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Photosynthetic water oxidation, which provides the electrons necessary for CO, reduction and releases O, and
protons, is performed at the Mn4CaOs cluster in photosystem II (PSII). In this review, studies that assessed the
mechanism of water oxidation using infrared spectroscopy are summarized focusing on electron and proton
transfer dynamics. Structural changes in proteins and water molecules between intermediates known as S; states
(i = 0-3) were detected using flash-induced Fourier transform infrared (FTIR) difference spectroscopy. Electron
Keywords: flow in PSII and proton release from substrate water were monitored using the infrared changes in ferricyanide as
FTIR an exogenous electron acceptor and Mes buffer as a proton acceptor. Time-resolved infrared (TRIR) spectroscopy
provided information on the dynamics of proton-coupled electron transfer during the S-state transitions. In par-
ticular, a drastic proton movement during the lag phase (~200 ps) before electron transfer in the S; — S transi-
tion was detected directly by monitoring the infrared absorption of a polarizable proton in a hydrogen bond
network. Furthermore, the proton release pathways in the PSII proteins were analyzed by FTIR difference mea-
surements in combination with site-directed mutagenesis, isotopic substitutions, and quantum chemical calcula-
tions. Therefore, infrared spectroscopy is a powerful tool for understanding the molecular mechanism of
photosynthetic water oxidation. This article is part of a Special Issue entitled: Vibrational spectroscopies and
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1. Introduction

In the oxygenic photosynthesis performed by plants and
cyanobacteria, light energy is converted into chemical energy in the
form of sugars using only water and CO, as the chemical resources.
Water serves as the ultimate electron donor for the reduction of CO,,
and is split into O, and protons when oxidized. The protons are released
into the thylakoid lumen to produce a proton gradient across the thyla-
koid membranes, which drives ATP synthesis to serve as an energy
source for CO, fixation. In contrast, O, is liberated into the air, creating
an oxygenic atmosphere (21% O,) that is used for respiration. O, is
also converted into ozone, which protects life from harmful UV radia-
tion. Therefore, oxygenic photosynthesis is a biological process essential
for sustaining the global environment and life on earth as a source of
both energy and O,.

" This article is part of a Special Issue entitled: Vibrational spectroscopies and bioener-
getic systems.
W This article is dedicated to the memory of Warwick Hillier (Oct. 18, 1967-Jan. 10,
2014), who made significant contributions to the water oxidation researches using FTIR
spectroscopy and mass spectrometry.
* Tel.: +81 52 789 2881; fax: +81 52 789 2883.
E-mail address: tnoguchi@bio.phys.nagoya-u.ac.jp.

http://dx.doi.org/10.1016/j.bbabio.2014.06.009
0005-2728/© 2014 Elsevier B.V. All rights reserved.

Photosynthetic water oxidation is performed in the photosystem Il
(PSII) protein complexes [1-8]. In PSII, electron transfer starts from
the excited singlet state of the reaction center chlorophylls (the coupled
excited state of monomeric chlorophyll Chlp; and chlorophyll dimer
P680), which ejects an electron to the pheophytin electron acceptor
Pheo, and leads to the formation of a P680"Pheo™ charged pair [9,10]
(Fig. 1A). On the electron acceptor side, an electron is transferred from
Pheo™ to the primary quinone electron acceptor Q4 and then to the sec-
ondary acceptor Qg [11]. Upon accepting two electrons, Qg is converted
into a plastoquinole molecule by the uptake of two protons, and is then
released into the thylakoid membranes. On the electron donor side,
P680™" oxidizes the redox-active tyrosine Yz (D1-Y161) followed by
the water oxidizing center (WOC), which is the catalytic site of water
oxidation [1-8]. Therefore, electrons extracted from water are trans-
ferred finally to plastoquinol, via light-driven reactions in PSII, which
transports electrons to the Cytbg/f complex in thylakoid membranes.

X-ray crystallographic structures of PSII complexes [12-14] show
that the WOC consists of the Mn4CaOs cluster, two Cl™ ions located
~7 A away from the closest Mn ions, and surrounding amino acid
residues including ligands for the Mn and Ca ions [D1-Asp170,
D1-Glu189, D1-Asp333, D1-Asp342, D1-Ala344 (C-terminus), CP43-
Glu354, and D1-His332] (Fig. 2). A recent high-resolution (1.9 A)
X-ray structure [14] further resolved the water ligands: W1 and W2
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cluster

Fig. 1. (A) Arrangements of redox cofactors in photosystem II and the electron transfer
pathway. (B) S-state cycle of water oxidation at the Mn4CaOs cluster.

were ligated to Mn4, and W3 and W4 were ligated to Ca (the numbering
follows Umena et al. [14]). In addition to these four water molecules, the
oxygen atom 05, which is located nearly equidistant from Ca, Mn4, Mn3
and Mn1 in the Mn4CaOs cluster, is a possible candidate substrate
[14-16]. Hydrogen bond networks involving these water ligands are
formed around the Mn4CaOs cluster. In particular, a water cluster
consisting of W3, W4, W5, W6 and W7 is present between the
Mny4CaOs cluster and Yz, whereas a hydrogen bond network involving
D1-Asp61, D2-Lys-317, D1-Glu65, D2-Glu312, D1-Arg334 and several
water molecules is formed around one of the Cl™ ions (Cl-1) (Fig. 2).
Such hydrogen bond networks likely play a crucial role in proton release
processes during water oxidation.

