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Abstract

The analysis of the time-resolved delayed fluorescence (DF) measurements represents an important tool to study quantitatively light-induced
electron transfer as well as associated processes, e.g. proton movements, at the donor side of photosystem II (PSII). This method can provide, inter
alia, insights in the functionally important inner-protein proton movements, which are hardly detectable by conventional spectroscopic
approaches. The underlying rationale and experimental details of the method are described. The delayed emission of chlorophyll fluorescence of
highly active PSII membrane particles was measured in the time domain from 10 ps to 60 ms after each flash of a train of nanosecond laser pulses.
Focusing on the oxygen-formation step induced by the third flash, we find that the recently reported formation of an S4-intermediate prior to the
onset of O—O bond formation [M. Haumann, P. Liebisch, C. Miiller, M. Barra, M. Grabolle, H. Dau, Science 310, 1019-1021, 2006] is a
multiphasic process, as anticipated for proton movements from the manganese complex of PSII to the aqueous bulk phase. The S4-formation
involves three or more likely sequential steps; a tri-exponential fit yields time constants of 14, 65, and 200 ps (at 20 °C, pH 6.4). We determine
that S4-formation is characterized by a sizable difference in Gibbs free energy of more than 90 meV (20 °C, pH 6.4). In the second part of the
study, the temperature dependence (—2.7 to 27.5 °C) of the rate constant of dioxygen formation (600/s at 20 °C) was investigated by analysis of
DF transients. If the activation energy is assumed to be temperature-independent, a value of 230 meV is determined. There are weak indications for
a biphasicity in the Arrhenius plot, but clear-cut evidence for a temperature-dependent switch between two activation energies, which would point
to the existence of two distinct rate-limiting steps, is not obtained.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Photosystem II (PSII) is a complex of numerous cofactors

Abbreviations: AD, analog-to-digital (conversion); Chl, chlorophyll;
DCBQ, 2,6-Dichloro-1,4-benzoquinone; EPPS, 4-(2-Hydroxyethyl)piperazine-
1-propanesulfonic acid; DF, delayed fluorescence; ET, electron transfer; Fp,
delayed fluorescence signal; Fp, prompt fluorescence signal; Fy;, maximum
level of prompt fluorescence; F, minimum level of prompt fluorescence; fwhm,
full-width at half maximum; AG, difference in Gibbs’ free-energy; MES, 2-
Morpholinoethanesulfonic acid; MOPS, 3-Morpholinopropanesulfonic acid;
P680, primary chlorophyll donor in PSII; Phe, specific pheophytin of PSII; PM,
photomultiplier; PSII, Photosystem II; Oa, primary quinone acceptor of PSII;
Og, secondary quinone acceptor of PSII; Z or Y or Tyrz, Tyr-160/161 of the D1
protein of PSII
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(>70) and more than 20 protein subunits. It is embedded in the
thylakoid membrane of plants and cyanobacteria. Driven by
four light quanta, in PSII two water molecules are oxidized and
two plastoquinones are doubly reduced. The catalytic site of
water oxidation involves a MnyCa complex ligated by distinct
amino acids of the PSII complex. Identification of ligating
amino acids became possible by the recent progress in
crystallographic characterization of the evolutionary largely
conserved core complex of PSII [1-4]. This remarkable
progress crowned the long-standing quest for a structural PSII
model of Horst Witt (and his Berlin coworkers) and Jim Barber
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Fig. 1. Energy-level diagram of radical-pair states in photosystem II. The Gibbs
free-energy is given for the states that are formed after the third photon
absorption events, which initiates dioxygen-formation in the S; — S, transition.
The zero-level of the free-energy scale corresponds to the excited state of the
chlorophyll antenna, which is lower than the P680* level due to the antenna-
entropy contribution [10,11]. The free-energy level of the state labeled as SoQa
is unknown, it may depend on the oxygen partial pressure [12,13]. Approximate
values of characteristic halftimes are indicated. For determination of the free-
energy levels, see [14] and references therein; the AG of the S;— S, transition is
determined in the present investigation. The inset illustrates the location of the
various redox-factors in the PSII complex.

(and his coworkers in London). In the light of these break-
throughs in structure elucidation, which have delivered a
detailed but static picture of PSIL, kinetic studies focusing the
still insufficiently understood mechanism of photosynthetic
water have gained importance. Recently we have described the
method [5-8] and reported results obtained by time-resolved X-
ray absorption measurements with microsecond resolution [9].
In the present study, an approach for using delayed-fluorescence
time courses is described for obtaining complementary insights
in both, the kinetics (rate constants) and energetics (free-energy
differences) of the processes at the donor side of PSII.

