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Two-Electron Reactions S,Qg — SyQg and S;Qg — S;Qg are Involved
in Deactivation of Higher S States of the Oxygen-Evolving Complex
of Photosystem II

Taras K. Antal, Paivi Sarvikas, and Esa Tyystjarvi*
Department of Biology, University of Turku, FI-20014 Turku, Finland

ABSTRACT The oxygen-evolving complex of Photosystem Il cycles through five oxidation states (Sy—S,), and dark incubation
leads to 25% Sp and 75% S;. This distribution cannot be reached with charge recombination reactions between the higher
S states and the electron acceptor Qg~. We measured flash-induced oxygen evolution to understand how S; and S, are con-
verted to lower S states when the electron required to reduce the manganese cluster does not come from Qg~. Thylakoid
samples preconditioned to make the concentration of the S; state 100% and to oxidize tyrosine Yp were illuminated by one
or two laser preflashes, and flash-induced oxygen evolution sequences were recorded at various time intervals after the pre-
flashes. The distribution of the S states was calculated from the flash-induced oxygen evolution pattern using an extended
Kok model. The results suggest that S, and S3 are converted to lower S states via recombination from S,Qg™ and S;Qg~
and by a slow change of the state of oxygen-evolving complex from S; and S, to Sy and S in reactions with unspecified electron
donors. The slow pathway appears to contain two-electron routes, S;Qg — SoQg, and Sz;Qg — S;Qg. The two-electron reac-
tions dominate in intact thylakoid preparations in the absence of chemical additives. The two-electron reaction was replaced by
a one-electron-per-step pathway, S3Qs — S>Qs — S1Qg in PS ll-enriched membrane fragments and in thylakoids measured in
the presence of artificial electron acceptors. A catalase effect suggested that H,O, acts as an electron donor for the reaction
S>:Qs — SpQs but added H>O, did not enhance this reaction.

INTRODUCTION

The oxidation of water to molecular oxygen takes place in
the oxygen-evolving complex (OEC), a functional part of
Photosystem II (PS II) (1,2). OEC consists of an Mn,O,4Ca
cluster, its ligands, and tyrosine Y, of polypeptide D,
(3-5). The light-induced charge separation in the reaction
center of PS II generates the strongly oxidizing cation radical
Pgso® that oxidizes the manganese complex via Y. To split
water, OEC accumulates four positive equivalents, cycling
successively through the redox states denoted Sy, S, S»,
S3, and S4, where Sy and S, are the most reduced and the
most oxidized state, respectively (6). The S, state is unstable
and decays rapidly into the S, state, and the liberation of
oxygen occurs during the S3-S4-Sy transition.

Flash-induced oxygen evolution shows a damped period
four oscillation on illumination of PS II with a train of short
saturating flashes (6,7). The damping occurs because elec-
tron transfer from manganese to Qg is not completed in
some reaction centers after a saturating flash (miss) and
because one flash can induce two cycles of electron transfer
reactions (double hit) (6,8). Distribution of the S states of
OEC can be evaluated from the flash-induced oxygen evolu-
tion sequence by using a model introduced by Kok et al. (6),
assuming that the miss probability is equal for all S states. An
alternative model with unequal miss probabilities has been
proposed, and also this model showed a good fit to experi-
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mental data (9,10). A special case of models with unequal
miss probabilities is a model in which misses can occur
only during one § state transition whereas the other S state
transitions occur without misses (9). We will call this
a one-miss model.

During dark adaptation of several minutes, all higher S states
deactivate to the S state that is stable in the dark (7). S, and S5
states can be reduced in ~30 s by charge recombination reac-
tions with the quinone electron acceptor Qg and by a fast
(a few seconds) but minor pathway in which tyrosine Y™
of polypeptide D, acts as an electron donor (11-13). In addi-
tion, cytochrome bss9 has been proposed to be an electron
donor to the higher S states (14,15). When the acceptor side
of PS 1II, including Qg, is oxidized, the decay half time of the
higher S states increases three- to fourfold (16). Styring and
Rutherford (17) examined the deactivation of higher S states
in PS II enriched membranes in which both Y, and the PS II
acceptor side were oxidized. Under these circumstances,
higher S states deactivated slowly in 3—4 min, and S5 decayed
in a one-electron-per-step pathway via S,. However, some elec-
tron acceptors like parabenzoquinone (PPBQ) used in Styring
and Rutherford (17) to oxidize the PS II acceptor side, have
been shown to destabilize the deactivation process of OEC
(18,19). In measurements from PS II enriched membranes in
the absence of electron acceptors, the decay of the S, state
seemed to be independent of the decay of the S3 state (20).
There are no earlier thorough studies of the slow deactivation
mechanism in thylakoid membranes or in other preparations
in the absence of artificial electron acceptors. Moreover, it is
not clear what types of electron donors are responsible for

doi: 10.1016/j.bp;j.2009.03.007


mailto:esatyy@utu.fi

Deactivation of S States

the reduction of the Mn cluster during the conversion of S3 and
S, to lower S states when the PS II center does not have Qg™

