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ABSTRACT: Photosynthetic water oxidation performed at the MnsCaOs cluster in
photosystem II plays a crucial role in energy production as electron and proton sources
necessary for CO,; fixation. Molecular oxygen, a byproduct, is a source of the oxygenic
atmosphere that sustains life on earth. However, the molecular mechanism of water
oxidation is not yet well understood. In the reaction cycle of intermediates called S states,
the S,— S5 transition is particularly important; it consists of multiple processes of electron
transfer, proton release, and water insertion, and generates an intermediate leading to O-O
bond formation. In this study, we monitored the reaction process during the S,—S;
transition using time-resolved infrared spectroscopy to clarify its molecular mechanism. A
change in the hydrogen bond interaction of the oxidized Y7 radical, an immediate electron
acceptor of the MnsCaOs cluster, was clearly observed as a ~100-us phase before the
electron-transfer phase with a time constant of ~350 us. This observation provides strong
experimental evidence that rearrangement of the hydrogen bond network around Y,
possibly due to the movement of a water molecule located near Y7 to the Mn site, takes
place before the electron transfer. The electron transfer was coupled with proton release, as
revealed by a relatively high deuterium kinetic isotope effect of 1.9. This proton release,
which decreases the redox potential of the MnsCaOs cluster to facilitate electron transfer to
Y7 , was proposed to determine, as a rate-limiting step, the relatively slow electron-transfer

rate of the S,— S5 transition.



INTRODUCTION

Photosynthetic water oxidation performed by plants and cyanobacteria is one of
the most essential biological processes in bioenergy production. It produces electrons,
protons, and molecular oxygen using solar energy. The electrons are used to produce
NADPH as a reducing power, while the protons contribute to the formation of a proton
gradient across thylakoid membranes to produce ATP. The NADPH and ATP are then used
to synthesize sugars from CO,. In contrast, molecular oxygen is a waste product; however,
it is a major source of oxygen in the atmosphere necessary for respiration. In addition,
oxygen forms an ozone layer, which protects life from harmful UV light. Thus,
photosynthetic water oxidation sustains life on earth as energy and oxygen sources.

The water oxidation reaction is performed in photosystem II (PSII) protein
complexes embedded in thylakoid membranes."® In PSII, light-induced charge separation
takes place between the primary donor chlorophyll (P680) and the pheophytin electron
acceptor (Pheo) to generate a charged pair, P680Pheo . The electron on Pheo is
transferred to the quinone electron acceptors, Qa and Qgp, while the electron hole on P680°
is transferred to the redox tyrosine Yz, which then becomes a Y radical by shifting a
proton to a neighboring His residue (D1-H190) through a strong hydrogen bond. The Y7
further oxidizes the Mn4CaOs cluster (Figure 1A),7’8 which is the inorganic core of the
water oxidizing center (WOC), the catalytic site of water oxidation. In the WOC, two water
molecules are oxidized to one molecular oxygen and four protons though the cycle of five

intermediates called S; states (i = 0-5) (Figure 1B),”'® where a larger i value represents a



Figure 1. (A) Structure of the Mn4yCaOs cluster and the interaction with Yz. (B) S-state
cycle of water oxidation. The amino acid ligands of the MnsCaOs cluster are on the D1
subunit except for E354, which is on the CP43 subunit. Atomic coordinates from the
X-ray crystallographic structure (PDB code: 4UB6)® were used to generate the image in
part A.
higher oxidation state of the MnsCaOs cluster. Among these S states, the S; state is the
most stable in the dark. Short-flash illumination advances an S; state to the next S;:; state
by electron abstraction by the Y radical (Figure 1B). The highest-oxidized S, state is a
transient state and immediately relaxes to the Sy state by releasing a molecular oxygen. The
proton release pattern has been estimated as 1:0:1:2 for the Sy—S;, S;—S,, S,—S3, and

s 11,12
S;3—Sy transitions,

and hence an excessive positive charge resides on the MnysCaOs
cluster at the S,, S; and Sy states.

In the S-state cycle, the S,—S; transition is a particularly important process; the
formed S; state is a metastable intermediate that leads to the O-O bond formation in the
next transition, and hence its structure should provide crucial information for understanding
the chemical mechanism of O, formation. In contrast to the S;—S, transition, which is

rather a simple process of oxidation of the Mn4sCaOs cluster, the S;—S; transition involves

a proton release reaction coupled with electron transfer.”” Because of the presence of an



excessive positive charge in the S, state, proton release was proposed to take place before
electron transfer to remove a positive charge from the catalytic site and reduce the redox
potential of the MnsCaOs cluster.”> !¢ In addition, the results of Fourier transform infrared
(FTIR) studies'™" and recent theoretical studies®®?’ have suggested that a water molecule
is inserted into the WOC in the S,—S; transition. Theoretical studies have also predicted
that the water insertion to the Mn site is coupled with the interconversion of the ‘open’ and
‘closed’ cubane conformations of the S, state. In these proton release and water insertion
processes of the S,—S; transition, the hydrogen bond network of water molecules near Ca
(Figure 1A) may play an important role,**** because Ca®" depletion blocks the S,—S;
transition.' Thus, the S,—S; transition is a rather complex process that involves electron,
proton, and water transfers, and clarifying the details of this process involving the structural
changes of the water network is crucial for a full understanding of the whole mechanism of
water oxidation.