At the WOC, two water molecules are oxidized into one O, molecule
and four protons through the cycle of five intermediates designated S;
states (i = 0-4); a larger i value implies a higher oxidation state of
the Mn,CaOs cluster (Fig. 1B) [1-8]. The S; state is most stable in the
dark, and the S; state (i = 0-3) advances to the next S; ;. ; state upon
the extraction of one electron. The S, state is a transient intermediate
that immediately relaxes to the Sy state by releasing O,. However,
there are several unanswered questions in the water oxidation mecha-
nism. For example, it remains unclear how the electron and proton
transfer reactions are coupled with each other in individual S-state tran-
sitions. It is also unknown in which order the electron and protons are
released from the WOC. Similarly, the pathway in the PSII proteins for
the release of each proton and the energetic requirement that drives
the reaction are yet to be elucidated. Answering these questions is
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..“.
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Fig. 2. Structure of WOC deduced from the X-ray crystal structure of photosystem II at
1.9 A resolution (PDB ID: 3ARC [14]). Amino acid residues in which the subunit name is
not specified in the labels are all on the D1 subunit. The numbering of the atoms in the
Mn4CaOs cluster, CI ™~ ions, and water molecules follows that of Umena et al. [14] and
Kawakami et al. [128].

essential to achieve a full understanding of the mechanism of photosyn-
thetic water oxidation.

Infrared (IR) spectroscopy, particularly light-induced Fourier trans-
form infrared (FTIR) difference spectroscopy [17-19], has been used ex-
tensively to study the mechanism of photosynthetic water oxidation
[20-28]. Flash-induced FTIR difference spectra have been measured
upon individual transitions in the S-state cycle (S; — S, S, — Ss,
S3 — Spand Sg — S1) [29,30], and data regarding the structures and re-
actions of the proteins and water molecules during water oxidation
have been obtained. Time-resolved infrared (TRIR) spectroscopy was
also used to monitor the movements of electrons and protons during
the S-state transitions of WOC reaction [31]. In this review, [ summarize
the applications of light-induced FTIR difference and TRIR spectros-
copies for investigating the molecular mechanism of photosynthetic
water oxidation, focusing on the coupling of electron and proton trans-
fer reactions. For other topics, such as ligand structure, water reactions,
lower-frequency Mn cluster vibrations, and the effects of extrinsic pro-
teins, I refer readers to previous reviews [20-28].

2. Flash-induced FTIR difference spectra of the S-state transitions

Fig. 3 shows flash-induced FTIR difference spectra of the S-state tran-
sitions measured using PSII core complexes from the cyanobacterium
Thermosynechococcus elongatus in the presence of ferricyanide as an ex-
ogenous electron acceptor [29,32,33]. Because electrons are abstracted
by ferricyanide to the outside of proteins, IR changes coupled to the
WOC reactions are obtained without interference from acceptor side
signals, except for the CN stretching vibrations of ferricyanide/ferrocya-
nide at 2116/2038 cm™~!. Difference spectra upon the 1st, 2nd, 3rd and
4th flashes virtually represent structural changes in the S; — S, S, — Ss,
S3 — Sp and So — S, transitions, respectively, although minor contribu-
tions of other transitions are mixed into the spectra at the later flashes
due to ~10% miss probabilities (see Section 3).

Numerous signals are found in the mid-frequency region of
1800-1000 cm ™!, where protein bands mainly appear [34,35], which
is indicative of drastic protein movements during water oxidation.
The presence of several prominent bands in the amide I (the CO stretch
of backbone amide) region at 1700-1600 cm™' indicates that the



T. Noguchi / Biochimica et Biophysica Acta 1847 (2015) 35-45 37
ferri/ferro
strong e main chain
water OH H-bond )
amide amide | amidell COO~
NH == His NH
« I“’g a.$,2s,
< me\iv b- Szé 53
W‘/’.\ €.S5;2> S,
B i d. S S,
T T T T T T | |
3800 3400 3000 2600 2200 2000 1800 1600 1400 1200

Wavenumber (cm™)

Fig. 3. Flash-induced FTIR difference spectra in the high-frequency (3800-2200 cm ') and mid-frequency (2200-1200 cm ') regions during the S-state cycle of WOC in the PSII core com-
plexes from T. elongatus [33]. Difference spectra upon the first (a), second (b), third (c), and fourth (d) flashes represent the changes in the S; — S5, S; — S3, S3 — So, and Sg — S; transitions,

respectively.