After absorption of a photon by one of the antenna pigments,
the excited state is rapidly transferred to the PSII reaction center
where the primary electron transfer results in reduction of a
specific pheophytin and oxidation of P680, the primary
chlorophyll donor (see Fig. 1). Within less than a nanosecond
Oa, a firmly bound quinone molecule, is reduced. Formation of
the (Oa, P680") radical pair is followed by electron transfer
from the Tyr-160/161 of the D1 protein of PSII, which in the
following is denoted as Y, to P680". The (Qx, Y7 ') radical
state is formed within less than 1 ps. Clearly later, electrons are
transferred from the MnyCa complex to the Y, radical, the
corresponding time constants are given in Fig. 2. The processes
at the electron-donor side of PSII that follow the Y,— P680
electron transfer are discussed in the framework of the S-state
model introduced in a seminal study by Bessel Kok and his
coworkers [15].

The classical S-state cycle involves five intermediate states
(Fig. 2). The dark-stable S, state and the semi-stable states S,, S5
and Sy have been studied intensely. By time-resolved X-ray
absorption measurements, recently the formation of a reaction
intermediate formed prior to the onset of O—O bond formation has
been resolved [9]. In Fig. 2, this intermediate is denoted as S4-state
and the classical S-state cycle is extended by an Sj state. We
emphasize that the S;— S, transition of Fig. 2 differs form the
other S;— S, transition (for a discussion see Supporting Online
Material of [9] and [18]). The S;— S, transition most likely
involves a proton removal from the Mn,Ca, but not a one-electron
oxidation of the Mn4Ca complex. In contrast, the other S;— S;;;
transition either involve both electron and proton removal from
the Mn complex (meaning oxidation as well as deprotonation) or
solely a oxidation step (in the S; — S, transition) (see [17] in this
issue). Recently we proposed a reaction cycle of photosynthetic
dioxygen formation involving strictly alternate removal of four
electron and four protons from the Mn complex [16,17]. This
basic model explains the intricate proton release pattern and
kinetic properties of the individual S-state transitions in a
surprisingly simple way. It also may resolve the nomenclature
problem by obliterating the need for a potentially ambiguous
assignment of the Ss-state of Bessel Kok. (In the present work the
nomenclature proposed in [9] is used where the new kinetically
resolvable reaction intermediate has been denoted as S,-state.)

In [9,18], the S;— S, transition has been assigned to a
deprotonation of the Mn complex or its immediate ligand en-
vironment that is electrostatically driven by the positive charge
at or close to the Y, radical. Experimental evidence for the
relation to a multi-step proton release process came (inter alia)
from the analysis of time-resolved delayed fluorescence (DF)
measurements (see Supporting Online Material of [9]), a
method which had been used in the past for studies on PSII
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Fig. 2. Extension of the classical S-state cycle of photosynthetic oxygen
evolution (modified from [9]). Each flash causes oxidation of Y, prior to the
indicated S-state transition. We note that the Ss-state is not formed by electron
transfer to the Y radical, but supposedly by a deprotonation triggered by the
positive charge at the Y, radical. Proton release not representing a distinct, rate-
limiting step has been omitted in the shown scheme. For a complete reaction
cycle including also the four proton release steps, see [16,17].
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water oxidation [19-25]. In the first part of the present work we
show how DF measurement and analysis facilitates determina-
tion of the mean rate of S;-formation, of the associated drop in
free energy, and of the rate constant of dioxygen formation (in
the S, — S;— S transition). The focus lies on the description of
the methodical approach.

In the second part of this study, the temperature dependence
of'the rate constant of dioxygen formation (k,y) is investigated —
in search of a breakpoint behavior with distinctly different
activation energies below and above the breakpoint temperature.
An activation energy of 208 meV above 6 °C and of 477 meV
below 6 °C has been reported in [26] for PSII membrane
fragments, but was not observed in [27]. We note that a
breakpoint behavior in the temperature dependence of k., would
be of high interest. It might indicate a change of the rate-limiting
step in a sequence of two reactions in dioxygen formation.

2. Materials and methods
2.1. PSII membrane particles and buffer media

Highly active PSII membrane particles were prepared from spinach as
described in [28] and stored at —80 °C at a Chl concentration of 1.5-2.5 mg Chl/
mL in a buffer containing 1 M glycine betaine, 15 mM NaCl, 5 mM MgCl,,
5 mM CaCl,, and 25 mM MES, pH 6.2 (buffer A). Before and after freezing, the
oxygen-evolution activity assessed at 28 °C in the presence of 1 M glycine
betaine had been 1200—1400 pmol O, per mg Chl and hour. Before use the
samples were thawed for at least 1 h on ice and washed by dilution in buffer A
and centrifugation. The resulting pellet was resuspended in buffer A to a Chl
concentration of 10 pg/mL and stored on ice until use. For measurement of the
pH-dependence, the pellet was resuspended in a buffer containing 10% glycerol,
1 M glycine betaine, 25 mM MES, 25 mM MOPS, 25 mM EPPS, 10 mM NacCl,
5 mM MgCl, and 5 mM CaCl,; the pH was adjusted by addition of HCI and
NaOH. One minute before the measurement, the electron acceptor DCBQ was
added to yield a concentration of 20 uM. The addition of DCBQ caused a slight
fluorescence quenching (20% at the Fy-level; 40% at the Fy;-level).