In this study, we aimed to clarify the mechanism of deacti-
vation of the S3 and §, states into lower S states in PS II of
thylakoid preparations. For this, we evaluated the kinetics of
S state redistribution in thylakoid membranes in the dark after
one or two short laser flashes (preflashes). The flash-induced
oxygen evolution pattern was measured at various time inter-
vals after the preflash(es) and analyzed with an extended one-
miss model that also included slow inactivation of PS Il during
a prolonged flash sequence. The kinetics of S state redistribu-
tion was fitted by a model that assumed that S0~ and S305~
decay to S;0p and S,0p, respectively. Two mechanisms were
tested for the decay of S,0p and S30g. The first one is repre-
sented by successive one-electron-per-step decay of S5Q0g via
S>0p to §;0p whereas the second mechanism assumes the
two-electron transitions S>,Qp — SoQOp and S;0p — 510s.
The data show that two-electron reactions occur in the absence
of chemical additives, whereas the one-electron-per-step
mechanism becomes predominant in the presence of electron
acceptors, such as 2,6-dichlorobenzoquinone (DCBQ) and
dichlorophenol-indophenol (DCPIP). The one-electron-per-
step pathway was predominant also in PS II membrane
fragment preparations. Water and hydrogen peroxide were
examined as possible sources of electrons for the two-electron
reactions of deactivation.

MATERIALS AND METHODS

Preparation of thylakoid membranes and
membrane fragments enriched in PS Il
(BBY-particles)

Pumpkin plants were grown at the photosynthetic photon flux density of
150 wmol m~2 s~' in a 12-h day/night thythm. Thylakoids were isolated
according to Hakala et al. (21) and stored at —70°C until use. For the exper-
imental treatments, thylakoids (4 mg chlorophyll (Chl) ml~") were thawed in
the dark on ice and suspended in PS II measurement buffer containing
40 mM HEPES-KOH, pH 7.6; 0.33 M sorbitol, 5 mM MgCl,, 5 mM
NaCl, 1 M glycine betaine, 1 mM KH,PO,, and 5 mM NH,Cl.

PS II-enriched membrane fragments (BBY-particles) were isolated essen-
tially according to Berthold et al. (22) as follows. Leaves were homogenized
in cold buffer containing 50 mM HEPES, pH 7.5, 0.4 M NaCl, 3 mM
MgCl,,1 mM EDTA, and 0.2% BSA, and the homogenate was filtered
through Miracloth (Calbiochem, Darmstadt, Germany) and centrifuged for
10 min at 200 x g at 4°C. The supernatant was centrifuged for 10 min at
1000 x g and the pellet was suspended in small amount of a second buffer
(50 mM HEPES, pH 7.5, 150 mM NaCl, and 4 mM MgCl,), pelleted
(10 min 5000 x g) and resuspended in 50 mM MES, pH 6.1, 15 mM
NaCl, 5 mM MgCl2, and 1 mM ascorbic acid. The chlorophyll concentration
of the homogenate was adjusted to 2 mg/mL, 25% Triton X-100 was added
slowly to yield 1:20 Chl/Triton-X ratio (w/w) and the homogenate was incu-
bated for 30 min in darkness on ice under constant stirring. Subsequently,
the homogenate was centrifuged for 30 s at 200 x g. The supernatant was
centrifuged for 30 min at 30,000 x g, and the pellet was washed twice by
centrifugation (30,000 x g, 30 min) in buffer containing 50 mM MES,
pH 6.0, 0.4 M sucrose, and 10 mM NaCl. Finally, BBY-particles were resus-
pended in the same buffer. BBY particles containing 2.5 mg Chl/mL were
stored at —70°C.
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Measurement of flash-induced O, evolution

Flash-induced O, evolution was measured with a Joliot-type bare platinum
electrode (23). Flashes (4 ns, 12 mJ/pulse, 532 nm) were fired by an
Nd/YAG laser (Minilite, Continuum, Santa Clara, CA) at the repetition
rate of 1 flash/s. A lens was set over the electrode to defocus the laser
beam on a surface of 5 mm?® The amplified amperometric signals from
the oxygen electrode were recorded with a personal computer.

Thylakoid membranes were thawed in the dark on ice and suspended in
PS II measurement buffer (0.8 mg Chl/mL). In all measurements, OEC
was synchronized to state S; with oxidized Yp (S;Yp®* thylakoids) by
placing the sample on the electrode and treating it according to the following
protocol: 5 min darkness—one flash—10 min darkness—one flash—15 min
darkness. Thereafter the polarization voltage (—710 mV) of the oxygen elec-
trode was switched on and one or two preflashes were fired, as indicated in
each experiment. Reagents like exogenous electron acceptors were added
3 min before the preflashes, as indicated, and the sample was kept in the
dark for a period specific for each experiment. Finally, flash-induced O,
evolution pattern was measured using a train of 15 flashes. All measure-
ments were done at 22°C.