secondary structures of the proteins around the Mn4CaOs cluster are
affected significantly by the S-state transitions. These amide I features
have been used to assess the effects of binding of extrinsic proteins
on the conformation of proteins in the WOC [36-40]. Significant bands
also appear in the region of 1600-1500 cm™ !, where the amide II
(the NH bend coupled to the CN stretch of backbone amide) and asym-
metric COO™ stretching bands overlap [34,35]. Essentially, all of the
prominent bands in the 1450-1300 cm™ ! region arise from the symmet-
ric COO~ stretching vibrations of carboxylate groups coupled to the
Mn,CaOs cluster [34,35,41]. Spectra were analyzed using site-directed
mutants of putative carboxylate ligands and/or isotopic substitutions
[42-54]. Among these, the bands of D1-Ala344 («-COO ™) [42-45] and
CP43-Glu354 [46-48] were identified successfully at 1360-1320 and
1435-1390 cm™ ', respectively. The carboxylate bands are also sensitive
to perturbations of the Mn4CaOs cluster including Ca depletion and Sr
substitution [41,43,55-57], as well as to various treatments such as
NH3/NH treatment [58-61] and replacing Cl~ with other anions [62,63].
His CN stretching bands are detected at ~1110 cm™ ! [64,65], due
probably to D1-His332, which is ligated to Mn2, and possibly to
D1-His337, which interacts with O3. Selective isotope labeling of Arg
side chains identified CN/NH, vibrations from Arg, most probably
CP43-Arg357 that is located in the vicinity of the Mn4CaOs cluster, in
the 1700-1600 cm™ ! region overlapping with the amide I bands in
the S,/S; difference spectrum. This provides evidence for the structural
coupling of this Arg with the Mn4CaOs cluster and the existence of fully
protonated guanidinium form in both the S; and S, states [66].
Stretching vibrations of hydrogen atoms such as water OH, amide
NH, and hydrocarbon CH appear in the higher-frequency region of
3700-2200 cm™ ! (Fig. 3) [33]. In particular, relatively narrow bands
in the region of 3700-3500 cm™ ! represent the vibrations of weakly
hydrogen-bonded OH bonds of water molecules coupled to the
Mn4CaOs cluster, probably involving substrate water [25,33,60,67,68].
The differential signal at 3617/3588 cm™ ! in the S; — S, transition sug-
gests a change in the hydrogen bond strength of a water ligand. In con-
trast, the negative intensities of bands at 3634, 3621, and 3612 cm™ ! in
the S, — S3,S3 — So, and Sp — Sy transitions, respectively, imply the dis-
appearance of weakly hydrogen-bonded OH bonds, either by the release
of the proton or by a change from a weak to strong hydrogen bond |25,
33,67]. Very broad features in the 3000-2200 cm™ ' region, which have
different positions of the maxima (at ~3000, ~2700, ~2550 and
~2600 cm~'inthe S; — Sy, Sy — Ss3, S3 — Sp and S — S; transitions,

respectively) have been attributed to the vibrations of polarizable
protons in the strong hydrogen bonds around the Mn4,CaOs cluster
[33,68]. The shifts in the band positions indicate changes in the hydro-
gen bond network around the Mn4CaOs cluster during the S-state transi-
tions. Several peaks on the broad feature at 3000-2500 cm ™! arise from
the Fermi resonance of His vibrations with its NH stretching vibration
[64]. Although Polander and Barry [69] recently assigned a positive
band at 2880 cm ™! in the S,/S; difference spectrum to a cationic cluster
of internal water molecules, this band was downshifted by >N and '3C
substitutions, but unchanged by H130 substitution (Fig. S5 in ref. [70]);
therefore, it could probably be attributed to the Fermi resonance of a
His side chain. Although the broad feature might arise from the hydrogen
bond network involving a water cluster located between the Mn4CaOs
cluster and Yy, there is no experimental evidence to date to suggest
that a cation is formed in the water cluster upon S, formation, and no
quantum chemical calculations predict the formation of cationic water
during the S; — S, transition (e.g., [15,71]). A recent FTIR study of the
D1-Asp61Ala mutant by Debus [68] revealed that the hydrogen bond
network that causes the broad feature of the S,/S; difference spectrum
involves D1-Asp61.

Water vibrations were also detected as DOD bending vibrations at
~1200 cm™ ! using PSII in D0 [68,72], which was used instead of H,0
to avoid severe overlap of the HOH bending vibration (~1640 cm™!)
with the amide I bands of the proteins. DOD bending bands coupled to
the S-state transitions were observed at 1250-1150 cm™ ! in '®0-
minus-'80 double difference spectra. The involvement of several
water molecules in the reaction cycle and the insertion of substrate
water into WOC during the S, — S3 and S3 — S transitions were re-
vealed [72]. These water insertion steps are consistent with the FTIR ob-
servation that the efficiency of the S-state transition is lowered by
dehydration more significantly in the S, — Sz and S3 — Sy transitions
than in the S; — S, and Sg — S; transitions [25,32]. However, the inser-
tion of water in the S, — Ss transition is contradictory to membrane-
inlet mass spectrometry (MIMS) data, which showed that both sub-
strate water molecules are already bound in the S, state (summarized
in the recent review [8]). Therefore, it is likely that the water molecule
inserted into the WOC during the S, — S5 transition functions as a sub-
strate in the next cycle. The recent analysis of the DOD bending bands of
a D1-Asp61Ala mutant suggested that D1-Asp61 forms a hydrogen
bond with a water molecule that is affected by the S; — S, transition
[68].
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Fig. 4. (A) Schematic view of monitoring the electron flow in photosystem II using FTIR
signals of the ferricyanide/ferrocyanide redox couple. (B) Flash-number dependence
of the intensity of the ferricyanide/ferrocyanide signal (red solid circles) with the result
of simulation (black open circles) to provide miss probabilities of individual S-state
transitions [77].