2.2. Time-resolved measurements of delayed Chl fluorescence

In the delayed fluorescence experiment, the dark-adapted samples were
excited by a saturating Laser flash of 2 mJ/cm® (Continuum Minilite II,
A=532 nm, fwhm of 5 ns, time between flashes of 0.7 s). The Laser beam was
widened by lenses and shaped by an aperture to yield approximately homo-
genous illumination of a quadratic area of 1 cm? matching the width of the used
optical cuvette. Pulse intensities were determined using a Nova-Laser-Power/
Energy-Monitor, measuring head PE10 (Ophir Optronics).

To avoid saturation of the detector system caused by the strong prompt
fluorescence of the probe during laser excitation, a gated photomultiplier was used
(Hamamatsu R2066; PMT Gated Socket Assembly C1392-55; anode voltage,
1000V ; anode resistor, 2.2 k(), gating voltage, 240 V applied from 7 pus before to
3 ps after the Laser flash). Scattered Laser light was blocked by a combination of two
long-pass filters (LINOS Photonics, DT-red and DT-magenta with cut-off
wavelengths of 600 and 632 nm, respectively). After amplification (Tektronix
AMS502, chosen low-pass bandwidth of 300 kHz) the signal was sampled at 1 MHz
by a 12 bit PC-card (ADLINK, PCI 9812) for 200 ms before and 56 ms after the
Laser flash. Starting at 10 ps after each Laser flash, to reduce the number of data
points and the noise level, following AD-conversion the data point were averaged
within an exponentially increasing time interval such that the ratio of the lengths of
two neighboring time intervals was a constant value (c,y). The averaging was done
immediately after measurement of the DF decay by a home-made computer
program. The value of c,,, was chosen such that in the time domain 18 points per
decade were obtained. For presentation on a logarithmic time axis, this averaging
procedure leads to a constant spacing of the resulting data points (therefore in the
following denoted as logarithmic averaging). The intensity of the delayed

fluorescence decreases by about five orders of magnitude in the time range from
10 ps to 60 ms after the laser flash. By virtue of the logarithmic averaging the relative
noise level (measured in percent of the actual signal) was comparable over the
complete time range.

The extreme dynamic range of the delayed fluorescence signal (decrease of
the signal by a factor 10* to 10° from 10 ps to 60 ms) renders the 12-bit
resolution of the AD converter critical. Therefore the following approach was
chosen. The voltage at the PM anode resistor was branched and fed in two
parallel chains of amplifiers. In the first branch, the signal was directly fed into
the Tektronix amplifier (Tektronix AM 502). In the second branch, the PM
signal was amplified by a factor of 30 (home-built amplifier, bandwidth of
1.5 MHz) and then fed into a second Tektronix amplifier (Tektronix AM 502,
low-pass bandwidth of 300 kHz). The output signals of the two Tektronix
amplifiers were separately converted to a digital signal. The signal of the second
branch exceeded the input-voltage range of the AD converter within the first
400 ps after the flash (overload), the signal of the first branch was in the ms time
domain below the resolution limit of the AD converter. After logarithmic
averaging of the signals of both branches, the two signals were combined by
appropriate scaling of the signal of the second branch. Eventually the first
branch provided the data points for <500 us and the second branch the data
points for £>500 ps.

The data were corrected for an artefact of the detection system which
predominantly results from excitation of delayed fluorescence in the glass or
cathode material of the photomultiplier by the strong prompt fluorescence of the
PSII particles as well as by scattered light of the excitation flash. The details of
the correction procedure are described elsewhere [14].

2.3. Time-resolved measurements of prompt Chl fluorescence

For prompt fluorescence measurements, the samples were excited with ns
Laser pulses (pump pulse) as described above. The time courses in the yield of
the prompt fluorescence [10] were measured using a pump-probe technique with
logarithmically spaced probe pulses (6 pulses per decade, 100 pus to 690 ms). A
commercially available instrument was used for probe-pulse generation and
fluorescence detection (FL 3000, Photo Systems Instruments). Probe pulses of
5 us duration were provided by two arrays with seven LEDs each
(Amax=615 nm, HLMP-DHO08, Hewlett Packard). The ns-laser excited the
sample via the open topside of the cuvette. A PIN photodiode was used for
detection at right angle to the exciting laser pulse and the LED probe pulses.

For delayed and prompt fluorescence measurements, the temperature of the
sample was controlled using a combination of water bath and circulator (Haake,
DC50) and a laboratory built water-jacketed cuvette holder. We estimate the
imprecision in the sample temperature to be smaller than +1 °C.