Evaluation of S-state distribution

Flash-induced O, evolution was analyzed with a model that is an extension
of the classical Kok scheme of oxygen evolution (6). The model assumes
that all misses occur during one S-state transition, S3 — Sy, and the miss
probability was assumed to be zero during all other transitions (one-miss
model). The double hit probability was assumed to be zero because one
4-ns flash can only induce one turnover of PS II. The model was also
extended to include nonspecific decrease in O, evolving activity during
the measurement of the flash oxygen sequence; such slow inactivation is
frequently observed in subcellular preparations in the absence of artificial
electron acceptors (24).

Modeling deactivation of higher S states

The kinetics of the deactivation of the S, and S3 states was analyzed
assuming that the deactivation of the S and S states in centers with reduced
Qg occurs via reactions of charge recombination: S0~ — S10p, S305
— $,0g, whereas states S,Qp and S;Qp may decay either via a one-elec-
tron-per-step route, S30p — S>,0p — S;0p or via a mixed route involving
both one and two-electron reactions, S,Qp — SoQOp, S0 — S108
and S;0p — S;0p (Fig. 1). All modeling, including the analysis of the
flash-induced oxygen evolution pattern, was done with the ModelMaker
4 software (Cherwell Scientific, Oxford, UK).

Hydrogen peroxide assay

Hydrogen peroxide was quantified using Amplex UltraRed reagent (Invitro-
gen, Carlsbad, CA), which in the presence of peroxidase reacts with H,O,
and produces highly fluorescent resorufin. The excitation and emission
maxima of resorufin fluorescence are 576 and 581 nm, respectively. For
the assay, a thylakoid sample was first treated with flashes as indicated for
each experiment. Then, horseradish peroxidase (1 uM) and Amplex
UltraRed (5 uM) were added to 100 uL of the thylakoid sample, and the
sample was incubated for 10 min in the dark to allow the deactivation of
the higher S states to occur. The sample was then centrifuged at 22,000 x
g for 8 min at 4°C to remove thylakoids. Fifty microliters of supernatant
was diluted by 450 uL of 40 mM HEPES (pH 7.6). Resorufin fluorescence
was excited with a KL-1500 light source (Schott, Mainz, Germany) through
a 550 nm short-pass filter (Corion, Newport Corporation, Franklin, MA).
Fluorescence emission was measured with an Ocean Optics S2000 spec-
trometer through a high-pass 600 nm cutoff filter (Corion). The height of
the emission peak at 600 nm, precalibrated versus H,O, concentration,
was used to quantify H,O, from the samples. All measurements were carried
out in darkness or in dim green light.
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FIGURE 1 Scheme of S state transitions induced by one
or two preflashes (A) and transitions occurring during
consequent dark deactivation in PS II centers according
to the classical one-electron-per-step mechanism (B) and
according to the proposed two-electron mechanism (C).
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Measurement of delayed light emission

Delayed light emission was measured at 20°C with a home-made luminom-
eter described earlier (25). In this experiment, all flash treatments were done
with a FX-200 Xenon flash lamp using the flash energy of 1 J.

RESULTS AND DISCUSSION
Analysis of flash-induced O, evolution

The modeling of the changes in § state populations occurring
during dark incubation after one or two preflashes (Fig. 1)
was based on analysis of flash-induced O, evolution
patterns. Assumptions about the miss parameter are crucial
for this analysis. In the classical Kok scheme, the probability
of misses is assumed to be equal for each S state transition
(6). This model shows good fit to experimental data when
double hits are assumed to occur. Double hits reflect actual
double turnovers of OEC during a “long” (us range) flash
from a Xenon lamp, and the use of shorter flashes diminishes
double hits (26). In our experiments, the probability of
double hits was zero because 4-ns laser flashes are too short
to induce double turnovers. However, omission of double
hits makes the model for the flash oxygen sequence simpler
and therefore less flexible than models containing double hits
(27). Because of the reduced flexibility, we found it no
longer possible to fit the oxygen sequences if the miss prob-
ability was the same for all S states. Therefore, we tested
more complex models, assuming that the miss probability
is different for each § state transition (9,10).