3. FTIR detection of electron transfer from WOC to the acceptor side:
estimation of the efficiencies of individual S-state transitions

Electron transfer reactions of WOC can be monitored using the
strong CN stretching bands of ferricyanide/ferrocyanide at 2116/
2038 cm™ ! in the flash-induced FTIR difference spectra of the S-state
transitions (Fig. 3). The intensity of this signal reflects how efficiently
an electron is transferred from the WOC to the electron acceptor side
and finally to ferricyanide at each flash (Fig. 4A). This eventually reflects
the advancement of the individual S-states to the next state. The proba-
bility that the S-state transition fails to advance is called a “miss”. Misses
in the S-state transitions are thought to arise from charge recombina-
tion between P680™ and Qx [73], and individual S-state transitions
should have different miss probabilities because of the different kinetics
and energetics of the S; (i = 0-3) — Yz — P680 equilibrium (a detailed
discussion of S-state dependent miss probabilities is found in [74]). Es-
timating the miss probabilities of individual transitions is crucial for de-
tailed analysis of spectroscopic data as well as for understanding the
water oxidation mechanism. However, only the average miss of the
four transitions (S; — S, S, — S3,S3 — Sp, and Sy — S¢) can be estimat-
ed using conventional methods such as the analysis of the flash-induced
pattern of O, release [75], UV absorption [76] and FTIR protein signals
[29,30].

To estimate the individual miss probabilities, the method needs to
provide either (1) a common signal representing the advancement of
S-state transitions irrespective of the transitions, or (2) different signals
for individual S-state transitions but with known standard intensities.
The former requirement was met by a novel FTIR method that could
be used to estimate the individual miss probabilities [77]. Specifically,
the intensity of the ferricyanide/ferrocyanide CN signal, which is com-
mon for all transitions, was monitored as a function of the flash number
(Fig. 4B). This method is valid because, in the presence of ferricyanide,
quinone electron acceptors, Q4 and Qg, are always stabilized in their ox-
idized forms; therefore, there is virtually no effect of the Q4 Qg — QaQs
equilibrium on the miss probabilities of WOC. Thus, the original proper-
ties of the S-state transitions in WOC can be estimated independent
from the acceptor side status. The first-flash data were not used in the
analysis because non-heme iron preoxidized in some centers accepts
an electron that is released by the first flash. Simulating the oscillation
pattern of the flash number-dependence of the signal amplitude

provided the miss probabilities of the individual transitions without
making any assumptions. The general tendency of misses was found
to be in the order of Sy — S; <S; — S, < S, — S3<S3 — S, suggesting
that more oxidized WOC has a higher miss probability [ 77]. This tenden-
cy was consistent with the estimation in the fluorescence study by de
Wijn and van Gorkom [78], which, however, required some assump-
tions in parameters related to fluorescence and a miss contribution as-
sociated with Qg . It was presumed that the higher oxidation state
of the Mn4CaOs cluster shifted the electron transfer equilibrium of
WOC — Yz — P680 to the P680 side [77,78]. The largest miss in the
S3 — S transition is also consistent with a significant portion of micro-
second components in the P680™" reduction kinetics in the S3 — Sy tran-
sition [79] as well as the presence of an ~200 ps “lag phase” before
electron transfer from WOC to Yz (see Section 5) [31,80,81]. In contrast
to the FTIR and fluorescence estimations, an EPR study performed by
Han et al. [82], in which signals specific to individual S states were
used, provided a rather different trend of miss probabilities with a rela-
tively low miss in the S3 — Sg transition. The reason for this discrepancy
is unknown, although the difference in exogenous electron acceptors
[ferricyanide in FTIR vs. phenyl-p-benzoquinone (PpBQ) in EPR] could
play a role.

4. FTIR detection of proton release from WOC: estimation of the
proton release pattern

The conventional methods used to monitor proton release from
WOC and estimate its stoichiometry in individual S-state transitions in-
volved detecting flash-induced pH changes using pH-indicating dyes or
a sensitive pH electrode [83-88]. These methods used buffers at very
low concentrations to detect small shifts in pH. However, there is a con-
cern that the protons released from the WOC are trapped by PSII pro-
teins that possess a large number of protonatable groups in such low
concentration buffers. Suzuki et al. [89] developed a novel method for
detecting proton release using FTIR difference spectroscopy. In this
method, PSII core samples were suspended in a high concentration
(200 mM) Mes buffer, and the protons released from the WOC upon
flash illumination were trapped by the buffer molecules. The proton-
ation reaction in the Mes buffer was then monitored using FTIR differ-
ence spectroscopy, and isotope-edited Mes signals without protein
contributions were obtained from a double difference spectrum be-
tween unlabeled and d;,-labeled Mes (Fig. 5A). The flash number-
dependence of the intensity of the isotope-edited Mes signal showed a
clear period-four oscillation (Fig. 5B). The simulation of this oscillation
provided the proton release pattern of 0.8-1.0 (So — S$1):0.2-0.3
(S; — S$32):0.9-1.2 (S; — S3):1.5-1.6 (S3 — Sp) [89]. This pattern is con-
sistent with the proton release of 1:0:1:2 from substrate water (Fig. 5C),
while deviations from the integer values were ascribed to the partial
protonation/deprotonation reactions of amino acid side chains near
the WOC [83,87-89].