The kinetics of the S,—S; transition have been investigated by time-resolved
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measurements of various spectroscopic techniques, such as UV absorption, electron

3637 and infrared absorption."”” These studies

spin resonance (EPR),’**® X-ray absorption,
have indicated that the S,—S; transition takes place in a major phase with a time constant
of 200-500 ps, which has been assigned to the electron transfer from the MnsCaOs cluster
to Yz'. In addition, the temperature dependence of the kinetics of UV absorption showed

that the S,—S; transition has the highest activation energy among the four S-state

transitions,** suggesting that this phase is not a simple electron transfer reaction. Recently,



Dau and co-workers'>'* found a 30-ps phase with a large kinetic isotope effect (KIE) of 4—
5 in the S,—S; transition based on photothermal beam deflection (PBD) measurements,
and assigned it to the proton release process that takes place before electron transfer. A very
recent X-ray absorption study by the same group also supported this result.”” In contrast, a
30-50-ps phase has been observed in the P680" decay in time-resolved absorption and

38-40
fluorescence measurements,

and this phase has been attributed to the last step of hole
transfer from P680" to Y reflecting the relaxation of the protein environment around Y.
In this study, we investigated the details of the reaction process of the S,—S;
transition using time-resolved infrared (TRIR) spectroscopy. With this spectroscopy, we
can monitor the time courses of the structural changes and reactions of individual cofactors

or specific sites in proteins by time-dependent detection of the changes in infrared

absorption by characteristic vibrations of the target sites. In our previous TRIR study of the

15,16 1

S-state transitions, we monitored the time courses at 1400 and 2500 cm ', the
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wavenumbers representing the vibrations of carboxylate groups and strongly

hydrogen-bonded water molecules,”**

respectively, around the MnsCaOs cluster. In the
S,—S; transition, in addition to a major electron-transfer phase with a 300-500 ps time
constant, an earlier phase of ~70 pus was observed in the 2500 cm ' trace. Although this
phase was temporarily assigned to the proton release before electron transfer,' a definite
conclusion could not be reached without further detailed analyses. In this work, we applied

improved measurement conditions compared with the previous study:" ten-times higher

time resolution (~2.5 us) to resolve an early phase, measurements in both H,O and D,0O to



estimate KIE, and monitoring the reactions of Yz, Y7, and P680" in addition to the
Mn4CaOs cluster and the water network. We observed a clear phase representing the
rearrangement of the hydrogen bond network around Y7, possibly due to water movement,
before the electron transfer phase. It was further found that the electron transfer was
coupled with a proton release process functioning as a rate-limiting step. With the obtained
results in combination with previous theoretical predictions, we propose a model of the

molecular mechanism of the S,— S5 transition.

MATERIALS AND METHODS

Preparation of samples. Oxygen-evolving PSII core complexes of
Thermosynechococcus elongatus, in which the C-terminus of the CP47 subunit was
histidine tagged,*” were isolated following the method described previously.*® An aliquot of
the sample suspension (~10 mg Chl/mL; 10 pupul) in a 1 mM
2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 6.0) containing 5 mM NaCl, 5 mM
CaCl,, and 0.03% n-dodecyl B-D-maltoside mixed with 1 pL of 100 mM potassium
ferricyanide solution was deposited on a CaF, plate (25 mm in diameter), and lightly dried
under N, gas flow. The sample was then mixed with 1 pL of a 200 mM MES buffer (pH
6.0) and this solution was sandwiched with another CaF, plate with a circular groove (10
mm inner diameter; Imm width).'? The sample cell was sealed with silicone grease in the
outer part of the groove, where a tiny piece of aluminum foil was placed as a spacer. For

D,0 exchange, the above sample suspended in a 200 mM MES buffer was lightly dried and



then resuspended in 5 pL of D,O (Cambridge Isotope Laboratories, Inc., 99.9 atom % D).
After repeating this procedure of drying and suspending in D,O twice, the dried sample was
mixed with 1 uL D,0O and then sandwiched with another CaF; plate in the same way as the
H,0 sample. The sample temperature was maintained at 10 °C by circulating cold water in
a copper holder.