2.4. Curve-fitting

The detected time courses were simulated using a sum of exponential
functions:

3
F(t) = <Za,- exp(t/r,-)) +ec.
=1

The parameters «;, ¢, and 7; were determined by minimization of the error
sum. For simulation of the prompt fluorescence, a conventional least-square fit
was carried out. For curve-fitting of the logarithmically averaged delayed
fluorescence decays, the error sum was calculated according to:

Fam’

2 sim
&= E log— | .
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N

The ‘mean time constant’ and Gibbs free-energy of intermediate formation
in the S3— S, were calculated according to:

Z a;T;
Tmean — IZ
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and

Yaite
AG = —kgTln-
Aslow + €

respectively, where the sum includes all exponential components used to model
the multiphasic process of intermediate formation.

The prompt fluorescence decays (Fp(f)) were simulated using three
exponentials and the continuous function obtained from the fit was used for
the Qx-decay correction of Fp(7) as described further below.

3. Results and discussion
3.1. Rationale for analysis of DF decay curves

In the following the origin of the delayed chlorophyll
fluorescence as well as the rationale for the analysis of the DF
time courses is outlined. Delayed fluorescence emission (or
luminescence) of chloroplasts, which is delayed (>20 ns after the
photon absorption event) with respect to the prompt fluorescence
(<20 ns), has been discovered by Strehler and Arnold [29] and has
been repeatedly employed as a tool in photosynthesis research
(see, e.g., [30-35]).

The delayed fluorescence of PSII is emitted by the bulk of the
PSII antenna chlorophylls as suggested by the comparison of the
spectra of prompt and delayed chlorophyll fluorescence (for recent
precision measurements, see [14,36]). The essentially perfect
identity of the spectra indicates that prompt and delayed
fluorescence originate from the same excited state of the PSII
antenna system (Chl*-state), which is characterized by an
equilibrium distribution of excited states among the PSII antenna
chlorophylls (rapid exciton equilibration; see, e.g. [10,11]). The
delayed fluorescence (DF) results from repopulation of the Chl*-
state of the PSII antenna system by recombination of radical-pair
states. Once the Chl*-state is repopulated, either (i) the primary and
secondary radical-pair states are formed once again or (ii) the
excited state decays thermally or (iii) it decays by emission of a
fluorescence photon. The latter path gives rise to fluorescence
emission which is delayed with respect to the initial photon-
absorption events by clearly more than the excited-state lifetime.
The emission of the fluorescence photon may be delayed by
microseconds, milliseconds or even seconds.

The DF intensity and its temporal changes after excitation by
a short light pulse are best understood in terms of an equilibrium
consideration. (An equilibrium approach is applicable because
the influence of loss processes on the populations is, to a first
approximation, negligible, as discussed elsewhere [14].) For an
ensemble of PSII, the actual population of the Chl*-state
(fraction of PSII in the Chl*-state denoted as [Chl*]) is assumed
to be determined by the free-energy difference between the
excited-antenna state and the radical-pair state reached at this
time according to

[?11{11:] _ eAG:P [T

(1)

where AGgp represent the difference in Gibbs’ free energy
(AGgp<0) between the excited-antenna state (Chl*) and the
radical-pair state (RP), kg is the Boltzmann constant, and 7 is

the absolute temperature in Kelvin. Consequently the DF in-
tensity is given by

k
Fp = S[Chl*] = S[RP]eACre/kaT (2)
or for [RP] = 1,
E3
Fp = SeA0we/kaT (3)

where S is a time-independent factor which is determined by the
value of the rate constant for fluorescence emission of the
antenna chlorophylls [14].

After flash-excitation the DF of PSII decreases rapidly. A
decrease in the fluorescence intensity is explainable by the
transition from a first radical-pair state (RP1) to a second
radical-pair state (RP2) with AGgp, being more negative than
AGfp,. Consequently the DF intensity decreases in the course
of this transition from FiZ%! 3 value which is determined by
AGEpy, to Fi"l 3 value which is determined by A Gip,. For the
ratio of the Fp-levels it is obtained:

*
antlal _ oAGyp /KT _ e(AG::]*AG::Pz)/kBT (4)
Flinal AGY JkT

e~"rr2

Thus, for a kinetically resolvable downhill transition between
two radical-pair states the associated difference in Gibbs’ free
energy can be determined according to Eq. (4). The fluorescence
decay from Fititial to Fiinal reflects the time course of the transition
between the two states and can be used to determine rate-constant
values.