This proton release pattern is also consistent with the pH-
dependence of the S-state transition efficiencies estimated using FTIR
spectroscopy [90]. The efficiency of the S; — S, transition was indepen-
dent of pH values within the range 3.5-9.5, whereas the other three
transitions were all inhibited at acidic pHs with pK, values of 3.6, 4.2
and 4.7 for the S, — Ss3, S3 — Sp and Sg — S; transitions, respectively.
A similar pH dependence in the acidic pH region was also observed
using EPR spectroscopy [91]. The observed low pH inhibition in the S,
— S3,S3 — Sgand Sp — S; transitions was explained by proton release
from substrate water at these three transitions [90].

The above proton release pattern together with the abstraction of a
single electron by Yz* in each S-state transition implies that an excess
positive charge accumulates on the Mn4CaOs cluster in the S, and S3
states (Fig. 5C). This excess positive charge might play a key role in
the mechanism of proton-coupled electron transfer (PCET) at the S,
and Ss states as discussed in Sections 5 and 6 below [6,31,80,81,92].
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5. Detecting proton-coupled electron transfer: time-resolved
infrared measurements

Although flash-induced FTIR difference spectroscopy has provided
various pieces of information about the reactions of WOC, it can detect
only structural changes between the relaxed states of stable or metasta-
ble intermediates (Sq, S, Sz, and S3). To obtain information on PCET and
the reactions of substrate and proteins during the S-state transitions,
Noguchi et al. [31] applied time-resolved IR (TRIR) spectroscopy to
water oxidation studies. They used the dispersive-type TRIR method,
rather than the step-scan FTIR method that has been used extensively
in other biological systems such as bacteriorhodopsin [93-95], because
a fast repetition rate, which is prerequisite for the step-scan method, is
rather limited in the S-state cycles. The wavenumbers of 1400 and
2500 cm~ !, which represent vibrations of the carboxylate groups and
polarizable protons in strong hydrogen bonds (see Section 2), respec-
tively, were used to monitor the WOC reactions. The absorbance change
at 1400 cm™ ! reveals perturbations of the carboxylate ligands that are
triggered by the redox change of Mn ions or the carboxylate groups
coupled to the Mn4CaOs cluster through a hydrogen bond network in-
cluding protonation/deprotonation reactions in proton pathways. In ad-
dition, the change at 2500 cm ™! reveals the movement or changes in
the interactions of protons in hydrogen bond networks within the pro-
tein as well as proton release.

Individual S-state transitions exhibited characteristic behaviors in
the time courses of the absorption changes at 1400 and 2500 cm ™!
(Fig. 6A) [31]. At 1400 cm ™! (red lines), the time courses converge
into negative amplitudes in the S; — S, and S, — S5 transitions, where-
as they converge into positive amplitudes in the S3 — Sgand Sp — S
transitions. This is consistent with the observation that the S,/S;
and S5/S; FTIR difference spectra had negative intensities, whereas the
So/Ss and S1/Sg spectra exhibited positive intensities around 1400 cm ™!
(Fig. 3) [29,30]. At 2500 cm™ !, all the time courses had initial positive
intensities, with subsequent relaxation. These initial positive intensities
include contributions from the polarizable proton between Y+ and
D1-His190 trapped as HisH™ (see Section 6.2) [70], as well as hydrogen
bond networks around the Mn4CaOs cluster. During the S; — S, transi-
tion, both wavenumbers showed single exponential decays with time
constants of 50-70 ps (Fig. 6Aa), which is consistent with the previously
estimated time constant of the electron transfer from the Mn4CaOs clus-
ter to Yz* [80,81]. Because there is no proton release during this transition,
this observation indicates that the rearrangement of protons in the
hydrogen bond networks is concerted with the electron transfer. For
the S, — Ss transition, a time constant of ~350 s was obtained from
the single exponential decay at 1400 cm™ !, whereas the decay curve
at 2500 cm ™! clearly showed two phases with fast (7 ~70 ps) and slow
(T ~460 ps) time constants (Fig. 6Ab). Because this slow phase at
300-500 ps was consistent with the previously reported rate of electron
transfer during this transition [80,81], the 70 s phase was interpreted
as reflecting the rearrangement of protons in the hydrogen bonds in pro-
teins or even proton release to the bulk. This TRIR result suggests that
proton transfer precedes electron transfer in the S, — Ss transition, al-
though the faster phase was not resolved clearly at 1400 cm™ . The
rapid proton release before electron transfer during the S, — S transition
was also proposed recently from a photothermal beam deflection exper-
iment, in which an ~30-ps component was detected during this transition
[92].

For the S3 — Sy transition, the presence of a distinct intermediate, S’
(distinguished from the S, state having an oxidized catalytic center),
and a “lag phase” (S3 — S/, ~200 ps) before the electron transfer from
the Mn4CaOs cluster to Yz» was proposed from time-resolved UV and
X-ray absorption measurements [80,81]. Although proton release was
suggested to take place during this lag phase [80,81], there was no direct
evidence for the presence of proton transfer. The change in IR absorption
at 1400 cm ™! exhibited a complex behavior with a fast decay phase
(7 ~60 ps) followed by a slow, sigmoidal-shaped rise (7 ~1.6 ms)

(Fig. 6Ac) [31]. This sigmoidal rise reflects the presence of a “lag
phase” before the electron transfer. Significantly, the time course at
2500 cm™~ ! exhibited a drastic IR change in a relatively fast phase with
a time constant of ~190 ps, which is consistent with the ~200 ps “lag
phase” [80,81]. This early phase was followed by a slow phase
(T ~1.2 ms) corresponding to the ~1.6-ms phase at 1400 cm™!
(Fig. 6Ac), representing electron transfer. Therefore, the TRIR measure-
ments provided the first experimental evidence that drastic proton rear-
rangement, probably proton release from substrate water, occurs during
the “lag phase” before electron transfer [31]. The slow (7 = 1-2 ms)
electron transfer drives the Mn4CaOs cluster to the S, state, which im-
mediately relaxes to the Sy state by releasing another proton and O,.
The fast ~60 ps decay phase in the carboxylate movements could be re-
lated to the protein rearrangement upon Yz* formation that has been ob-
served at 30-40 ps [96].