TRIR measurements. The TRIR measurements were performed following the
method described previously.” Monitoring IR light, from which visible light was removed
by a Ge filter (>4200 cm ' cut), was dispersed using an IR grating monochromator (JASCO,
TRIR-1000) after passing through the sample and focused onto a MCT detector (Infrared,
MCT-10-1.0) coupled with a preamplifier (Infrared, MCT-1000). The signal was amplified
using a second amplifier (Stanford Research Systems, model SR560) and recorded on a 1
GHz digital oscilloscope (LeCroy, WaveRunner 610Zi). The bandwidth of the second
amplifier was 100 kHz to 1 Hz, which provides a time-resolution of ~2.5 us (Figure S1).
The sample was excited by a Q-switched Nd:YAG laser (INDI-40-10; 532 nm; ~7 ns
fwhm). The scheme of laser flash illumination and data acquisition is shown in Figure S2.
Two preflashes (2-s interval) with a saturating power (~7 mJ pulse ' cm ) were first
applied to the sample followed by dark relaxation for 40 min (50 min for D,O sample) so
that the WOC was synchronized to the S state. Two flashes (~7 mJ pulse”! cm % 2-s
interval) were then applied and an IR absorption change upon each flash was recorded from
=300 ps to 10 ms with 1 ps/point. After dark relaxation for 40 min (50 min in D,0), a four

times stronger flash (~28 mJ pulse”' cm %) was applied and the absorption change was



recorded. This measurement using a stronger flash was necessary to obtain a heat-induced
signal (see SI for details about a heat signal). These measurements at two flashes and a
subsequent stronger flash were repeated at a 40-min (50-min in D,0) interval. The period
of the dark interval was determined by the relaxation time of the S; state to the S; state,
which was estimated by detecting a signal intensity at the second flash while changing the
interval from a longer to shorter period. The spectral resolution of the monochromator was
32, 24, 16, 16, and 16 cm ' at 4000, 2500 (1900 in D,0), 1514, 1400, and 1256 cm ',
respectively. The results of 4, 10, 27, 48, and 48 measurements in H,O, and 2, 2, 56, 16, 38
measurements in D,O were averaged for final data at 4000, 2500 (1900 in D,0O), 1514,
1400, and 1256 cm ', respectively. Data analysis by global fitting of the time courses
involving convolution with an instrumental function was performed using IGOR Pro

(Wavemetrics Inc.).

RESULTS

We selected seven different wavenumbers of probing IR light to monitor the
time-dependent behaviors of different cofactors and water molecules involved in the S;—S;
transition. P680" has a broad intervalence band centered at 4000 cm ™' (Figure S3A, inset),*’
hence 4000 cm™' was used to monitor the behavior of P680" in the microsecond time region.
Strong hydrogen bonds in a hydrogen bond network involving water molecules near the
Mn4CaOs cluster show a broad feature in 3000-2400 c¢cm ' (Figure S3Ac, d).28’44 Thus,

2500 cm ' was used to detect the changes in the hydrogen bond network around the



Mn4CaOs cluster. The NH stretching vibration of D1-His190 forming a strong hydrogen
bond with Y (Figure S3Ab)* and a broad positive feature of P680" (Figure S3Aa)* also
contribute to this wavenumber. These strongly hydrogen-bonded OH and NH vibrations
largely downshift to the 2400—1800 cm ™' region in D,O as deuterium-bonded OD and ND

2846 and hence 1900 cm™' was used to monitor the change

vibrations (Figure S3A, red lines),
in the deuterium bond network for a sample in D,0O. The electron transfer and the
interaction change of the MnsCaOs cluster was monitored at 1400 cm ', where strong
COO bands with negative intensities appear in both the S,/S; and S3/S, FTIR difference
spectra (Figure S3Bc,d).'**'**** Note that the two conformations (open and closed cubane
structures) of the S, state provide rather similar infrared features in the COO™ region™*
and hence they are difficult to discriminate clearly. Yz and Yz have CO stretching bands at
1514 and 1256 cm ', respectively (F igure S3Bb),*"*! and hence these wavenumbers were
used to monitor the behaviors and hydrogen bond changes of Yz and Y. It should be noted
that these bands of Y and Y are not strongly affected by H/D exchange (Figure S3Bb,
red line). The S,/S; and Si/S, difference spectra also showed positive signals at these
frequencies due to the asymmetric COO™ and amide II vibrations (Figure S3Bc,d).*

The IR absorption changes at these wavenumbers upon the first-flash illumination
provided the time courses of the reactions and the structural changes of individual cofactors
and their surroundings during the S;—S, transition (Figure 2A). Note that these traces were

obtained after correction of a heat effect induced by laser illumination (see Supporting

Information for details of heat-effect correction). All the traces at different wavenumbers
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showed relatively simple decay curves. Because these traces should reflect the same
reaction process, global fitting of all the traces with common time constants is the best
method of analysis. Global fit analysis using a double exponential function convoluted by
an instrumental function (Figure S1, blue line) provided time constants of 12 +2 and 72 £ 2
ps in H,O (Table 1; fitting curves and exponential components are shown in Figure 3). In
D;0, slightly slower time constants of 16 = 1 and 85 + 2 pus were obtained (Figure 3),
providing KIE values of 1.4 + 0.4 and 1.2 + 0.1, respectively. Thus, a relatively small effect
of H/D exchange was observed in the S;—S; transition, which is consistent with the fact
that this transition is not accompanied by proton release from WOC'"*'? and only involves a

proton shift from D1-His190 to Yz when Y is re-reduced. The ~70-ps time constant of
A B
a. 4000 cm” c
a. 4000 cm’”
r\J b. 2500 (1900) cm™'

# b. 2500 (1900) cm”’
c. 1514 cm™ c. 1514 cm’™ st10'5
" apivh a. 1514 cm”
) (i rivniriaprpti
TR

I 10 [x0?

