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Water Oxidation by Photosystem II: H,O—D,O Exchange and the Influence of
pH Support Formation of an Intermediate by Removal of a Proton before
Dioxygen Creation’
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ABSTRACT: Understanding the chemistry of photosynthetic water oxidation requires deeper insight into the
interrelation between electron transfer (ET) and proton relocations. In photosystem II membrane particles,
the redox transitions of the water-oxidizing Mn complex were initiated by nanosecond laser flashes and
monitored by absorption spectroscopy at 360 nm (A3¢g). In the oxygen evolution transition (S3 + v — Sy + O,),
an exponential decrease in 43¢ (To, = 1.6 ms) can be assigned to Mn reduction and O, formation. The
corresponding rate-determining step is the ET from the Mn complex to a tyrosine radical (Y,*). We find that
this 4369 decrease is preceded by a lag phase with a duration of 170 & 40 us (7, at pH 6.2), indicating
formation of an intermediate before ET and O—O bond formation and corroborating results obtained by
time-resolved X-ray spectroscopy. Whereas 7o, exhibits a minor kinetic isotope effect and negligible pH
dependence, formation of the intermediate is slowed significantly both in D,O (7, increase of ~140% in
D,0) and at low pH (7}, 0f 30 £ 20 us at pH 7.0 vs 71,, 0f 470 & 80 us at pH 5.5). These findings support the
fact that in the oxygen evolution transition an intermediate is created by deprotonation and removal of a
proton from the Mn complex, after Y,°* formation but before the onset of electron transfer and O—0 bond

formation.

Photosynthetic oxygen evolution in higher plants and cyano-
bacteria is catalyzed by the oxygen-evolving complex (OEC),
a MnyCa complex bound to the proteins of photosystem II
(PSII) (/1—3). The crystal structure of PS II provides insights into
the location and approximate arrangement of the four Mn and
single Ca ions (4—6), which together with bridging and terminal
ligands form the entity here denoted the “Mn complex”. The high
rate and efficiency of water oxidation by the Mn complex of
PSII (7, 8) presently are unmatched by any synthetic catalyst
(see ref 9). Elucidating the reason(s) for the superior performance
of the biological catalyst represents an important challenge. One
key aspect is the “smart” coupling of electron transfer (ET)" and
accumulation of oxidizing equivalents with proton relocations
(1, 8—14).
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Excitation of PSII by a quantum of light initiates a sequence of
ET reactions. After formation of the primary radical pair, the
cation radical is stabilized on a Chl molecule, which is denoted as
Pgso (15—17), and an electron is transferred to a bound quinone
(Qa). Subsequently, Pggy™ is reduced, largely within less than
1 us, by a redox-active tyrosine denoted Yz (Tyr;q of the D1
protein of PSII). Initially, the difference in free energy (AG) for
the ET from Yz to Pggo " is small; a quasi-equilibrium prevails
with an easily detected population of the Peg " state (18, 19). This
Peso ™ population decays on a clearly slower time scale (in the
microsecond domain, up to 100 us or even slower), likely reflecting
“relaxation” of the Y,°* environment by proton rearrange-
ments (18, 19). The Y, — Pggo™ ET is followed by the reduction
of Y,°* and oxidation of the Mn complex with ET time constants
of 30—1500 us (20—23). The successive absorption of four light
quanta by PS II eventually results in the accumulation of four
oxidizing equivalents in the OEC, which is the prerequisite for the
subsequent oxidation of the two “substrate” water molecules and
the coupled O, release (Figure 1A). The accumulation of oxidiz-
ing equivalents is discussed in terms of the S-state cycle model
outlined below.

Kok and co-workers developed a reaction cycle model involv-
ing the light-driven formation of five S; states (i = 0, ..., 4) of the
OEC, where the subscript indicates the number of accumulated
oxidizing equivalents (24) (Figure 1A). After formation of the S4
state, dioxygen is formed and the catalyst is set back to the S,
state (24, 29). Later accumulation of oxidizing equivalents was
found to be associated with oxidation of Mn ions likely involving
the following oxidation-state combinations: So, Mns"Mn'";
Sy, Mn,™™n,"; S5, Mn""Mn;'Y; S5, Mn,!Y (11, 26). Also other
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FiGure 1: Kok’s classical S-state cycle model extended by one inter-
mediate state thatis formed by deprotonation (23). (A) The S, state is
formed by deprotonation of the MnyCa complex or its ligand
environment. In this state, a total of four oxidizing equivalents
(OE) has been accumulated by the Mn complex (three OE) and the
Tyr 6, of the D1 protein (Y2°*, one OE). In the subsequently formed
S/ state, four OE are assumed to be located on the Mn complex itself,
before the onset of dioxygen formation. Formation of this Sy’ state
has not been detected experimentally; it may resemble a transition
state. Recently (/), an extended S-state cycle model in which states Ss,
S4,and S4/ have been denoted S5, S5”, and S, ™, respectively, has been
described. The proton release indicated in panel A is in agreement
with the commonly assumed stoichiometry for the removal of
“intrinsic” or “chemical” protons from the catalytic site (12, 31—34);
the indicated electron removal always proceeds via the transfer of an
electron to Yz°* but is indicated in panel A for only the first flash. (B)
Proposed spatiotemporal sequence of events in the Sy + v — Sy + O,
transition: (1) transfer of an electron from Yz to Pggo™ and a shift
of a proton within the hydrogen bond between Y, and His;o,
(2) deprotonation of the Mn,Ca complex and relocation of a proton
to the lumenal bulk phase, and (3) transfer of an electron from the
MnyCa complex to Y% and O, formation. All indicated time con-
stants refer to typical experimental values determined at pH 6.2
(panels A and B modified from ref 23).