From the viewpoint of modeling, the assumption that the
miss probability is unequal is problematic, because unequal
miss probabilities make the oxygen sequence underdeter-
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mined (28) and therefore the same sequence can be fitted
with several different distributions of the miss probability.
However, direct estimation of the miss probability of each
S state transition with EPR spectroscopy has given strong
evidence recently favoring the idea that the miss probability
is different for different S state transitions (G. Han, S. Styr-
ing, F. Mamedov, Uppsala University, Sweden, personal
communication, 2008). In our modeling, we tested various
models with unequal miss probabilities, and the best fit
was obtained when all misses were assumed to occur during
one specific S state transition, whereas the miss probabilities
of all other transitions were set to zero (one-miss model (9)).
Models assuming that the miss occurs during So — Sy, S| —
S5, 8, — 83, 0r§3 — S showed the same goodness of fit but
predicted different initial distributions of the S states (Table
1). The option that the miss occurs during the Sy — §; tran-
sition was excluded because this model predicted an unreal-
istic initial population of S states (Table 1). The three other
models predicted that ~95% of OEC was initially in the S,
state in dark-adapted S,;Yp°* thylakoids, and we chose to
assume that the miss occurs during the S3 — S, transition.
The assumption excludes misses during illumination of
a dark-adapted sample by one or two flashes. A typical
flash-induced O, evolution pattern measured from §,Yp"*
thylakoids after two preflashes followed by a 10-min dark
adaptation is shown in Fig. 2 (curve 2) together with the fit
obtained with the one-miss model.

O, evolution declined with the number of flashes fired
(Fig. 2, inset). A similar decline has been observed
frequently in the absence of electron acceptors (24). In our
case, the decline was strongly diminished in the presence
of 1 mM potassium hexacyanoferrate(Ill) (FeCy) (Fig. 2,
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TABLE 1 Parameters calculated by fitting flash-induced O,
evolution pattern recorded in S; Yp° thylakoid preparations by
using the one-miss model that assumes that all misses occur
during one specific S state transition, S; — S,, S, — S3,
S3—> So,OfSo-’ S

S-state transition
at which all misses occur

Model parameter S — S S, = S5 Sz — So So = Si
S (initial), % 3.5 32 3.4 36.8
S, (initial), % 95.4 94.9 94.6 61.9
S, (initial), % 1.0 1.9 1.7 1.1
S (initial), % 0.1 0.0 0.3 0.2
d (%)* 0.4 0.4 0.4 0.4
Miss probability 0.346 0.346 0.346 0.346
x2, x1074 3.7 3.8 3.8 4.1

A typical flash-induced O, evolution pattern was used for the analysis.
*Parameter accounting for decrease in O, evolution per flash during pro-
longed flashing.

fx? evaluates the goodness of the fit.

inset) and the decline could also be reversed in the dark (data
not shown). These data indicate that O, evolution declines
because repetitive flashing reduces the electron acceptor
quinones of PS II. To account for this effect, the model
was extended to include flash-induced decrease in O, evolu-
tion (parameter d).

Modeling deactivation of S states

The deactivation of higher S states can occur via charge
recombination between the donor and acceptor sides of PS
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FIGURE 2 Flash-induced O, evolution patterns measured in S; Yp°* thyla-
koid preparations (solid symbols) and the best fit (open symbols) calculated
by using the one-miss model with all misses occurring in the S5 — S tran-
sition. S;Yp"* thylakoids were treated with two preflashes, and the O, evolu-
tion pattern was then measured after 2 (curve 1) or 10 (curve 2) min of dark
incubation. Amplitudes of O, evolution are normalized to the maximal value
in the train. (Inset) Flash-induced O, evolution measured under the same
conditions as in curve 2 in the presence or absence of 1 mM FeCy, as indi-
cated. The data show typical flash-induced O, evolution patterns.
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II (5,0~ — S0, and S305~ — S,0p) or by oxidation
of the reduced tyrosine Yp by the S, or S3 state (8—10,29).
If Yp is in the oxidized state and recombination between
the S,(S3) state and Qg™ is suppressed by using the artificial
electron acceptor PPBQ, then the S3 state decays slowly in
two one-electron steps via S, (17). To study the deactivation
of higher § states in the absence of chemical additives, we
explored the kinetics of S state repopulation in darkness after
illumination of S;Yp°" thylakoids by one or two flashes. The
kinetics was determined in the traditional way by varying
the dark-time between firing of flashes and measurement of
the flash-induced O, evolution pattern. Curve 1 in Fig. 2
shows a flashinduced O, evolution pattern measured from
S,Yp thylakoids after two preflashes followed by a short
dark adaptation. The patterns were fitted with the one-miss
model and deconvoluted into S state populations using the
models presented in Fig. 1.