AA

-1
d. 1400 cm d. 1400 cm™

i
) J (,“\V.M/ww
I
-1
o 1256 cm’™? ® 1256 cm”! b. 1256 cm
T T T T T T T T T T

T T T 1 T T
0 100 200 300 400 500 0 1000 2000 3000 0 200 400 600

Time (us) Time (us) Time (us)

Figure 2. Time course of AA at 4000 (a), 2500 (1900 in D,0) (b), 1514 (c), 1400 (d),
and 1256 (¢) cm ' during the S;—S, (A) and S,—S; (B) transitions. PSII core
complexes were suspended in H,O (blue lines) or DO (red lines) buffers (pL 6.0). The
sample temperature was 10 °C. (C) Time course in an early time region (0—600 ps) at
1514 (a) and 1256 (b) cm' during the S,—S; transition (blue lines: in H,O; red lines: in
D,0) compared with that during the S;—S; transition (green lines: in H,O).
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Table 1. Time constants of the S;—S; and S,—S; transitions and kinetic isotope
effects (KIE) estimated by global fit analysis of the time courses of IR absorption

changes
Si—S, SZ_>S3
T (us) T (ps) T (us)  Tp(ps)  t3(ps)
H,O* 12 £ 2 72 +2 13+1 104+4  352+3
D,0O* 161 85+2 14+1 122+3 663 +4
KIE 14+£04 12+0.1 1.1+£02 12+£0.1 19+0.1

* Errors are standard deviations of the time constants as fitting parameters in global
fit analysis.

the major phase is consistent with the previous reports.

15,30-36

The time courses at individual frequencies in the S,—S; transition are presented in

Figure 2B. These traces were measured upon the second flash followed by corrections for

heat effect (Figure S5) and miss probability. The miss probability was estimated to be 10 +

2% by simulation of the flash-number dependence of the intensity at 6 ms in the traces at

1400 cm ™' obtained by 12 consecutive flashes (Figure S7). This miss probability is virtually

identical to that in our previous FTIR measurements for the solution sample of
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Figure 3. Results of the global fit
analysis of the TRIR traces of the
S1—S, transition measured in H,O
(A) and D,0O (B). Fitting curves (black
lines) on the experimental data (gray
lines) were obtained by convolution of
a double exponential function (blue
and red lines for faster and slower
components, respectively) with the
instrumental function (Figure S1, blue
line).



Thermosynechococcus elongatus PSII core complexes.'>**>® The retarded decays in D,O
were clearly seen in the time courses of the COO ligands of the MnyCaOs cluster (1400
cm ") and the CO vibration of Y, (1256 cm') (Figure 2Bd.e, red lines). In addition,
characteristic behaviors were observed in early phases of Yz (1514 cm™') and Yz (1256
cm ‘). The intensity at 1514 cm ' decreased at about 100 us and then increased to reach a
positive intensity arising from the Ss state of the MnsCaOs cluster (the expanded figure is
shown in Figure 2Ca). During this period, there is a lag before the rise of intensity in the
trace of the reduced Yz at 1256 cm ™' (F igure 2Be and 2Cb, blue and red lines). Note that
these characteristics of the time courses were not affected by changing the assumption of
the miss probability between 5% and 15% (Figure S8). In addition, the trend of the time
courses in the S,—S; transition is considerably different from that in the S;—S, transition
at these wavenumbers, which showed a rise of intensities during this period (Figure 2C,
green lines). Therefore, these behaviors are not attributed to the contamination with the
S1—S; transition. In addition, the possibility of the contribution of artifacts such as the heat
effect can be excluded, because if such artifacts were present, they would be involved also
in the traces of the S;—S, transition.

Because it is now clear that there is an early phase at about 100 ps before the main
phase, which has a slower but close time constant, the reaction kinetics should be analyzed
by a consecutive reaction consisting of three components with two time constants. In
addition, there is a faster phase clearly seen at 4000, 2500, and 1256 cm ™' (Figure 2C). This

phase seems rather separated from the next phase at ~100 us, and hence it may be treated as
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an additional exponential decay. Thus, the S,—S; traces were analyzed with Equation (1),
which consists of a single exponential for a fast-decay component (designated as A) and a

consecutive reaction (B — C — D), convoluted with an instrumental function (Figure S1,

blue line).
7,71 7371
f@©) = Lie /" + Ige™t/2 4 [ — —(e7tm —e /By 4 [(1 - ————e /™
T3 "~ 13 T3 "~ 1z
7,7t —
+ e ™) (1)