oxidation-state assignments have been discussed (27—30). The
accumulation of four oxidizing equivalents does not correspond
to accumulation of four charges because the S-state transitions of
the OEC are accompanied by proton release, either by chemical
liberation from the Mn complex or by electrostatically induced pK
shifts of peripheral residues (12, 3/—34). The spatiotemporal
orchestration of ET and proton relocations remains insufficiently
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understood. Recent results suggest that “smart” coupling among
ET, short-range proton shifts, and long-range proton relocations
may be essential for efficient water oxidation, as discussed else-
where (1, 7, 9, 35).

In this investigation, we focus on formation of an intermediate
state in the oxygen evolution transition induced dominantly by
the third saturating flash of visible light applied to dark-adapted
PSII; that is, we investigate a reaction intermediate in the overall
Y;*S; — Y28y + O, transition. For this oxygen evolution
transition, time-resolved X-ray absorption spectroscopy has
provided clear evidence that an intermediate state is formed
within ~200 us after Y°* formation but before ET (from the Mn
complex to Y;°¥) and dioxygen formation, as described in ref 23
and detailed elsewhere (25). In ref 23, formation of the new
intermediate in the reaction cycle has been assigned to deproton-
ation and relocation of a proton from the Mn complex to the
aqueous bulk phase. This assignment resulted partly from an
analysis of delayed fluorescence data that suggested an entropy-
driven process with a pH-dependent driving force, as expected for
the release of a proton to the aqueous bulk (23, 36, 37). A second
line of evidence came from an elegant study presented in 1994 by
Rappaport and co-workers (21). They used a special pump—
probe approach for near-UV measurements on electron transfer
and electrochromism and detected in the oxygen evolution
transition, a fast electrochromic decay accompanied by a lag in
the ET kinetics, both with half-times of ~30 us. This 30 us phase
was interpreted, in 1994, as a reflection of the electrostatically
triggered expulsion of one proton from the catalytic center by the
positive charge on Y,°* (21). Visual inspection of the data of
Rappaport and co-workers (27) suggests that their 30 us lag
phase could be in agreement with the 200 us lag in the ET kinetics
found in the time-resolved X-ray experiment (23), as also stated
by Rappaport and Diner (8). Therefore, we consider it likely that
the results presented in refs 27 and 23 relate to the same processes.
In conclusion, time-resolved detection of electrochromism (2/) and
delayed Chl fluorescence (23) have provided circumstantial evi-
dence of the assignment of the process of intermediate formation to
deprotonation of the catalytic site and proton release (12, 38).
Our study aims at providing further experimental support by
investigation of the D,O—H,O exchange effect and influence of
pH on the rate of intermediate formation.

In the X-ray absorption experiments mentioned above (23, 25),
the oxidation-state changes of the Mn ions in PSII were moni-
tored for excitation at different X-ray energies in the region of the
K-edge of manganese (39). A delay or lag phase (zj,,, duration of
~200 us) visible in the X-ray transients before onset of the Mn
reduction and O, release (o, of ~1.6 ms) suggested the formation
of a reaction intermediate (23). In several earlier studies, oxidation-
state changes of the Mn complex were monitored by recording
absorption change in the (near) UV region (20—22, 40, 41). In only
two studies was it concluded that a lag phase indicative of
intermediate formation is present in the near-UV transients of the
oxygen evolution transition (27, 41). Recently, the existence of the
lag phase in the X-ray and UV transients has been questioned (42).