During the So — S; transition, the time course at 2500 cm™ ! exhib-
ited a major phase with a relatively fast rate (7 ~130 ps) followed by a
minor slow decay (7 = 1-4 ms), whereas that at 1400 cm™ ! exhibited
a single exponential rise with a relatively slow rate (7 ~800 ps)
(Fig. 6Ad) [31]. Because the electron transfer in this transition has
been estimated to be relatively fast (30-250 ps) [80,81], the faster
130 ps phase at 2500 cm ™! was assigned to electron transfer coupled
with proton transfer [31]. The much slower carboxylate change
(~800 ps) at 1400 cm™ ' together with the minor proton decay (7 =
1-4ms) at 2500 cm~ ! was proposed to reflect the relaxation of the pro-
tein conformation after electron transfer, which could contribute to sta-
bilizing the S; state relative to other S states [31].

The electron and proton transfer processes suggested from the TRIR
results are summarized in Fig. 6B. The S; — S, transition is a simple pro-
cess of concerted PCET between Yz and the Mn4CaOs cluster with a time
constant of ~60 ps. The proton on D1-His190, which provides a positive
intensity at ~2500 cm™ !, returns to Y, upon its rereduction by the
Mn,CaOs cluster. An early deprotonation process observed during the
S3 — Sp transition, and most likely during the S, — S5 transition, is a
crucial step for lowering the redox potential of the Mn4CaOs cluster,
which possesses an excess positive charge in the S, and S; states
(see Section 4), to facilitate its oxidation [80,81,92]. In particular, a dras-
tic proton movement in the “lag phase” for ~200 ps before electron
transfer, which most provably indicates the release of a proton from
the substrate, was detected clearly. The Sy — S; transition might be a
concerted PCET reaction, in which a proton is released from substrate
water concomitant with electron transfer. This process seems to be
followed by a slow conformational change of the proteins, relaxing to
the dark stable S; state. These TRIR-detected proton and electron trans-
fer processes and the estimated time constants are mostly consistent
with those proposed by other spectroscopic methods, such as time-
resolved X-ray absorption and UV absorption [80,81,92]. However, the
rate of electron transfer during the So — S; transition (~130 ps) is
much slower than that recorded using X-ray absorption (30 ps) [81],
and Klauss et al. [92] suggested recently that proton transfer occurs
after electron transfer in this transition. In addition, an intermediate
formed during the S, — Ss transition by proton transfer before electron
transfer was not identified clearly by the TRIR measurements. Therefore,
additional careful TRIR studies using various samples and with better
time resolutions are necessary to reach a definitive conclusion regarding
the mechanism of PCET during water oxidation.

6. FTIR analysis of proton release pathways

Another unknown aspect of the water oxidation mechanism is the
pathways of release of protons from substrate water. Because proton re-
lease occurs in three transitions (S, — Ss, S3 — Sp and So — Sy; see
Section 4), it remains unclear whether only a single pathway is used
for all of the four protons, or whether different pathways are used for
individual protons. Possible proton pathways have been predicted
[14,97-102] using information obtained from the X-ray crystallographic
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Fig. 7. (A) FTIR difference spectra of the S-state cycle in the moderately hydrated films of PSII complexes from WT (black lines) and the D2-K317R mutant (red lines) of Synechocystis sp.
PCC 6803 upon illumination of the 1st (a), 2nd (b), 3rd (c), and 4th (d) flashes [107]. (B) "*NO35 -minus-!°NO3 double difference spectra of the S,/S; difference spectra measured with the

NO;3 -treated PSII complexes of WT (a) and D2-K317R (b).

structures of PSII protein complexes [12-14]. In particular, the recent
high-resolution (1.9 A) structure [14] that resolved the positions of ox-
ygen atoms in water molecules revealed hydrogen bond networks as
candidates of proton pathways. Among the several proposed pathways,
the most focused is that in which the hydrogen bond network starts
from D1-Asp61 and passes through Cl-1 to the thylakoid lumen
[68,100,103-111]. Another suggested pathway is a hydrogen bond net-
work connecting Yz to the lumen [14,70,99]. FTIR difference spectrosco-
py has been used to investigate the involvement of these hydrogen
bond networks, as well as the roles of the CI~ site and Yz in the proton
transfer mechanism of water oxidation [68,70,107,108,112,113].