Here, 1, is the time constant of the fast exponential decay, t,, and 13 are the time constants
of the 1st and 2nd phases, respectively, of the consecutive reaction, and /4, /s, Ic, and I are
the IR intensities of the component A, B, C, and D, respectively. Again, global fit analysis
with common time constants should be the best way to analyze the traces reflecting the
same reaction process. All the trances were well fitted by this equation with three time
constants in Table 1 (Figure 4). The fastest decay phase has a time constant of 13 = 1 ps
with a small KIE of 1.1 + 0.2. The time constant of the first phase of a consecutive reaction
is 104 = 4 ps. This phase showed a relatively small KIE of 1.2 + 0.1, which is typically seen
in the absence of a large D,0-induced change in the ~100-ps phase in the trace of Yz at
1514 cm™' (Figure 2Ca, blue and red lines). The slowest phase showed a time constant of
352 £ 3 ps, which substantially increased to 663 + 4 ps in DO and thus showed a relatively
large KIE of 1.9 + 0.1. The contributions of individual components to each fitting curve
obtained by the global fit are shown in Figure 4 (the amplitudes of individual components

are presented in Table S1).
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To further examine the origin of the early phase in the trace of Y;', we scanned
wavenumbers around 1514 cm ' (1534-1494 cm') to monitor the time courses of
absorption changes (Figure 5A). Global fit analysis using Equation (1) and the time

constants obtained by the above analysis (i.e., 13, 104, and 352 ps) provided the spectra of
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individual components (Figure 5B). The 104-us phase corresponds to the decay and rise of
the first (B) and second (C) components, respectively, of the consecutive reaction. The peak
at 1514 cm™ ' in the component B (red circles) is upshifted to 1524 cm ' in the component C
(green circles). Thus, the 104-us phase represents the upshift of the CO band of Y7 by ~10
cm ', indicative of the interaction change at the CO group. Because previous studies have
shown that stronger hydrogen bonding upshifts the CO frequency of a tyrosine neutral
radial,”®*' the observed upshift of the Yz CO frequency (Figure 5B) suggests that the

hydrogen bond interaction is strengthened during this phase.

DISCUSSION
The TRIR measurements conducted in this study monitored the reactions or

interaction changes of the MnsCaOs cluster, the nearby water network, Yz, Y7, and P6380"
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during the S,—S; transition in the microsecond time range (Figure 2B). Global fit analysis
showed that all the traces were well fitted with three phases with time constants of 13 + 1,
104 + 4, and 352 + 3 ps (Figure 4; Table 1). The faster two phases showed relatively small
KIE of 1.1 and 1.2, respectively, whereas the slowest phase showed a larger KIE of 1.9.
The major ~350-ps phase mainly contributes to the time courses of IR absorption
changes at 1514, 1256 and 1400 cm ! due to Yz, Yz, and MnsCaOs cluster, respectively
(Figure 4). This time constant is in good agreement with that in the previous time-resolved

15,30-36

studies using various spectroscopies, in which the phase of 200-500 ps was assigned

to the electron transfer from the Mn4CaOs cluster to Y. The KIE of ~2 of this phase (Table

14,32

1) also agrees with the previous data. The fastest ~10-pus phase, which has a relatively

large contribution to the trace at 4000 cm ' arising from the intervalence transition of P680"
(Figure 4; Table S1), could originate from the microsecond component of P680"—Y hole
transfer in a minor population involving a protein conformational change around Y, which
has been proposed by Renger as the origin of the ~35-us component of the P680" decay.’
The possibility that WOC-inactivated centers partially involved in the sample contribute to
this slow P680" decay cannot be excluded at the present stage.

The ~100-ps phase was clearly observed as changes in the hydrogen bond
interaction of the Y, CO (1514 cm ") and a lag phase before the Yz recovery (1256 cm ')
(Figure 2C). It also showed large contributions to the changes in the water network (2500

cm ') and the COO™ groups around the MnsCaOs cluster (1400 cm™ ') (Figure 4; Table S1),

although such contributions were not clear without a fitting procedure because of the
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monotonic decay curves. The ~70-us decay in the trace at 2500 cm ' observed in our
previous TRIR study'” corresponds to this ~100-us phase. Although we previously assigned
this phase to proton release before electron transfer, the current study showed that the time
constant of this phase is not especially sensitive to H/D exchange and provides a relatively
small KIE of 1.2. This value is smaller than a typical KIE value of 1.4—1.5 for the proton
mobility in solution accompanied with water reorientation.*> Thus, this phase may not
originate from proton release to the bulk through a proton channel in the protein, but rather
from the rearrangement of a hydrogen bond network due to water reorientation, possibly
coupled with internal proton transfer. Indeed, the CO frequency of Yz upshifted by ~10
cm ' in this phase (Figure 5B), indicating the change in the hydrogen bond interaction of
the Yz CO probably by rearrangement of the water molecules interacting with Y. In
addition, the relatively large contributions of this phase to the changes at 2500 and 1400

! which arise from the hydrogen bond network and the carboxylate groups around the

cm
Mn4CaOs cluster (Figure 4; Table S1), suggest that the change in this phase is not a local
event around Y7 but involves the interaction change of the MnsCaOs cluster. It can thus be
concluded from the TRIR data that water molecules change their positions around Y7 and
the MnsCaOs cluster in the ~100-ps phase.

