form a hydrogen bond network around the
Mn cluster to participate in the reaction mechanism of water
oxidation. This view is consistent with the previous ESEEM
and ENDOR results, which showed the presence of several
exchangeable protons in the vicinity of the Mn cluster in
the So, Sy, and S, states (/2—15). Also, this is consistent
with the recent structural models of the WOC and the
mechanism of water oxidation proposed by quantum chemi-
cal calculations (39—41) based on the X-ray crystal structures
and the EXAFS data (5—7).

In this study, we have for the first time detected the DOD
vibrations of D,O molecules coupled to the S-state transitions
in the WOC. To the best of our knowledge, this is the first
report of detection of the bending vibrations of functional
water molecules in active sites of proteins. Monitoring the
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water reactions using the DOD bending bands, together with
OH(D) stretching bands, and careful spectral analysis in
combination with chemical perturbation (e.g., addition of
substrate analogues and metal substitution) and mutagenesis
studies will provide crucial information that will clarify the
molecular mechanism of the photosynthetic water oxidation
as well as other enzymatic reactions involving functional
water molecules.

SUPPORTING INFORMATION AVAILABLE

FTIR spectra in the 1800—1100 cm™! region of moderately
hydrated and deuterated PSII core complexes, their flash-
induced FTIR difference spectra in the same region and in
the OH (3720—3500 cm™!) and OD (2770—2550 cm™!)
stretching regions, the oscillation patterns of the FTIR signal
of the WOC in the hydrated and deuterated samples, and
the method for calculation of the corrected spectra represent-
ing pure S-state transitions. This material is available free
of charge via the Internet at http://pubs.acs.org.
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