6.1. Pathway via Cl-1

The WOC reactions of site-directed mutants at D2-Lys317, which is
a ligand to CI-1, were examined using light-induced FTIR difference
spectroscopy [107,108]. Pokhrel et al. [108] measured the FTIR differ-
ence spectra of the S-state cycle together with the EPR spectra and
0,-release kinetics for several mutants, including D2-Lys317Arg and
D2-Lys317Ala. They showed that the S-state transitions, particularly,
the S; — Sy transition, are less efficient in these mutants. Suzuki et al.
[107] also demonstrated that the S; — Sq transition is blocked in partial-
ly dehydrated film of the PSII core complexes from the D2-Lys317Arg
mutant (Fig. 7A). This mutation also exhibited altered 'N isotope-
edited NO3 bands in the spectrum of PSII in which Cl~ is replaced
with NO3™ (Fig. 7B), suggesting that the Cl-1 site is coupled structurally
to the Mn4CaOs cluster. In addition, FTIR studies by Debus and co-
workers [68,112,113] revealed that mutating D1-Asp61, D1-Glu65,
D2-Glu312 and D1-Arg334, which interact with the CI-1 site through a
hydrogen bond network (Fig. 2), to Ala decreased the S3 — Sy efficiency
substantially and altered the C=O0 stretching band of protonated car-
boxylic acid at 1746 cm™ . These data suggest that the CI-1 site, nearby
protonatable amino acids, and surrounding water molecules are in-
volved in the proton transfer pathway during the S3 — Sy transition.
An attractive mechanism is that the structure of the Cl-1 site is regulated
by the redox status of the Mn4CaOs cluster, and that the “gate” is opened
for proton transfer during the S3 — Sy transition [107].

These observations and hypotheses are consistent with the increase
in the miss probability at the S3 — Sy transition when Cl™~ was replaced
with NO3', which was detected by the FTIR method using ferricyanide/
ferrocyanide bands (see Section 2) [77]. A time-resolved UV absorption
study also showed that replacing CI~ with other functional monovalent
ions such as NO3 and [~ reduced the rate of the S3 — Sy transition
[113-116]. In contrast, the efficiency of the S, — S3 transition was not
affected significantly by the D1-Asp61Asn and D2-Lys317Arg mutants
[107,108,110,111], and the Sq — S; transition was also unaffected by
Cl~ depletion [117]. Therefore, it is likely that the Cl-1 pathway is not
used to release protons during the S, — Sz and So — S; transitions.

6.2. Pathway via Yz

When Y is oxidized by P680™, the phenolic proton is released
resulting in the formation of a neutral Yz* radical [5,118-122]. Although
another redox-active Tyr on the D2 subunit, Yp (D2-Tyr160), is also oxi-
dized by P680™ to become a neutral Yp* radical, its reaction rate is consid-
erably slower than that of Yz. In addition, Ype is significantly stable even
at room temperature, in contrast to the short lifetime of Yz* [5,118,119].
Berthomieu et al. [123] first reported the FTIR difference spectrum of Yy
upon its photo-oxidation (Yz*/Yz difference) in the 1800-1000 cm ™! re-
gion using Mn-depleted PSII preparations. They observed a higher vCO
frequency in Yz* (1514 cm™!) than in Ype (1504 cm™!), and proposed
the presence of a stronger hydrogen bond in Yz* compared with Ype. The-
oretical calculations also suggested that a stronger hydrogen bond up-
shifts the vCO frequency of the Tyre radical [124,125].

Recently, Nakamura et al. [70] measured Yz¢/Yz spectra including the
higher frequency region that involves proton vibrations. The spectrum
exhibited a broad positive feature around 2800 cm ™! (Fig. 8A), which
was absent from the Ype/Yp difference spectrum. Measurements using
15N-substituted and H/D-exchanged PSII samples and vibrational analy-
ses using density functional theory (DFT) and quantum mechanics/
molecular mechanics (QM/MM) calculations showed that this band
arises from the N-H stretching vibration of the protonated cation of
D1-His190, which is formed by accepting a proton from Yz and forms a
strong hydrogen bond with Yze. The broad feature of the ~2800 cm ™!
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Fig. 8. (A) Alight-induced Yz+/Yz FTIR difference spectrum (3000-1000 cm™ ') of the PSII core complexes from T. elongatus [ 70]. (B) Rearrangement of the hydrogen bond network near Y
upon its oxidation estimated by QM/MM calculations. The drastic movements of protons and a water molecule are expressed with red circles and red arrows. (C) Proposed proton release
mechanism from substrate water on the Mn,CaOs cluster via the Yz=-HisH" moiety as a ‘gate’. Hopping of the polarizable proton (red circle) to W, which moved toward D1-His190 upon
Y7 oxidation (B), triggers immediate proton transfer from substrate water to Y through the water cluster by the Grotthuss mechanism (green arrows).

band suggests that the proton trapped between Yz and D1-His190 has a
large polarizability. Therefore, this proton is movable in response to
changes in the charge distribution of the Mn4CaOs cluster as well as fluc-
tuations of the protein and water environments.

The QM/MM calculations performed by Nakamura et al. [70] further
exhibited a significant rearrangement of the hydrogen bond network
around Yz, accompanied by the movement of water molecules upon
Y7 oxidation (Fig. 8B). The release of a proton from Yz, which results
in the formation of a strong hydrogen bond with HisH*, induces
the breakage of the hydrogen bond between the W4 proton and Y.
This proton then turns to the direction of another water molecule (des-
ignated W,; Fig. 8B). This rotation of W4 induces the movement of W4
toward D1-His190, which shortens the distance between the W, oxy-
gen and the N; of D1-His190 from 4.57 to 3.28 A. Therefore, a network
of water molecules is formed from W4 to Wy, (Fig. 8B), which is further
connected to the hydrogen bond network to the lumen [14].