Frequently also an alternative description of the DF intensity
of PSII is useful: At any time, the delayed fluorescence intensity
is determined, to a good approximation, by the fraction of PSII
with reduced O, (denoted as [Q4]) and by the fraction of PSII
with oxidized P680 (denoted as [P680"]) according to:

Fp(t) = Se*7* /T [P680™](1)[03] (1), (5)

where AG* is the free energy difference between the excited-
antenna state and the (P680", Q) radical pair. For formation of
a distinct radical pair in the majority of the PSII, the above
equation is fully equivalent to Eq. (3). For example, in the
presence of the (Oa, Y21) radical-pair state the P680 " -state is
populated according to:

[P680+] — [YZH—}eApr,so—\(z/kBT7 (6)

where A Gpggo.y7 s the free-energy associated with formation of
the Y2 -state. Assuming that O and Y2 have been formed in
the majority of the PSII, we obtain the following relation

Fp = SeAG*/kBT[Y°+][Q;]eAGmofyz/kBT
— Se<AG*+AGP680—Y2)/kBT' (7)

Comparison of the above equation with Eq. (2) illustrates
that the Eqs. (3) and (5) represent an equivalent description.
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(The general proof of the equivalence of Egs. (3) and (5) is
straightforward and therefore not presented.)

3.2. Measurement and analysis of DF decay curves

For a sequence of Laser flashes, time courses of the delayed
fluorescence intensity were measured. The time window used in
the present work extends from 10 ps to 10 ms after the Laser
flash; typical time courses are shown in Fig. 3.

A clear period-of-four pattern is visible in the time courses
demonstrating that the reactions at the PSII donor-side reactions
determine the delayed-fluorescence decays. After the third

Flash 1 2 3 4

/

094 A
=

8,

=

1N

0.0

10 70 10 70 10 70 10 70

flash, a clear millisecond phase is visible (Fig. 3B). Its flash-
number dependence (Fig. 3C) and time constant (Fig. 3D)
facilitates assignment to the simultaneous events of (i) electron
transfer from the Mn complex to Y2: and (ii) dioxygen for-
mation in the S;— S transition.

We note that at all times the delayed fluorescence induced by
the first and second flash is clearly smaller than the third-flash
signal (Figs. 3A and B). Therefore, a correction of the third-flash
signal for the contribution by the minority fraction of PSII (around
20%) that undergoes the S, — S; transition not on the second, but
on the third flash (due to ‘misses’ on the first or second flash) is
not required. In the following we focus on the third-flash time
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Fig. 3. Time course of delayed fluorescence for the first seven flashes applied to dark-adapted PSII particles (A and B), flash-number dependence of magnitude of
millisecond phase (C) and semi-logarithmic plot of millisecond phase (D). In A and B, the DF time courses induced by a train of saturating ns-laser flashes are shown
for a time period after the respective flash of 10 to 100 ps (A) and 400 ps to 3 ms (B) (pH 6.4, 20 °C). As shown in C, the delayed fluorescence detected at 2 ms after the
flash shows the typical flash-number dependence of dioxygen formation first reported by Joliot [37] and Kok [15]. In D, the semi-logarithmic plot of the third-flash
decay demonstrates the mono-exponential phase of dioxygen formation with a halftime of ~1.2 ms.
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Fig. 4. (A) Changes in the yield of prompt fluorescence and (B) delayed
fluorescence decay without and with correction for the influence of the QOx
reoxidation. The time courses were detected after the third laser-flash applied to
dark-adapted PSII particles (pH 6.4, 20 °C). (A) The changes in the yield of the
prompt fluorescence (unfilled circles) were measured in a pump-probe
experiment as described in Materials and methods. The solid line was obtained
by a tri-exponential simulation. (B) The delayed fluorescence decays are shown
before (line) and after correction (diamonds) for the influence of changes in the
fraction of PSII with reduced Q4. The delayed fluorescence data were corrected
according to Eq. (8) using the Fp(7) obtained by the tri-exponential simulation of
the prompt fluorescence. We note that the y-scale in A is linear whereas it is
logarithmic in B. In B also indicated is the assignment to S-states of the initial
plateau level (S;), of the intermediate plateau (S, or S,) and of the final level (Sy).

courses, which are directly related to the kinetics and energetics
of dioxygen formation in the S;— S, — S, transition.

Recently it has been shown [9] that dioxygen formation is
preceded by a process which is completed within about 200 us
and tentatively has been assigned to the formation of an S4-state
by a deprotonation process (see Introduction). In the delayed
fluorescence transients the formation of an intermediate state
prior to the onset of dioxygen formation is clearly visible
(Fig. 4). Within less than 1 us after the Laser flash the Y is
oxidized by electron transfer to P680. Subsequently the S4-state
is formed. This Sy-state formation relates to a drop in the
intensity of the delayed fluorescence by a factor of almost
hundred, as clearly visible in Figs. 4 and 5.

According to Eq. (5), the DF intensity decreases due to a
decay of [P680"] or of [Ox]. We find (see below) that in the

time range from 10 ps to 10 ms, Fp(¢) changes by more than
three orders of magnitude whereas the concentration of Ox
changes only by a factor of about four (neglecting the non-
linearity in the relation between the prompt-fluorescence-yield
and the Q, concentration [10,38], which is of minor influence
in the used PSII membrane particles [14]). This means that the
delayed-fluorescence decay is predominantly determined by
[P6807](¢), i.e. the population of the P680" state. The Qx
influence is small, but is not fully negligible, especially for
t>300 ps (as shown below).