The time courses of the distributions of S states observed
after one and two preflashes are plotted as a function of the
dark time in Fig. 3, A and B, respectively. Two phases
were observed in the decay of the higher S states. The fast
phase coincided kinetically with the decay of delayed light
emission after a short flash (Fig. 3 A, insef), indicating that
the fast phase originates from the recombination reactions
S0~ — $10p (Fig. 3 A) and S50~ — 5,03 (Fig. 3 B).
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FIGURE 3 Deactivation kinetics of S-states after one (A) or two (B)
preflashes in S,Yp°* thylakoid membranes. The data show the percentage
of the sum of all § states: So + S1 + 52 + S3 = 100%. Each data point repre-
sents the average of three repeats, and error bars show standard deviation.
Fitting was done using the one-electron-per-step model for the deactivation
of the higher S-states (dotted lines, the model is shown in Fig. 1 B) and using
the two-electrons-per-step model (solid lines, the model is shown in Fig. 1 C).
(Inset) Decay of delayed light emission after one flash in S;Yp°* thylakoids.
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TABLE 2 Effects of oxidizing and reducing agents on half-times of the indicated reactions of deactivation and on the relative
amplitude of the one-electron reaction S; — S,

T12> S

Chemical addition S$308 — $,08 S0 — S,08 S$208 — So0s S0 — So0s Amplitude of S5 — S(%) N

None (control) 230 860 1380 nd 25 2.23
250 uM DCPIP 109 128 nd 6.3 x 10° 52 1.10
250 uM DCPIP, 1 mM ascorbate 116 142 nd 4.8 x 10° 49 2.46
250 uM DCBQ 61 105 nd 4.0 x 10° 77 6.78
250 uM DCBQ, 1 mM FeCy 58 123 nd 7.1 x 10° 71 4.56
1 mM FeCy 128 209 nd 8.6 x 10* 48 5.23
1 mM ascorbate 173 288 nd 3.4 % 10* 43 3.14
BBY particles, no additions 49 115 nd nd 65 11.8

Deactivation was induced by firing two flashes on §;Y°* thylakoid membranes. Where indicated, kinetics was measured and analyzed in BBY particles under
the same conditions. Reagents were added 3 min before the two preflashes were fired. The half-times were calculated from the kinetics of the S state deac-
tivation by using the model in Fig. 1 B extended with the reaction S;0p — SoQgp. The half-time of the recombination reaction S30g~ — S,0p (52 s) was
assumed to be independent of the chemical additions. The relative amplitude of the S3 — S, component was calculated as the ratio of the amplitude of
the S3 — S, component to the sum of the amplitudes of the S3 — S, and S3 — S; components. Goodness of the fit was evaluated with x% nd = not detected.

The slow phase, in turn, can be attributed to deactivation of
the S,0p and S;Q0p states that lack an apparent electron
donor to S, and S5. The initial amount of the S; state in
Fig. 3 A and the initial amount of the S, state in Fig. 3 B
was ~5%, indicating a minor presence of the S, state in
S1Yp thylakoids. The kinetics of the S, state observed in
the samples illuminated by two flashes (Fig. 3 B) showed
a fast rise related to recombination between the S5 state
and Qg™ during the first 50 s, and a slower decline that visu-
ally coincides with increase in Sy. The amplitude of the
increase in Sy was larger in samples excited by two pre-
flashes (12%; Fig. 3 B) as compared to 3% in preparations
excited by one preflash (Fig. 3 A), indicating that the amount
of the precursor whose deactivation leads to the S state is
different after one preflash and after two preflashes.
Deactivation of the higher § states in PS II with oxidized
Qg and Yp can be ascribed to the one-electron-per-step
sequence: S30 — S0 — S,0p (Fig. 1 B). However,
we failed to obtain a satisfactory fit using this one-electron-
per-step model (Fig. 3, dotted lines), as it required more rapid
deactivation of higher S states than was observed. Moreover,
an increase in the S, state was observed after illumination of
S1Yp thylakoids by two flashes (Fig. 3 B), and this increase
cannot be explained with the one-electron-per-step model
that implies deactivation of the S, and S5 states only to the
dark stable S; state (Fig. 1 B) (7,29). The slow rise of the
S, state cannot be due to the appearance of Yp™® because
Y™ would be rapidly reoxidized by the higher S states.
Seibert and Lavorel (20) examined the deactivation of
S states in PS II preparations in the absence of artificial elec-
tron acceptors and found that the decay of the S, state seems
to be independent of the decay of the S5 state. We tested the
hypothesis that independent routes of deactivation of the S
and S, states involve the two-electron reactions S;Q0g —
S10g and S>0p — SoQp (Fig. 1 C). The two-electron mech-
anism improved the fit significantly for data obtained both
after one preflash and after two preflashes (Fig,. 3, A and
B, solid lines). Intermediate models including only one
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two-electron route (either S30g — S;0p or S0 —
So0Op) showed lower goodness of fit than the model
including both routes (data not shown). Thus, five reactions
seem to be involved in deactivation of higher S states in Yp**
thylakoids (Fig. 1 C). Two of the reactions can be ascribed to
charge recombination between the S, and S5 states and O,
whereas the three other reactions, S30g — S:0s, $,05 —
So0s, and S>0g — S0, occur in PS II with oxidized
Og. Reactions $,0 — SoQOp and S,0p — S;0p occur
both after one and two flashes, suggesting that the same
mechanism functions in both cases.