In this work, near-UV absorption transients were measured
employing a home-built kinetic spectrophotometer for collection
of data on PSII membrane particles at a high signal-to-noise
ratio. We show that formation of the precursor state in the oxygen
evolution transition is indeed detectable in the near-UV transients.
A pronounced pH dependence and sizable H—D kinetic isotope
effect support the hypothesis that formation of the precursor state
can be assigned to deprotonation and proton release.
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Sample Preparation and Characterization. PSII mem-
brane particles (43) were prepared from spinach as described in
ref 44. The oxygen evolution activity under actinic continuous
illumination was 1200—1400 4uM O, (mg of Chl) ™" h™' at 28 °C
in the presence of 0.3 mM 2,6-dichloro-p-benzoquinone
(2,6-DCBQ) and 5 mM K;[Fe(CN)g]. For sample preparation,
aliquots of PSII membranes were thawed, carefully homogenized
to minimize light scattering in the UV measurements, and
suspended at 15 M Chl in buffer D [1 M glycine-betaine,
25 mM MES, 10 mM NaCl, 5 mM CaCl,, and 5 mM MgCl,
(pH 6.2)]. Measurements at pH <5.5 or >6.5 were taken in the
presence of 25 mM sodium citrate and 25 mM MOPS, respec-
tively. The H->O content of the sample solubilized in D,O was
reduced below 1% when the sample was washed twice in buffer
D prepared with D,0. Time-resolved prompt Chl fluorescence
measurements were taken as described in ref 37.

Near-UV Absorption Changes. Absorption changes of the
PSII particles were measured at 360 nm (A434) using a home-built
kinetic spectrophotometer. The white light of a 200 W halogen
lamp (Heraeus, CT 200T01) passed a double-grating monochro-
mator (from Shimadzu RF-502, 7.5 nm bandwidth) and was
focused onto the surface of the photocathode of the detecting
photomultiplier (PM, Electron tubes, 9734B). The measuring
light illuminated the sample for 20 ms before and 20 ms after each
exciting laser flash as controlled by a photoshutter (Uniblitz
Vincent Associates, VS25S2T1). During this light period (40 ms),
less than 5% of the PSII centers were excited by the measuring
light. The operation of the shutter was accompanied by a sudden,
enormous change in the light intensity at the surface of the
photocathode, which caused a light hysteresis effect of the PM.
To avoid this effect, the cathode surface was illuminated by a
LED replacing the measuring light when the shutter was closed.
The PM was protected against scattered laser light and fluores-
cence of the sample by interference (Asahi spectra, ASA ZBPA 360)
and bandpass (Schott, BG3, 3 mm) filters. The sample was
excited perpendicular to the measuring beam by a frequency-
doubled, Q-switched Nd:YAG laser (Quantel Brilliant B, 532 nm,
5 ns full width at half-maximum). The energy density of the
laser flash was attenuated by a Glan Taylor prism (Topag
Lasertechnik) to 4.5 mJ/cm® as measured by a power meter
(Ophir PD300), which was sufficient to fully saturate the PSII
centers. The PM signal was amplified by a differential low-noise
preamplifier (Stanford Research Systems, SR560; selected band-
width of 1 MHz), and the signal was digitized with an A/D
converter (Adlink PCI-9812, sampling frequency of 4 MHz). The
data used for curve fitting (in Origin version 7.5, OriginLab) and
display in this work were obtained by averaging 10 neigh-
boring points, which corresponds to a time interval of 2.5 us;
exclusively for the S; + v — Sy + O, transition, 40 points were
averaged (10 us). Uncertainty ranges of fit parameters represent
the one-o range, as determined by the respective routines of
Origin version 7.5.

The signal-to-noise ratio was increased by averaging the
transients of 500 PSII samples, measured effectively using an
automatic sample-change system. Each sample was pumped from a
light-protected reservoir (at 4 °C) into the flow-through cuvette
(Hellma, 131-QS) by a peristaltic pump (Cole Palmer 77521-47),
excited by a series of 16 laser flashes, and removed. Binary
oscillations in the UV transients relating to the two-electron
chemistry of the secondary quinone (Qp) at the reducing site of
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FIGURE 2: Transfer of an electron from the Mn complex to Y,**
monitored by detection of absorption changes at 360 nm (pH 6.2).
The S; — S, transition is induced by excitation with the first
nanosecond laser flash (A); the second flash induces the S, — S;
transition in the clear majority of photosystems (B). The third flash
induces mostly the S;— Sy + O, transition (top curve in panel C). The
bottom curve in panel C was obtained by correction (deconvolution)
for the rapid rise resulting from Q, ~ formation, for miss events on the
first two flashes, and for the influence of PSII defective in the acceptor
side ET from Q4 to Qg.

PSII were suppressed by addition of electron acceptors {100 uM
2,6-DCBQ and 0.5 mM Kj[Fe(CN)g]}. The flash spacing was
1.4 s to allow for the complete reoxidation of Qp~ between
flashes (45). There remained a small, slow, and flash number-
independent acceptor side contribution (7 ~ 100— 200 ms) which
was subtracted, as shown in Figure S1 of the Supporting
Information. All measurements were taken at 23 °C.