(We note that, in Fig. 4A, the decrease in the prompt
fluorescence by a factor of four within 10 ms after laser-flash
application is not indicative of a halftime of the OA—Op
electron transfer of ~ 5 ms. The changes in the O, concentration
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Fig. 5. Simulation of the delayed fluorescence decay after the third flash by a
sum of exponentials. (A) Qx-corrected delayed fluorescence decay (squares; pH
6.4, 20 °C) and simulation with a sum of three decaying exponential functions
(line) are shown in combination with a scheme of the corresponding PSII states.
The contribution of the dioxygen-formation phase with a halftime of ~ 1.2 ms is
shown as a separate line. The dotted lines labels by ‘a” and ‘b’ indicate the levels
used for calculation of 4G;. (B) Residual plots for simulation of the delayed
fluorescence decays with a sum of two exponentials (top trace in B; time
constants of 67 us and 1.6 ms), three exponentials (intermediate trace; 27 us,
114 ps, 1.8 ms) and four exponentials (bottom trace; 14 ps, 65 ps, 203 s,
1.9 ms) (Residuals equals log(Simulation/Experiment)).
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after flash excitation are multiphasic with sizable slow
contributions likely explainable by changes in the occupancy
of the QOg-site [39]. Furthermore, the apparent halftimes of
1.8 ms in Fig. 4A were considerably longer [40] than those in
thylakoids from plant material [39,41-43] and in the non-
oxygenic, but structurally related reaction center of purple bac-
teria [44,45]; an effect of the detergent on the quinone-reducing
side of PSII cannot be excluded.)

On the basis of Eq. (5), a correction for the [Qx]-decay
contribution to DF time courses is approached. Therefore the
changes in [Q4] were assessed by analysis of Fp(f), the time
course of the yield of the prompt Chl fluorescence (Fig. 4A).
The time-dependent fluorescence yield was measured by
application of a sequence of weak probe pulses (provided by
light-emitting diodes) which were applied at distinct time
after the saturating Laser flash (see Materials and methods).
The relation between Fp(f) and fraction of PSII with reduced
Qa is well established (for review see [10]) so that a correction
of Fp(?) for the decrease in the QA concentration is
straightforward. On the basis of Eq. (5), the corrected values
of Fp(?) are calculated according to:

Fy — Fo
Fy(t) — Fy)’

R () = ol ®)
where F) is the maximum and F, the minimum level of prompt
fluorescence.

This correction amounts to a division of the expression for
Fp(f) given in Eq. (5) by [OA](7), the concentration of PSII with
reduced Oa. In addition the correction eliminates the possible
influence of PSII connectivity on Fiy"(f), as shown elsewhere
[46].

Thus,

FO (1) = S A0 /T [P630] (7). (9)

Fig. 4B shows the original and the Q5-corrected time course
of the delayed fluorescence. Significant deviations are visible
for £>300 ps but, as shown further below, the kinetic parameters
of interest are only marginally affected by this correction (see
also [13,47-49]). For increased precision in the Kkinetic
parameters, in the following only corrected times courses are
analyzed. For simplicity, the superscript ‘corr’ is dropped in the
following.

Visual inspection of the corrected delayed-fluorescence
decays in Figs. 4B and 5A immediately reveals the principally
biphasic behavior. Starting at a plateau level at <10 us the
delayed fluorescence declines up to second plateau level at
~0.5 ms after the flash which is followed by the final decline
characterized by a halftime of ~ 1.2 ms. As discussed above, the
first decay phase is assignable to the intermediate formation (S,
in Fig. 1) which occurs before the eventual dioxygen formation,
which is associated with the millisecond phase.

The corrected Fp(f) was simulated by a sum of exponential
functions (curve-fitting). A bi-exponential fit was unacceptable
(top trace in Fig. 5B). For a tri-exponential fit the simulated and
experimental curve match reasonably well (middle trace in
Fig. 5B, compare also solid line and squares in Fig. 5A), but

excellent agreement was obtained only for simulation by a sum
of four exponentials. Whereas the millisecond phase is very
well described by a single exponential (see Figs. 3D and 5A),
the process of Sy-formation clearly is multiphasic. Three
exponential functions are required for its description suggesting
that at least three, (presumably) sequential reaction steps are
involved in formation of the Ss-intermediate. Since there may
be more than three steps involved, determination of the
individual rate constants of the multiphasic reaction step is
problematic. For calculation of the free-energy change associ-
ated with S4-formation, however, only the total amplitude of the
first decay phase is required. Its value corresponds to the sum of
the individual amplitudes (pre-exponential factors) and does not
critically depend on the used simulation approach. To avoid any
underdetermined fits, in the following a tri-exponential simu-
lation is used (two exponentials for intermediate formation plus
single exponential for dioxygen formation).