A novel proton transfer mechanism via Yz>-HisH" was proposed
based on these FTIR observation and QM/MM data (Fig. 8C) [70]. Be-
cause the proton at the N.-H of D1-His190 is highly polarizable, there
is a good chance that it is transferred to W, which is now located
near this His. This proton hopping is the rate-limiting step that triggers
rapid proton transfer from the water ligands, W4, W3 and W2 (and
possibly 05, if this is a hydroxide [14]) as candidates of substrate
water, to the Yz oxygen by the Grotthuss mechanism [126] (Fig. 8C).
The proton accepted by W, is transferred to the lumen via the network
of the water molecules (Wx-Wp). Therefore, the rearrangement of the
hydrogen bond network with the shift of a water molecule and the sub-
sequent proton hopping from HisH™ to this water are key events in the
gating mechanism of proton transfer though Y [70].

This type of proton transfer can occur in the S, or Ss state, in which
the electrostatic repulsion between the positive charge on HisH' and
an excess positive charge on the Mn4CaOs cluster drives proton release
from substrate water before electron transfer to Yz [31,80,81,92].
Because the S3 — Sy transition appears to use the Cl-1 pathway (see
Section 6.1), the S, — Ss transition is the primary candidate for transi-
tion using the Yz»-HisH™ pathway. This mechanism is also applicable
to concerted PCET, in which proton and electron transfer between Yz*
and the Mn,4CaOs cluster occurs simultaneously. If the S — S; transition
has a concerted PCET mechanism, as suggested by the TRIR measure-
ments (Fig. 6B: Section 5), it is possible that this transition also uses
the Yz»-HisH™ pathway. This concerted mechanism differs from the pre-
vious “hydrogen abstraction model” [127], in which a proton from Y is
first released to the lumen upon its photo-oxidation, and then a hydro-
gen atom (or a proton and an electron) is abstracted by Yz from the
Mn,4CaOs cluster. In the newly proposed mechanism, proton transfer
from HisH™ as a triggering reaction determines the rate of the entire
PCET process, and hence the deprotonated Yze-His is not formed as a
stable intermediate. This PCET mechanism during the Sq — S; transition
is also consistent with a previous suggestion by Renger [5], whereby
Yz-induced oxidation steps in the WOC are kinetically limited by trig-
ger reactions, such as proton shifts.

7. Concluding remarks

Since flash-induced FTIR difference spectra throughout the S-state
cycle were reported [29,30], electron and proton transfer reactions
and the concomitant structural changes of proteins and water mole-
cules during water oxidation have been investigated using FTIR and
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TRIR spectroscopy, which is advantageous over other spectroscopic
methods because the structural changes of essentially any chemical spe-
cies in the system are detectable as changes in IR absorption. Structural
changes in amino acid side chains, polypeptide main chains, and water
molecules coupled to the Mn4CaOs cluster have been detected using
their specific vibrations [20-28]. The electron flow from WOC to the
electron acceptor side was monitored using the ferricyanide/ferrocya-
nide signal, providing information regarding the miss probabilities of in-
dividual S-state transitions [77], while the release of protons from
substrate water was detected using the IR signal of Mes buffer to esti-
mate the proton release pattern (1, 0, 1 and 2 for Sg — Sy, S; — S5,
S> — Sz and Sz — Sy, respectively) [89]. Furthermore, the dynamics of
the PCET reactions were investigated using dispersive-type TRIR spec-
troscopy [31]. In particular, evidence for significant proton movements
during the so-called lag phase for ~200 ps [80,81] before electron trans-
fer in the S3 — Sy transition was obtained by the observation of a drastic
change at the wavenumber, which represented polarizable protons in
hydrogen bond networks [31]. The proton release before electron trans-
fer in the S; state was rationalized by the storage of an excess positive
charge on the Mn4CaOs cluster in the S, and Ss states, which was re-
vealed by the proton release pattern described above and the abstrac-
tion of a single electron at each transition. The higher miss probability
in the S3 — Sy transition detected in FTIR [77] was consistent with the
presence of the lag phase and slow electron transfer kinetics (1-2 ms)
[31,80,81]. In the S, — Ss transition, a fast proton movement was
detected [31], although additional TRIR studies are needed before defin-
itive conclusion can be reached. FTIR analyses also provided information
regarding proton transfer pathways and the gating mechanism
[68,70,107,108,112,113].

These examples of the applications of IR spectroscopy to the WOC
reaction revealed that the FTIR difference and TRIR spectroscopy tech-
niques necessary to investigate the water oxidation mechanism have
mostly been established. To obtain further detailed information, such
as the roles of specific amino acid residues and water molecules, accu-
rate assignments of the bands in the FTIR spectra of the S-state cycle
to individual residues and water molecules surrounding the Mn4CaOs
cluster will be necessary. To this end, vibrational analyses of WOC
using quantum chemical calculations by the DFT and QM/MM methods
are promising. In combination with such theoretical analyses, further IR
analyses using site-directed mutagenesis and isotope substitutions are
necessary to obtain more specific information. Such information will
allow FTIR and TRIR spectroscopy to make a significant contribution to
our understanding of the molecular mechanisms underlying photosyn-
thetic water oxidation.
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