RESULTS

Time Course of Flash-Induced Absorption Changes. The
S-state transitions of the OEC were monitored at 360 nm, where
the QAiQB e QAQ37 ET and the Y, — YZOx - Yy redox
changes do not contribute [isosbestic point (46)]. The first flash
excitation of the dark-adapted PSII sample (being predominantly
in the S; state) induced an absorption increase due to the
formation of QA [rise time of ~300 ps (47)] and a well-resolved
slower rise assigned to Mn oxidation in the Y;**S; — Y,S,
transition (Figure 2A). (In the following, for the sake of simplicity,
the Y2**S; — YS;, transition is denoted as S; — S;,;.) Curve
fitting of the slow-rise phase, assuming an exponential behavior,
yielded a time constant of 100 &+ 5 us, in good agreement with
previous results (20—23, 48).

The second-flash excitation initiated a similar absorption
change. The slow rise can largely be assigned to Mn oxidation
in the S, — Sj transition and is slower than in the S; — S,
transition (Figure 2B). In a minor fraction of PSII centers, the
Sy — S, transition took place due to so-called miss events and due
to a subpopulation of PSII denoted as non-Qg units (45, 49). The
miss events are described by a miss parameter [a. = 7—15% (24)]
and results from a quantum efficiency () of the light-induced
S-state transitions of less than 100% (7 = 1 — &) (50). Innon-Qp
units, the forward transfer of an electron from Q5 to Qg is
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FIGURE 3: Period-of-four oscillation of the amplitude of the milli-
second decrease in the A4 transients collected at pH 6.2 (O). The
data were simulated on the basis of Kok’s S-state cycle model (H).
Curve fitting resulted in a value for the miss parameter (o) of 12.3%.
A small fraction of PSII experiencing a double hit (5 = 3%) increased
the fit quality significantly, whereas a non-zero value of the S, popula-
tion in dark-adapted samples did not result in any improvement.

blocked so that charge recombination (S,Qa~ — S;Q4) takes
place in some PSII. Considering the applied flash spacing (1.4 s)
and the time constant of the charge recombination (4.8 sinrefs 5/
and 52), 25% of the S,QA "~ state was estimated to recombine to
the S;Q, state.

The absorption transient induced by the third flash was more
complex (Figure 2C, top curve). After the rapid absorption
increase (rapid Qa reduction), a small rising phase and a lag
phase were observable, within the first 500 us of the laser flash.
The lag-phase behavior relates to the formation of a precursor state
in the oxygen evolution transition, as discussed in the following.
The rise or lag is partially attributable also to induction of lower
S-state transitions in a fraction of PSII being in the S, state
(due to miss events) or S; state (due to recombination in non-Qg
units) before excitation by the third flash. After the rise or lag
phase, an absorption decrease is observed, reflecting Mn reduc-
tion in the O, evolution step.

Influence of Miss Events and Non-Q g Units. Miss events
and the existence of non-Qg units cause desynchronization of the
advancement in the S-state cycle. Because this desynchronization
affects the lag-phase behavior visible in the measured third-flash
transient significantly, a correction is approached. This correc-
tion procedure, also denoted as “deconvolution” (45, 47, 53), is
rooted in Kok’s S-state cycle model and involves determination
of the parameters for miss events (o) and double hits () as well as
estimates of the number of recombining non-Qg units. For the
determination of @, the absorption transients induced by the first
16 flashes were simulated by a sum of exponentials using an
identical time constant (to, = 1.6 ms) for the millisecond phase
that parallels dioxygen formation, in each of the 16 transients.
Thereby the flash number () dependence of the amplitude of the
millisecond phase, Ao (1), was obtained. Aq (1) was fitted on the
basis of Kok’s S-state model (Figure 3), resulting in values for a
(12%) and  (3%). The small but non-zero value for 5 reflects
apparent double hits caused by the actinic effect of measuring
light in 3% of the PSII. The fraction of the non-Qg units (¢) was
estimated on the basis of measurements of the prompt Chl
fluorescence (data not shown). After the determination of o, /3,
and ¢, the measured transients were corrected accordingly, result-
ing in deconvoluted transients (see the Supporting Information
for details).