In [50], we have compared the DF transients, on the one
hand, with the time courses of the X-ray signals which reflect
the Mn oxidation state, on the other hand. Therefore it was
assumed that three sequential reaction steps precede the onset of
Mn reduction in the dioxygen-formation step [18]. The rate
constants of these sequential steps were derived from a tri-
exponential fit of the S;— S, phase in the DF transients (k; !
equal to 14 s, 65 ps, and 203 ps). Thereby good agreement
between simulated and measured X-ray time courses was
obtained. A model of two or three parallel reactions could not
reproduce the experimentally observed lag phase in the X-ray
transients; assuming two sequential steps preceding dioxygen
formation, the agreement was not satisfactorily (bi-exponential
fit of S;— S, phase in the DF transients, k; ' equal to 27 ps and
114 ps). Nonetheless, in the following a bi-exponential fit of the
S,-formation phase is employed since this approach (i) ensures
highly reproducible fit parameters and (ii) is sufficiently
accurate for determination of the free-energy difference
associated with the S;— S, transition.

The fit results were used to determine three kinetic (or
thermodynamic) parameters (Table 1). The value of the dioxygen-
formation rate constant resulted directly from the fits (reciprocal
value of the slowest time constant). The difference in the Gibbs’
free energy associated with the S;— S, transition as well as its
mean time constant were directly calculated from the simulation

Table 1
Kinetic parameters derived for the S;— S;— S, transition

Uncorrected Oa correction
S3_’S4> Tmean [H-S] 91+3 98+4
S3—S4, AG [meV] -97+1 -92+1
S4— Sp, Tox [ms] 1.43+0.04 1.64+0.04

The time constants and the free-energy difference were determined by simulation of
delayed-fluorescence time courses measured on suspensions of PSII membrane
particles at pH 6.4 and 19.5 °C. In the third column, the DF decays were corrected for
the influence of the decrease in the concentration of reduced QOa. The given error
ranges represent the standard deviation in the parameters (4 data sets). We note that
the value of Tj,ean Was calculated according to the equation for the mean time
constant given in Curve fitting; it differs from the time-constants of the slowest
reaction steps in Sy-formation.
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parameters by the equations given in Materials and methods. We
note that the Sy-formation is associated with a sizable free-energy
change of =92 meV (—8.9 kJ/mol or —2.1 kcal/mol).

We also assessed the influence of the correction for the Ox
decay on the simulation results. Comparison of the second and
third row in Table 1 reveals that parameters resulting from
simulation of uncorrected DF time courses are relatively close
to the ones determined for the corrected time courses. The
corresponding comparison for DF transients collected at other
temperatures confirmed this observation (data not shown). Even
though the difference is small, in the following we refer ex-
clusively to simulation results obtained for time courses which
have been corrected for the O, decay.

We note that the correction for O oxidation does not exclude
per se any acceptor-side influence. Changes at the acceptor side
might affect the AG*-value in Eq. (5). For example, a
protonation at the acceptor side induced by (O, formation
might result in a shift of the O potential and thus affect AG*.
The period-four pattern suggests that the donor side influence on
the DF transients is dominating and the characteristics of the sub-
ms phase in the delayed fluorescence suggests assignment to a
donor-side deprotonation process ([9,14], unpublished results).
To corroborate further that the investigated intermediate
formation is a donor side process, the time dependence of the
P680" concentration was assessed. In the case of a pure donor
side process, the P680" time course should reflect the time
course of the delayed chlorophyll fluorescence (Eq. (3)). For
verification the P680" concentration was assessed by exploiting
its capacity to quench the prompt chlorophyll fluorescence.
(This method was chosen because suspensions of PSII
membrane particles strongly scatter light so that measurements
of the absorption changes associated with P680" formation are
problematic.) The thus obtained results confirm that the delayed
fluorescence time courses reflect the concentration of P680"
(data not shown, see [46]).

3.3. Activation energy of dioxygen formation step

The DF analysis was applied for determination of the
temperature dependence of the dioxygen-formation rate constant.
In [27] and [51] the temperature dependence was investigated and
activation energies of 340 meV (UV data in [27]), 420 meV
(polarographic data [27]), and 380 meV [52], respectively, have
been determined. In [26] the Arrhenius plot revealed a breakpoint
at 6 °C and activation energies of 208 meV and 477 meV were
determined for 7>6 °C and 7<6 °C, respectively. In [26] the
lowest temperature used for measurements had been 0 °C and due
to the low number of data points, the visual inspection of the data
did not allow for an estimate of the scatter in the data and the
reproducibility in the measurements. In the present study we
extended the investigated range to —2.7 °C by using 10% glycerol
for lowering of the freezing point of the sample.