This conclusion is consistent with a proposal in previous theoretical studies that
W3, coordinated with Ca and indirectly interacting with Y7 via another water molecule,

moves to Mn4 or Mnl1 in the S, state (Figure 6), coupling with the interconversion between

. 21,242527 2+
the open and closed cubane conformations.” """ Such a water movement from the Ca
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Figure 6. Mechanism of the S;—S; transition suggested from the TRIR results taking
into consideration the previous theoretical studies.”’****’ The ~100-us phase is
assigned to the transfer of a water molecule (possibly W3) from the site near Yz to a Mn
ion (/), which induces the rearrangement of a hydrogen bond network around Yz and
insertion of a new water molecule to the vacant site (/). The ~350-us phase is attributed
to electron transfer (2°) coupled with proton release (2), where the latter is a
rate-limiting step. In our mechanistic model, a proton/water pathway via the Y site is
preferred to that via the DI-Asp61 site. Atomic coordinates from the X-ray
crystallographic structure (PDB code: 4UB6) were used to draw the WOC model.

site to Mn4/Mn1 should induce changes in the hydrogen bond network around Y and the
Mn4CaOs cluster. Note that although the interconversion of the two conformations could be
reflected in the change at 1400 cm ™', similar infrared features in the COO™ region between
them®* hamper clear detection. The involvement of W3 in the water insertion process was
also supported by a recent FTIR study by Debus and co-workers, where one of the bending
vibrations of water molecules in the S,—S; transition was significantly altered by
replacement of Ca®" with Sr*".°® Internal proton transfer from a water ligand to a nearby

water or amino acid residue could be coupled with this water insertion process; for example,
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a proton transfer from W1 to D1-Asp61 has been suggested in theoretical studies.”****

Water insertion into the Mn site is also consistent with the octahedral geometry of all four
Mn ions in the S; state previously observed in an EPR study,”’ while the elongation of the
Mn—Mn distance in this transition was detected by EXAFS.”® The movement of W3 may
induce further movements of water molecules to fill in the empty W3 site, as has been

1719 1f the moved W3 functions as a substrate, this

suggested by previous FTIR studies.
scheme of water insertion is consistent with the previous mass spectrometry studies, which
concluded that both of two substrates are bound to the MnsCaOs cluster already in the S,
state.””® The observation of the change in the hydrogen bond network around Y and the
above proposal of the movement of a water molecule near Y also explain the blockage of
the S,—S; transition by Ca>" depletion.” We recently showed that Ca*" depletion or Ba*
substitution diminished a broad band of the water network at 3200-2500 cmfl, indicative of
the destruction of a solid water network near Ca and Yz.** The change in the hydrogen
bond structure around Y7 in ~100 ps may increase the Y stability and hence shift the
P680" «— Y, equilibrium to the Yz side.* This equilibrium shift was reflected in a
relatively large contribution of the P680" decay at 4000 cm ' to the ~100-us phase (Figure
4; Table S1).

The observation that the main phase of ~350 us showed a KIE of 1.9, which is

>3 and no other high

higher than 1.4-1.5 as a typical KIE of proton transfer in solution,
KIE phase was detected before this phase, strongly suggests that electron transfer in the

S,—S; transition is coupled to proton release (Figure 6). This KIE value highlights that the
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proton release reaction is a rate-limiting step in this phase. This proton release takes place
most likely from a water ligand, or possibly from another water or an amino acid residue
around the Mn4CaOs cluster if internal proton transfer is coupled with the earlier ~100 ps
phase of water transfer. A proton is released first to remove an excessive positive charge
from the catalytic center to decrease the redox potential, and then an electron is transferred
from the MnsCaOs cluster to Yz'. We predict that without an excessive positive charge, the
rate of pure electron transfer should be similar to that of the S;—S; transition, i.e., less than
100 ps. It is therefore reasonable that the relatively slow electron transfer rate of ~350 ps in
the S,—S; transition is actually determined by the proton transfer rate. Coupling of the
proton transfer with electron transfer in the ~350-us phase is also consistent with the
previous observation of a large activation energy of this phase in the S,—Sj; transition.*** It
is noteworthy that the similar KIE of ~2 has been observed in the lag phase of the S;—S,
transition at pH 5.5-6.5,°" which most probably involves a proton release process.”'>”
163136 The KIE values higher than the KIE of proton mobility in solution (1.4-1.5)**>
suggest that the proton-transfer pathways are formed by hydrogen-bonded chains involving
amino acid residues in addition to water molecules.”