The half-times of the states S,Qp~ and S30~ were 57 and
52 s, respectively, which is somewhat slower than has been
usually observed (7, = 2040 s) (8,16). Furthermore, half-
times of reactions S30p — S10g, S20p — 510, and S>0p
— So0p were 230, 860, and 1380 s, respectively (Table 2,
control). In particular, the decay of the S,(0g state was slower
than reported earlier for the reaction S,Qp — §,0p (712 ~
150-240 s) (16,17).

The ratios between amplitudes of the slow and fast decay
components, which reflect the ratios between the initial states
of PS II with oxidized and reduced Qg (Qg/Og ), were 19:81
and 75:25 for samples illuminated by one and two flashes,
respectively. Taking into account that each flash reverses
the redox state of Qg as shown in Fig. 1 A, this result indi-
cates that S,Yp™* thylakoids contain 20%-25% of PS 1II
centers with Qg™.

Effects of artificial electron acceptors
on deactivation reactions

Some artificial electron acceptors, including benzoquinone
derivatives and DCPIP, may noticeably influence the rate
of the deactivation of § states, possibly because the reduced
forms of the electron acceptors mediate shifts of OEC from
more oxidized § states toward more reduced S states
(18,19). Furthermore, in the presence of PPBQ, the S30y
state decays in a one-electron-per-step manner via S,QOp
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FIGURE 4 Deactivation kinetics of S states after two preflashes in S, Yp™*
thylakoid membranes in the presence of 250 uM DCBQ. The data show the
percentage of the sum of all S-states: So + S; + > + S3 = 100%. Fitting was
done using the one-electron-per-step model for the deactivation of the higher
S states (dotted lines) and using the two-electrons-per-step model (solid
lines) (see models in Fig. 1 B and C). Both models were extended by
including the reaction S;0p — SoQOg. The kinetic pattern is from one repre-
sentative experiment.

(17) whereas a two-electron reaction, S30g — S;Qg, occurs
in the absence of additives (see previous section). To clarify
the mechanism of deactivation in the presence of artificial
electron acceptors, we measured the decay kinetics of the
S5 state in the presence of DCBQ and in the presence of
DCPIP. The half-times and amplitudes of the reactions
were calculated according to the two-electrons-per-step-
model (Fig. 1 C). DCBQ is known to mediate a shift from
the S, to the Sy state (30) and therefore the model was
extended by the reaction $10g — SoQOp. When 250 uM
DCBQ or DCPIP were added, the half times of reactions
S30p — S510p and S>Q0p — S§;0p were diminished by
2.0-4.0 and 6.0-8.0 times, respectively, as compared to
control measurements done in the absence of chemical addi-
tives (Table 2). Furthermore, these reagents completely
inhibited the two-electron reaction S,Qp — SoQOg, and
a new slow one-electron reaction S{Qg — SoQp appeared
with a half time of 4.0-6.3 x 10° s (1.1-1.8 h). DCBQ
caused a more pronounced effect than DCPIP (Table 2)
and the presence of DCBQ led to increase in S, at the
expense of S;. Fig. 4 shows the time-course of the redistribu-
tion of the S states in darkness after two preflashes in the
presence of DCBQ. Furthermore, DCPIP plus ascorbate
and DCBQ plus FeCy caused practically the same changes
to kinetics as those observed in the presence of oxidized
DCPIP or DCBQ alone (Table 2). Ascorbate reduces DCPIP
and FeCy would oxidize any reduced hydroquinone form of
DCBQ. These data indicate that DCPIP and DCBQ them-
selves do not act as electron sources to OEC. Moreover,
despite the fact that FeCy is a potent oxidizing agent
(E” =456 mV at pH 7.0), and ascorbate is a mild reductant,
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both reagents enhanced the decay of the S, and S3 states
(Table 2). However, effects of FeCy and ascorbate were
weaker than the effects of DCPIP and DCBQ. These data
indicate that the acceleration of the deactivation of the higher
S states in the presence of redox agents can not be explained
by an alteration of the redox conditions within the electron
transport chain.

In control thylakoids, the one-electron-per-step route of
the decay of the S; state (S3 — S») is attributed to the charge
recombination S30g~ — $,0g, and ~25% of the S5 state
was deactivated via this pathway in control thylakoids (Table
2). The amplitude of the one-electron-per-step component of
the decay of S increased to 50% in the presence of DCPIP
and to 70%-80% in the presence of DCBQ (Table 2).
Furthermore, the rate of the deactivation of S3 was fastest
in the presence of DCBQ and DCPIP, intermediate in the
presence of FeCy and ascorbate, and slowest in the control.