Sixty time courses were measured at temperatures ranging
from —2.7 °C to 27.5 °C and analyzed as described above. The
rate-constant values determined by curve-fitting of the third-flash
transients are shown in Fig. 6 in form of an Arrhenius plot. The
Arrhenius plot can be interpreted in two ways. In Fig. 6A two

lines are drawn which correspond to two different activation
energies, namely £,=182 meV for 7> 15 °C and E,=257 meV
for 7<6 °C. Visual inspection reveals that, rather than having a
distinct breakpoint temperature, a continuous transition between
the low-E, (7>15 °C) and high-E, (T<6 °C) regime might be
involved. However, the putative breakpoint behavior is empha-
sized by the graphical presentation in Fig. 6A and not easily
identified without this suggestive presentation. In Fig. 6B a single
activation energy of 231 meV was assumed (solid line) and a
reasonably good description for the complete temperature range is
obtained. The calculated activation energy value is in reasonably
good agreement with the above mentioned values of [26] for
T>6 °C. (The activation energy determined in [27] and [51] were
significantly greater than in the present study. Differences in the
buffer composition, species or type of preparation might play a
role.) We did not observe an activation energy for 7<6 °C which
is as high as the value 477 meV reported in [26]. In conclusion, we
cannot exclude the occurrence of a breakpoint in the temperature
dependence of the rate constant of dioxygen formation. However,
to a good approximation the data is describable already by a
simple monophasic Arrhenius behavior. Also by polarographic
measurements of dioxygen formation on cyanobacterial PSII
membranes (Synechocystis species), a breakpoint in the Arrhenius
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Fig. 6. Temperature dependence of the rate constant for dioxygen formation. The
open circles represent the rate constant values as determined by analysis of DF
decays. The straight lines in A correspond to activation energies of 257 meV
(determined for 7<6 °C) and 182 meV (determined for 7>15 °C). In B, the
straight line corresponds to a single activation energy of 231 meV (the data
points in A and B are identical).
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plot was not detectable [27]. Extension of the temperature range
or studies on PSII of thermophilic cyanobacteria [53] might
facilitate an unambiguous identification of a temperature-depen-
dent switch between two distinct activation energies.

3.4. Conclusions

(1) The delayed fluorescence (DF) emission of PSII is a
useful tool to study quantitatively light-induced electron
transfer and related processes (e.g., proton movements)
which are associated with a free-energy drop. In the here
investigated time domain, the DF decays are dominated
by processes at the donor side of PSII. A correction for the
acceptor-side contribution which results from the de-
crease in the number of PSII with reduced Q4 is proposed
(Eq. (8)). This correction requires time-resolved measure-
ments of the variable yield of the prompt Chl fluores-
cence. There are no indications for further acceptor-side
contributions to the DF time courses.

(2) Quantitative analysis of the DF transients facilitates
determination of free-energy changes and rate constants.
The underlying rationale is straightforward (described in
the context of Egs. (1)—(7). The quantitative analysis
itself is found to be straightforward only for the DF
transients induced by the third flash because the formation
of (i) an intermediate state and (ii) the O—-O bond
formation step are kinetically well resolvable. For the
transients induced by the first, second and fourth flash the
quantitative analysis is clearly more demanding (work in
progress). We note in passing that also a sizable fraction
of PSII with a defect donor side might seriously com-
plicate the analysis.

(3) The DF transients induced by the third flash applied to dark-
adapted PSII reflect the kinetically resolvable steps of
dioxygen formation in the S;— S, transition. We find that
the recently reported formation of an Sy-intermediate prior
to the onset of O—O bond formation [9] is a multiphasic
process involving three or more steps, as anticipated for
proton movements from the manganese complex of PSII to
the aqueous bulk phase. (Since typical distances for proton
tunneling are clearly below 1.5 A, the actual proton
movement along the path suggested in [3,54] will require, at
the atomic level, much more than three proton-transfer
steps. However, only three of these steps were kinetically
resolvable in the DF experiment.) At pH 6.4 and 19.5 °C,
the slowest reaction step in S;-formation is characterized by
a time constant of ~200 ps, the mean time constant is
~100 ps (calculated as described in Curve fitting), and the
free-energy difference associated with the S;— S, transi-
tion exceeds 90 meV.

(4) The temperature dependence of the rate constant of
dioxygen formation was investigated (7=—2.7t0 27.5 °C)
and a value of 231 meV is determined for the approx-
imately temperature-independent activation energy. There
are weak indications for a biphasicity in the Arrhenius
plot, but clear-cut evidence for a temperature-dependent
switch between two activation energies is not obtained.

Elucidation of the events involved in S,-formation and the
proposed relation to deprotonation events [9,16—18,55] requires
further investigations. The described DF approach may play a
prominent role in these and other studies on photosynthetic
water oxidation.
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