Three major pathways of proton release and water access have been suggested

786269 the pathway via the site near Yz, that via the CI site,

around the Mn4sCaOs cluster:
and the water channel starting from a water molecule interacting with O4. The latter two

pathways involve D1-Asp61 at the entrance. We propose that the Y pathway is used for

the proton and water transfer in the S,—S; transition (Figure 6), because the previous
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experimental data showed that site-directed mutations at D1-Asp61 and D2-Lys317 (a

ligand to Cl ) had little effect on the S;—S; transition.”%”

In particular, our observation of
the rearrangement of the hydrogen bond network around Yz in ~100 us (Figure 2C)
strongly supports the idea that water insertion takes place from the site near Yj.
Nevertheless, recent theoretical works predicted the water insertion from the site near
D1-Asp61 to Mn4.>2® If this were the case, it could be possible that the change in the
hydrogen bond network around Mn4 by water insertion is transferred to the Y7 site via a
water network between Mn4 and Y7 (Figure 6), resulting in the change in the hydrogen
bond interaction at the Y, CO.

A remaining question is the consistency of the data in this study with the ~30-us
phase with a large KIE of 4-5 that was recently observed by Dau and co-workers.'*'**’
They proposed that this phase arose from proton release from the cluster of water molecules
located between Y7 and Mn4."” However, we suggest that the proton release site
responsible for the ~30-us phase should not be involved in this water cluster, because there
was no such phase in the changes in the Y interaction (1514 cm '), the hydrogen bond
network between D1-Asp61 and Ca (2500 cm '), and the carboxylate groups around the
Mn4CaOs cluster (1400 cm ). It could therefore be possible that a proton is released from a
water molecule or an amino acid side chain located a little away from the MnsCaOs cluster.
If this were the case, the relatively large KIE (1.9) of the ~350-us phase could be attributed

to proton transfer from a water ligand of the Mn ion to the site of the first proton release

that takes place in ~30 ps.
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CONCLUSION

We investigated the reaction processes of electron, proton, and water transfers
during the S,—S; transition of photosynthetic water oxidation using TRIR spectroscopy.
The ~100-pus phase was clearly observed as a significant change in the CO interaction of
Y7 and a lag phase before the Yz recovery (Figures 2C and 5). The KIE of this phase was
relatively small (1.2), which makes the assignment of this phase to proton release less likely.
This phase was attributed to the rearrangement of the hydrogen bond network around Y.
One likely scenario is the movement of a water molecule from the site near Yz, possibly
W3 ligated to Ca®’, to a Mn ion, which has been suggested by previous theoretical
studies.”'****7 Thus, the TRIR observation of the ~100-ps phase reinforces the crucial role
of the hydrogen bond network formed by water molecules near Y7 and Ca in the S,—S;

... 2874
transition.”®’

In contrast, the subsequent ~350-us phase, which showed a relatively large
KIE of 1.9 (Table 1), was assigned to the electron transfer from the MnsCaOs cluster to Y
coupled with proton transfer, where the proton transfer functions as a rate-limiting step. We
propose that this proton transfer corresponds to proton release from a water ligand, which
should take place prior to the electron transfer to remove an excessive positive charge
accumulated in the catalytic center in the S, state. Thus, the present TRIR study provides
strong experimental evidence that in the S,—S; transition, the rearrangement of the

hydrogen-bond network around Y7, possibly due to water movement, takes place before

the electron transfer, which is coupled with a rate-limiting proton release. These results
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demonstrate that monitoring the reaction process using TRIR is an important method to

clarify the whole mechanism of photosynthetic water oxidation.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website.
The procedure of heat effect correction, amplitudes of the components obtained by
global fit analysis, the instrumental function, the scheme of TRIR measurements, the
monitoring wavenumbers used in the TRIR measurements, the power and
flash-number dependences of heat effect, heat effect corrections of the TRIR signals,
corrected traces using different factors of the heat signals, flash-number dependence
of the TRIR signal with simulation, and traces corrected using different miss

probabilities, including eight figures and one table (PDF)
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Heat effect correction of the TRIR data

In the raw TRIR signals, a heat effect by a nanosecond laser pulse, i.e., a change in the
AA intensity due to the effect of a local temperature increase on an original absorption band, is
involved in the early microsecond region. Because the amplitude of the heat effect is
proportional to the laser power (Figure S4B), the pure signal of the heat effect can be obtained by
subtraction of a trace by a low-power, but saturating pulse (7 mJ pulse ! cm?) (Figure S5Aa-Ea,

1

blue lines) from a trace by a high-power pulse (28 mJ pulse”! cm™2) (Figure S5Aa-Ea, green

lines) to remove the signal of the S1—S: transition. The obtained heat signal (Figure S5Aa—Ea,