The increase in the amplitude of the fast component of S3
decay in the presence of the combination of DCPIP and
ascorbate (Table 2) that efficiently reduces the plastoquinone
pool (31), may be caused by recombination reactions
between the higher S states and the quinone electron accep-
tors. Ascorbate alone causes a similar but weaker effect
(Table 2), as expected because ascorbate only weakly inter-
acts with the plastoquinone pool (32). However, both DCPIP
and DCBQ would rather oxidize than reduce Qg, suggesting
that in the presence of these electron acceptors, the main
substrate of the fast component is S30g, not S30g . Interest-
ingly, the deactivation of the higher § states, measured in the
presence of 250 uM DCBQ, could be fitted with the one-
electron-per-step model of deactivation (Fig. 4, dotted lines).
We suggest that DCBQ and oxidized DCPIP disturb OEC in
such a way that the one-electron reactions S30g — S,0g and
S>0p — §10g occur instead of the slow two-electron reac-
tion S30p — S§10p. The accelerating effect of the oxidants
on the decay of the S; state decreased with decreasing lipo-
philicity: DCBQ (lipophilic) > oxidized DCPIP (soluble in
both water and organic solvents) > FeCy (hydrophilic), sug-
gesting that lipophilicity of the reagent is more important
than oxidizing power. We propose that the lipophilic
reagents have more direct access to PS II, and, hence, may
cause chemical disturbance of OEC. The exact nature of
the disturbance is unknown, but possibly these chemicals
modify the protein envelope at the donor side of PS II
making inner part of OEC more accessible to nonspecific
external reductants.

We also tested deactivation reactions in BBY particles in
the absence of electron acceptors. In these preparations, the
miss factor and the inactivation parameter d had high values.
The value of d apparently reflects a smaller number of
(oxidized) plastoquinone per PS II in the BBY particles
than in thylakoid membranes; this also leads to recombina-
tion between Pggo' and Q. , and, hence, contributes to
the high miss factor. Due to the high and somewhat varying
values of these two parameters, the goodness of the fit of the
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0, evolution sequence, estimated with x*, was much lower
in BBY particles than in thylakoids (Table 2). Deactivation
of the S5 state occurred faster and the contribution of the
two-electron reactions was smaller in BBY particles than
in thylakoids (Table 2). Deactivation of S5 in BBY particles
actually resembles the kinetics observed in thylakoids in the
presence of DCBQ, except that the reaction S10g — SoOg
did not occur in BBYs. These data may suggest that deter-
gents used in the preparation of BBY particles cause similar
disturbance of OEC as DCBQ and DCPIP.

Testing hydrogen peroxide and water as electron
donors for the two-electron deactivation reactions

Two-electron reactions dominate the deactivation kinetics of
higher S states in PS II with oxidized Qg and Yp (Fig. 3,
Table 2). Hypothetically, hydrogen peroxide can act as an
electron donor for the reaction S,0g — SoOg. We also tested
the thermodynamically unfavorable possibility that water
would be oxidized in the reaction S30g — §;0g. It has
been shown earlier that OEC in the S, state can oxidize
H,0, with the subsequent formation of the S, state and
molecular oxygen (33). If water was the electron donor in
reaction S30g — §0g, then the slow oxidation of H,O
would be accompanied with the formation of a peroxo-
Mn-complex, and this step would be followed by the
exchange of hydrogen peroxide to water. Two-electron
oxidation of water (Ey, at pH 7 = 1.362 V) would require
more energy than four-electron reaction (E, at pH 7 =
0.815 V) (see also Bendall and Sofrova (34)), and therefore
two-electron oxidation of water would have a very slow rate.
This is in agreement with our data, as the reaction S30g —
S10g was characterized by a time constant of several minutes
(Table 2, control).

If H,O, acts as an electron donor in a two-electron deac-
tivation reaction, then this reaction would decrease the
H,O, concentration. Two-electron oxidation of water, in
turn, would increase the concentration H,O,. To test these
assumptions, we measured the concentration of H,O, in iso-
lated thylakoids during the deactivation of the higher S
states. In the light, generation of H,O, occurs mainly via
reduction of oxygen by the reduced electron acceptors of
PS 1. PS II is also known to produce H,O,, probably by
a reaction between plastosemiquinone and oxygen (35).
H,0, is decomposed in thylakoid preparations by internal
catalase-like activity and by catalase that is present as an
impurity. We used the Amplex UltraRed/horseradish perox-
idase system to measure changes in the H,O, concentration
of a thylakoid sample during 10 min of dark incubation.
Analysis of resorufin fluorescence showed that thylakoid
membranes generated ~0.3 molecule of H,O, per one PS
II center during the 10 min incubation (Fig. 5 A). Similar
incubation carried out under an argon flow diminished
production of H,O, by 70%—-80%, equally as much as did
the addition of catalase, indicating that the major part of
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FIGURE 5 Production of hydrogen peroxide in thylakoids during 10 min
dark incubation under different conditions. (A) Production of H,O, in dark-
adapted S, Yp°* thylakoids incubated without additives (control), with cata-
lase (30 U in 100 uL), under argon flow, and after treatment with 5 mM
sodium azide. (B) Production of H,O, in S;Yp°* thylakoids during 10 min
dark incubation of nonilluminated samples and after illumination of the
sample with one or two flashes as indicated. The measurements were carried
out in the presence (dark gray) or absence (light gray) of 0.4 uM CCCP,
added 10 s after the preflash(es) were fired. H,O, was measured with the
Amplex Ultrared method. Each bar represents an average of three indepen-
dent experiments and the error bars show standard deviation.