After deconvolution, the simulation of the absorption transient
of the S, — S; transition yielded a time constant of 280 £ 15 us,
which is in agreement with most previous studies (20—23, 48). In
the absorption transient of the Y;**S; — Y S, + O, transition
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FIGURE 4: Semilogarithmic plot illustrating the delagled onset of Mn
reduction (lag-phase behavior) in the Y,°*S; — Y,'Sy + O, transi-
tion. The difference between the A4s¢ signal and the level reached
at ~20 ms is plotted. The lag-phase durations indicated in the figure
were estimated from the intersection of the baseline and a straight line
describing the slow changes in A34p. The duration increased from ~190
to 410 us via replacement of H,O with D,0O, which corresponds to a
sizable H—D kinetic isotope effect (kp,0/kp,0 ~ 2.2).

induced by the third flash, the rise or lag behavior was modified
strongly by the deconvolution procedure and a sigmoidal decrease
became pertinent (Figure 2C, bottom curve; see also Figure 4).
(For the sake of simplicity, in the following Y7z**S; — Y 7Sy + O, is
abbreviated as S3— Sy 4 O,.) Assuming a consecutive reaction, the
deconvoluted S; — Sy 4+ O, transient was simulated according to

kiag exp( = ko,t) = ko, exp( — kiag?)
ka - klag

A(I) = Amax |1 + (1)

Time constants of 170 + 40 us (ti,e = 1/kiae, lag phase) and
1.6 ms (to, = 1/ko,, ET paralleled by oxygen evolution) were
obtained. Both figures agree well with those derived from X-ray
absorption data [t1,, = 200 us, and 7, = 1.6 ms (23)]; the oxygen
evolution time constant (7,) is similar to values reported
previously (20—22, 48).

The strong influence of the deconvolution prompted us to
assess how the duration of the lag phase is altered by variation of
the critical parameters, i.¢., the miss probability (o) and the fraction
of non-Qg units (¢). These parameters were varied around the
best-estimate value (o = 0.123, 15% of non-Qg units), and the
time constant of the lag phase was determined for each parameter
set (Table S1 of the Supporting Information); we found that the
lag-phase duration varied strongly (between 80 and 270 us).
However, even for extreme parameters, a lag-phase behavior could
be observed. We conclude that the precision of the deconvolution
is critical for the duration of the lag phase but does not call into
question its existence. In the following, the o value is used for
deconvolution that resulted from the best fit of the respective Ao,
pattern (see Figure 3, for pH 6.2 in H,0).

H—D Kinetic Isotope Effect on the Lag-Phase Duration.
For PSII dissolved in deuterated water (H,O—D-O exchange),
the miss parameter was found to be increased significantly (by
4% to a value of 16.3% at pD 6.2), as observed previously (41).
The lag-phase duration was significantly increased by replacement
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Table 1: Time Constants (in microseconds) Determined by Curve Fitting of
Deconvoluted 43¢y Transients

pH6.2 pD62 tp/ty pHSS pHT0  155/T70

TeTin §; — S, 1005 115+£5 115 100+£5 95 £5 1.05
TeTin S, — S5 280+£20 480420 1.7 30015 260 £15 1.15
Tl in S3—Sg 4+ 0, 17040 405+£50 24  4704£80 30425 >7
70,10 83—~ Sy + 0, 1670£50 1950£50 1.17 1820£50 1770£50 1.03

| Asat'A(t) I

| AgarA(t) ]

| As at'A(t) |

time (ms)

FIGURE 5: Duration of the lag phase at three pH values. For details,
see the legend of Figure 4.

of H,0O with D,O (Figure 4). Simulations based on a consecutive
reaction scheme (eq 1) indicate an increase from 170 us (H,0)
to 405 us (D,0) corresponding to deceleration by a factor of
2.38 [=ky/kp (KIE)]. In contrast, the millisecond decay compo-
nent exhibited a deceleration from 1.67 ms (H,O) to 1.95 ms
(D,0), which corresponds to a KIE of only 1.17 (Table 1).

pH Dependence of the Lag-Phase Duration. An increased
miss probability results from lowering of the pH (Figure S2 of the
Supporting Information), as described previously (50, 54, 55).
The increase is not distributed equally on the four S-state transi-
tions but can be attributed exclusively to the S; — Sy + O,
transition for pH >5 (56, 57). Therefore, the deconvolution was
conducted assuming that for all other S-state transitions, the miss
probability is independent of pH (o0 = 0.123).

We observe a pronounced pH dependence of the lag-phase
duration (Figures 5 and 7,4 in Figure 6). In clear contrast, the
rate of ET and O, formation is essentially pH-independent
(to, in Figure 6), in line with results of previous investiga-
tions (21, 41, 58).

The effect of pH and H—D exchange on the reaction kinetics
(time constants) of the S; — S, + O, transition are summarized
in Table 1, including selected kinetic parameters determined for
the S; — S, and S, — S; transitions. The relation to proton
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FIGURE 6: pH dependence of 7, (W) and 7o, (O). The deconvoluted
Ase transients of the S; — Sy + O, transition were simulated
assuming a consecutive reaction scheme (eq 1). The time constants
and error ranges are shown using a logarithmically scaled y-axis.

transfer of the reaction intermediate formed in the course of the
S;— Sy + O, transition is suggested by the sizable H—D isotope
effect and strong pH dependence of the lag-phase duration. The
weaker but still relatively strong kinetic isotope effect (KIE) of
the S, — S; transition also suggests a relation to proton transfer,
as concluded previously (22, 41, 59). However, coupling of the
S1 — S, transition and the oxygen evolution transition to proton
transfer is not suggested by the kinetic data summarized in
Table 1. We note that the Sy — S; transition has not been resolved
in our experiments; previously negligible H—D exchange and pH
effects have been reported for this transition (47).