' ¢cm™2. Thus, the heat signal

black lines) corresponds to that by a laser power of 21 mJ pulse™
corresponding to a 7-mJ power was obtained by division of the signal by a factor of 3 (Figure
S5Ab,c—Eb,c, black lines). Because the heat signal is virtually identical between the first and
second flashes separated by a 2-s interval (Figure S4Cc), the pure TRIR signals of S-state
transitions at the first and second flashes with a power of 7 mJ pulse ' cm? (Figure S5Ab,c-Eb,c,
red lines) are obtained by subtraction of this heat signal from individual raw TRIR signals
(Figure S5Ab,c—Eb,c, blue lines). Although there is a possibility of minor inaccuracies in heat

effect correction, corrections using different factors (0.8—1.2) of the heat signals little affected

the features of the TRIR signals (Figure S6).
S1



Table S1. Amplitudes of the components obtained by global fit analysis of the time courses of
AA in the S2—S3 transition

H>0 D20
Wavenumber o 0y IO
(cm )
4000 6 19 10 01 10 19 08 01
2500 (1900 09 16 08 03 08 10 04 02
1514 03 16 00 10 02 10 -03 06
1400 01 18 10 -19 01 23 14 18
1256 08 02 06 10 07 -01 07 08

2 1a, Is, Ic, and Ip are the amplitudes of component A, B, C, and D, respectively, in the fitting

function (Equation 1 in the main text).
® The wavenumber of 1900 cm ™! was used for the sample in D20 instead of 2500 cm™' in H20.
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Figure S1. Instrumental function (blue line) as a differential of an output signal (red line) of an
input step function (green line).
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Figure S2. The scheme of flash illumination and TRIR measurements.
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Figure S3. FTIR difference spectra of P6807/P680 (a), Yz/Yz (b), S2/S1 (¢), and S3/S2 (d) in
higher (A) and lower (B) frequency regions for PSII core complexes in H20 (blue lines) and D20
(red lines). The spectra were taken from the previous FTIR studies.' Monitoring wavenumbers
used in the TRIR measurements are labeled by red numbers with green dashed lines. An inset in
Panel A is the 6000-2000 cm ' region of the P680*/P680 difference spectrum.’> Red arrows
indicate the markers of the individual redox components. Large 2115/2038 cm ™! peaks arise from
the CN stretching bands of ferricyanide/ferrocyanide, representing electron abstraction by
ferricyanide on the electron acceptor side.
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Figure S4. (A) TRIR signals at 1400 cm ™! obtained by a single flash with 2 (black), 3 (red), 7
(orange), 13 (green), 20 (blue), and 28 (purple) mJ cm 2. (B) Power dependence of the |AA|
intensity at 1400 cm ™! at 47 ps (average intensity at 26-68 us) mainly due to the heat effect (red
open circles) and at 6 ms (average intensity at 5.7—6.3 ms) due to the S2/S: change (blue closed
circles). The power dependence of a pure heat signal (red closed circles) was obtained by
subtraction of the contribution of the S2/S1 signals, which was estimated from the intercept of the
regression line of the |AA| plot at 47 ps in the region higher than 5 mJ cm 2 (red dashed line). In
this subtraction, the decrease in the S2/S1 signal in the region lower than 5 mJ cm™2 (see the blue
line) was taken into consideration. (C) Flash-number dependence of the heat signal at 1400 cm™ .
Heat signals at the first (a, black line) and second (b, green line) flashes separated by a 2-s
interval were obtained by subtraction of the TRIR signals at 7 mJ cm ™ (a and b, blue lines) from
those at 28 mJ cm 2 (a and b, red lines). Comparison of these heat signals (c) at the first (black
line) and second (green line) flashes showed that they are virtually identical.
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Figure S5. Heat effect corrections of the TRIR signal of the PSII sample in H2O at 4000 (A),
2500 (B), 1514 (C), 1400 (D), and 1256 (E) cm™'. (a) Subtraction of the TRIR signal at the first
flash with 7 mJ ¢m™2 (blue line) from that with 28 mJ ¢m™? (green line) provided a pure heat
signal corresponding to the laser power of 21 mJ cm 2 (black line). (b, ¢) Subtraction of a heat
signal corresponding to the laser lower of 7 mJ cm ™ (black lines), which was obtained by the
, black line) by a factor of 3, from the TRIR signals at the
ectively, blue lines) provided corrected signals at individual
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Figure S6. Time courses of AA at 4000 (a), 2500 (b), 1514 (c), 1400 (d), and 1256 (¢) cm™! in the
S2—S3 transition corrected by subtracting the heat signals (corresponding to the laser lower of 7
mJ cm?) multiplied by a factor of 0.8 (red lines) and 1.2 (blue lines).
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Figure S7. Flash-number dependence of the TRIR signal at 1400 cm™! (closed circles) together
with a simulated oscillation pattern (open circles). Relative intensities of the TRIR signal at 6 ms
measured in H2O were plotted. Simulation was performed as described in ref. 4.
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Figure S8. Time courses of AA at 1514 (a) and 1256 (b) cm™! in the S>—S3 transition corrected
using 5% (black line), 10% (blue line), and 15% (red line) miss probabilities of the S1—S:2
transition.
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