DISCUSSION

Tracking Mn Oxidation States: X-ray versus Near-UV
Spectroscopy. By X-ray absorption spectroscopy at the Mn
K-edge, the electronic structure (Mn oxidation states) and coordi-
nation geometry of the X-ray-absorbing Mn ions can be studied
specifically, without interfering contributions from other redox
factors (39). Therefore, time-resolved X-ray absorption experi-
ments are ideally suited for monitoring oxidation-state changes
of the Mn complex of PSII (23, 60, 61) and have provided
conclusive evidence of an intermediate state, denoted as either as
S4or S5, attained before ET to Y,°* and O, formation (2, 10, 12).
These X-ray experiments, however, are exceptionally elaborate
and costly because, e.g., collection of one data set at a single pH
typically requires the use of several thousand PSII samples and
several days of measuring time at a high-performance synchro-
tron radiation source. For studying the complete pH dependence
or sets of PSII mutants, the experimental costs are prohibitive.
Therefore, we explored the applicability of near-UV absorption
spectroscopy for studying the formation of the intermediate state
formed in the course of the S; — S + O, transition.

In seminal investigations, several groups have identified the
wavelength range around 360 nm to be suitable for monitoring
changes in the oxidation state of the Mn complex (20, 22, 40,41, 48).
They found that, apart from a subnanosecond rise that can be
assigned to Q4 reduction, acceptor side contributions to the Az
signal mostly can be eliminated in the time domain of interest by
using suitable artificial electron acceptors. Comparison of the
Ajsg transients in Figure 2 and the X-ray absorption transients
reported previously (23) reveals a high degree of similarity,
thereby corroborating that the 454, signal is suitable for monitor-
ing the oxidation-state changes of the Mn complex in time-resolved
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experiments. However, the stringent correction for contributions
by other redox factors (specifically Q4 and Qg), miss events, and
so-called non-Qp units is mandatory whenever a fully quantita-
tive analysis is approached (Table S1 of the Supporting In-
formation). We note that the excellent quantitative agreement of
the near-UV results obtained for PSII membrane particles in
solution (in this study) and the X-ray results obtained for partially
dehydrated PSIT membrane particles (23) also confirms that the
moderate dehydration in the X-ray experiments remains without
influence on the functional characteristics of the donor side reac-
tions in PSII.

The flash-induced oxidation-state changes of the Mn complex
have been monitored by time-resolved near-UV difference spec-
troscopy in the past (20—22, 40, 41, 48). Mostly a lag-phase
behavior in the S; — Sy + O, transition either remained invisible
or was not discussed as an indication of formation of a reaction
intermediate, yet there are two notable exceptions. In refs
21 and 41, a lag phase preceding Mn reduction in the S; — S,
+ O, transition was detected and interpreted in terms of an
intermediate formed by deprotonation (2/) or in terms of
formation of a redox equilibrium involving peroxide bound to
the Mn complex (47). We feel that investigations of highly active
PSII particles, a low noise level, and a stringent deconvolution
approach are crucial for determination of the lag-phase duration
in the near-UV transients at an adequate level of reliability. The
visibility of the delayed onset of O, formation in other experi-
ments is discussed elsewhere (25).

Formation of an Intermediate by Removal of a Proton
from the Mn Complex. Formation of the reaction intermediate
in the S; — Sy + O, transition is an essential step in the overall
reaction cycle leading to dioxygen formation, but it cannot be
assigned to an electron transfer step. It proceeds after oxida-
tion of Yz by the Pggo" but before the transfer of an electron
from the Mn complex to Y%, as discussed in refs 23 and 25.
It may involve an essential structural transition or proton
relocation. In ref 23, the formation of the intermediate state is
assigned to removal of a proton from the Mn complex, mostly
based onanalysis of delayed fluorescence (DF) transients (23, 36, 37)
and in line with earlier conclusions of Rappaport and co-workers
based on detection of electrochromic absorption changes of PSII
pigments (27); for a more detailed discussion, see ref 25.

The process of removal of a proton from the Mn complex to
the aqueous phase is not a one-step process but likely involves a
chain of donor and acceptor molecules being protonatable res-
idues as well as inner-protein water molecules. The analysis of DF
time courses suggests the existence of at least three protonation
steps with characteristic rate constants of ~65, ~15, and ~5 ms ™'
(at pH 6.2) (Figure S8 of ref 23). The consecutive reaction scheme
used here represents an approximation as it invokes only a single
rate-determining step, thereby modeling only the slowest proton
transfer step. A closer look at the lower curve in Figure 2C indeed
reveals a small deviation between the simulated and experimental
curve within the first 500 us: the experimental curve is more
sigmoidal than the simulated one, in analogy to the behavior of
the X-ray absorption transients in ref 23. A better agreement is
reached assuming the existence of three proton transfer steps
(not shown), which has also been observed for the X-ray
absorption transients (Figure S8 of ref 23). However, the
numerical value of these faster proton transfer steps cannot be
determined by curve fitting at a reasonable level of reliability.
Therefore, we modeled the Asq transients of the S; — Sy + O,
transition by assuming the existence of a single step of proton
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transfer before electron transfer and O, formation, thereby focus-
ing on the slowest, rate-determining event in the sequence of
proton transfer steps. We find that this step is significantly slowed
in deuterated water and at low pH, in clear contrast to the
investigated ET steps (Table 1).

Proton transfer involves the tunneling of a proton from a
donor to an acceptor group. The tunneling probability depends
on the mass of the tunneling nucleus and is predicted to be
strongly reduced for the deuteron (*H, 2 amu) in comparison to
the lighter proton ('H, 1 amu). Therefore, the existence of a
sizable KIE of the lag phase (ky/kp > 2) strongly supports
assignment to a proton transfer step. The KIE depends not only
on the tunneling probability but also on the frequency or rate of
nuclear movements required for reaching a donor—acceptor
distance sufficiently short for proton tunneling (62, 63). There-
fore, the magnitude of the KIE is not easily understood in
quantitative terms.

The large KIE of the lag-phase reaction could explain why
previously obtained KIE values for the slow decay compo-
nent were larger [ky/kp = 1.3 (64), 1.4 (41), and 1.6 (22)] than
those found in our present investigation (ky/kp = 1.17). Mono-
exponential simulation of the biphasic time course (lag phase
plus millisecond decay) could have resulted in a time-constant
value for the millisecond phase that was affected (increased)
by the lag-phase duration. An extension of the lag-phase dura-
tion upon replacement of H,O with D,O thus could explain
that for a monoexponential simulation of the absoption tran-
sients, higher KIE values have been presented in previous
investigations.

We note that the observed lag phase in the S; — Sy + O,
transition likely is related to the slower components (up to 100 us)
of the multiphasic Pggyt reduction by Y (I8, 19). The micro-
second components of the reduction kinetics were sensitive to
H—D exchange and have been assigned to relaxation of the Y™
environment accompanied by the rearrangement of H-bond net-
works. The analysis of the delayed Chl fluorescence suggests that
the relocation of the proton from the Mn complex to the aqueous
phase is a multistep process (23, 37), and the faster steps may
explain the previously observed Y°* relaxation in the early
microsecond domain (18, 19) as a stabilization of a positively
charged Yz°* by relocation of a proton.

Herein we report that at an increased proton concentration
(low pH) in the aqueous bulk phase, the putative proton transfer
step is decelerated clearly more strongly than any of the ET steps
in the S-state cycle (Table 1). The direction and magnitude of the
pH effect do not surprise and appear to support, at least qual-
itatively, formation of the intermediate state by proton transfer
and release to the aqueous phase. Three hypothetical mechanisms
for deceleration of proton release are discussed here.

(1) In the proton transfer from a peripheral buffer-accessible
group of the protein to the aqueous phase, the rate for collision-
controlled transfer to hydroxides, which are present at extremely
low concentrations only (100 nM at pH 7), is much smaller than
for the transfer to mobile buffer molecules that are present at
millimolar concentrations [>25 mM (see Materials and Methods))].
The direct transfer to an H,O molecule, however, is energetically
extremely unfavorable, because of the low proton affinity of a
water molecule (pK of around —1.7), and therefore is predicted to
be slower than the transfer to a mobile buffer present at a mil-
limolar concentration.

Thus, the deprotonation of a peripheral group likely is
controlled by collision with a mobile proton acceptor group.
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The corresponding rate constant is estimated to be

ky = keon[mobile proton acceptor] (2)

with a keon of ~10° M~! 57! (33). Taking into account the
concentrations of the unprotonated buffer molecules, we predict
the time constant of protonation (that is 1/ky) to be smaller than
2.5 us and thus roughly 2 orders of magnitude smaller than the
experimentally determined values of 7, These quantitative
considerations disfavor the possibility that the transfer of a
proton from a peripheral base to the aqueous buffer represents
the rate-determining step.

(2) A group that is part of the proton transfer path and
equilibrates sufficiently fast with the aqueous proton concentra-
tion could explain deceleration at low pH if its pK was within the
investigated range of pH values. Proton transfer toward this
group is “gated” by its protonation state so that the rate constant
of transfer may hold (Henderson—Hasselbach equation):

ke = [10PH~PK /(1 4 10PH ~PKY ey (3)

where ki, describes the maximal rate for proton transfer at high
pH. Equation 3 cannot provide a fully quantitative description of
our experimental findings because it predicts at increasingly low
pH values a decrease in ky (or rlagfl) by a factor of 10 per pH
unit, in contrast to the experimental results (7y,, in Figure 6).
However, eq 3 relates to a single protonatable group, neglecting
pK shifts due to interactions with other ionizable groups. The
involvement of a cluster of interacting charged groups could
result in strong deviations from eq 3 (65, 66). Moreover, two or
more parallel proton transfer paths, possibly even in the form
of transfer through a “proton sponge”, also might explain the
relatively mild deceleration.

(3) The rate constant for proton transfer typically depends on
the difference between the pK values of the acceptor group
(PKaccept) and the donor group (pKgenor) (63, 67). If a group
close to the proton acceptor were protonated at low pH, then
electrostatic interactions could decrease pKyccepr more than
PKyonor, thereby diminishing the rate constant of proton transfer
significantly. This indirect influence on the rate-determining
proton transfer step might provide an explanation for the experi-
mentally determined pH dependence of i,

Option 2 or 3 could explain the pH dependence of the rate-
determining step in the formation of the intermediate state in the
S;— S, + O, transition. An in-depth understanding at the atomic
level is desirable but will require clearly more extensive investiga-
tions involving time-resolved experiments with “proton-sensitive”
methods, e.g., infrared spectroscopy (68), employment of site
mutants, and computational approaches (66). The results pre-
sented here provide important support for the formation of an
additional reaction intermediate in the S; — Sy + O, transition by
deprotonation and proton release, as proposed in ref 23. The
putative sequence of events, the role for mechanism, and the
energetics of photosynthetic water oxidation are discussed else-
where in detail (1, 25, 35, 69, 70) and summarized in the following.

Within <1 us of the absorption of a photon, Yz (Tyr¢, of
the D1 protein) is largely oxidized by ET to Pggo™ (Figure 1B).
This ET is coupled to the shift of the phenolic proton from the
tyrosine residue to a hydrogen-bonded histidine (Hisjgy of the
DI protein), rendering Y,°* formally a neutral radical. Most
likely, the phenolic proton is never released to the lumenal bulk
phase but shifts back to the tyrosine side chain upon Y™
reduction by the Mn complex [rocking hydrogen bond (71)].

Gerencsér and Dau

Consequently, Y oxidation results in the formation of a positive
charge close to Y,°*. The positively charged Y,°* causes pK shifts
of nearby and more distant titratable groups, either by electro-
static through-space interactions or by through-bond interac-
tions originating from modification of the hydrogen bonding
network in the vicinity of Y,°*. These pK shifts eventually result
in deprotonation of the Mn complex (or its immediate en-
vironment). Deprotonation and relocation of protons to the
aqueous phase are completed within ~200 us (1;,,), as strongly
supported by the results reported here. There are two conse-
quences of the deprotonation for the mechanism of dioxygen
formation. First, the deprotonation lowers the redox potential of
the Mn complex, thereby facilitating the ET from the Mn
complex to Yz** (o, of ~1.5 ms). Second, either a “substrate
water” is directly deprotonated, or a catalytic base that can
accept a proton in the ET step to Yz°* or in the O—O bond
formation step is created. The putative base is still unknown. A
plausible hypothesis has been put forward by Brudvig and
McEvoy (2, 70). On the basis of the crystallographic model of
Barber and co-workers (4), they proposed that Arg357 of the
CP43 subunit is deprotonated in the oxygen evolution transition,
as later supported by computational chemistry (72).

The sequence of events described above has been proposed on
the basis of experimental and theoretical findings of several research
groups, as reviewed elsewhere (1, 25, 35). Many aspects are still
(too) hypothetical. The results reported here provide strong
evidence that the rate-determining step in formation of the
reaction intermediate that has been denoted as S4 (23) or S;" (1)
is a proton transfer step. In the future, time-resolved detection of
near-UV transients in combination with residue editing by site-
directed mutagenesis could facilitate identification of key groups
and provide insights into the outlined events at an atomic level.

ACKNOWLEDGMENT

We thank Dr. M. Haumann for valuable discussion and
M. Fiinning for skillful preparation of PSII membrane particles.

SUPPORTING INFORMATION AVAILABLE

Rationale of the deconvolution procedure and the equations
used, steps involved in evaluation of the raw absorption tran-
sients described and illustrated (Figure S1), time constants of the
lag phase for various deconvolution parameters (Table S1), and
pH dependence of the miss parameter (Figure S2). This material
is available free of charge via the Internet at http://pubs.acs.org.
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