the signal originates from the reduction of oxygen. To
measure the total production of H,O,, thylakoids were first
incubated for 1 min with 5 mM sodium azide to suppress
their catalase activity, washed once with a fresh buffer, and
incubated for 10 min with Amplex Ultrared and peroxidase.
These preparations showed 50% more H,O, production as
compared with untreated thylakoids (Fig. 5 A). These data
indicate that H,O, is generated spontaneously in thylakoids,
probably because of interactions between oxygen and
reduced forms of photosynthetic electron carriers.

To find out whether the deactivation process influences the
H,0,; content, we measured H,O, production after illumina-
tion of S;Yp°* thylakoids by one or two flashes. The assay
reagents, Amplex UltraRed and peroxidase, were added into
the sample 20 s after firing the flash(es), and the mixture was
incubated for 10 min in the dark before the fluorescence signal
was measured. CCCP, which is an ADRY reagent (accelera-
tion of the deactivation reactions of the water-splitting enzyme
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system Y), was used to speed up reactions of deactivation so
that they were completed before the addition of the H,O, assay
reagents (36). As shown in Fig. 5 B, CCCP did not affect
production of H,O, in dark-adapted thylakoids, whereas
slightly less (statistically not fully resolved) H,O, was
produced in the presence of this reagent in preparations illumi-
nated by one or two flashes. These data show that a small
amount of hydrogen peroxide, corresponding to one molecule
per20-30 PS Il centers, is probably generated during the deac-
tivation process. However, the amplitude of the S305 — S103
component was ~75% and therefore the amount H,0,
produced would be higher by one order of magnitude than
the observed amount if water was the electron donor in the
deactivation of S3Qg. Thus, we conclude that water does not
act as an electron donor to the S350 — §;0g reaction. These
data also indicate that internally produced H,O, does not act as
an electron donor to this reaction, because no decrease in H,O,
production was observed in thylakoids after illumination by
two flashes.

The reaction S,0p — SoQp is slow (71, = 23 min) and has
a low amplitude (12%), which makes it difficult to directly
measure the decrease in H,O, associated with this reaction.
Therefore, we measured the kinetics of the S5 state deactivation
in the presence of catalase, which decreases the amount of the
internally produced H,O, (Fig. 5 A) and, hence, should slow
down reaction S,0p — SoQp if the latter reaction is coupled
to oxidation of H,O,. The reaction S,Qg — SoQOg was slightly
slower in the presence of catalase (71, = 1540 s),
as compared to control (7, = 1380 s), and its amplitude was
5%, that is <12% amplitude in control thylakoids. The catalase
treatment had virtually no effect on the other kinetic compo-
nents (data not shown). Due to the low amplitude of the
reaction S>0g — So0Ogp (12%), the changes observed in the
presence of catalase are not statistically significant. External
H,0, added in concentration of 100 uM into thylakoids did
not affect the decay kinetics of the S states and 500 uM
H,0, caused noticeable changes in the shape of the O, evolu-
tion pattern accompanied by decrease in O, evolution, suggest-
ing damage to OEC (data not shown). These data may indicate
that H>O, is not an efficient electron donor to the reaction S,Qg
— SoQsg or that external H,O, cannot reach the manganese
cluster. The catalase effect may suggest that small amount of
hydrogen peroxide produced in thylakoids acts as an electron
source for the reaction S0y — SoQg. However, more exper-
iments are needed to elucidate the possible role of internally
produced H,0, in deactivation of OEC.

CONCLUSION

The deactivation of the higher S states of the OEC, particu-
larly of the S35 state, cannot be entirely explained by the
recombination between the donor side of PS II and Qg .
The deactivation process has been studied in a number of
publications (11,12,13,15), but the slow decay of the S3
and S, states observed in PS II centers with oxidized Qg is
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poorly understood. To elucidate the mechanism of the slow
deactivation, we measured and analyzed the kinetics of the
redistribution of S states after illumination of S;Yp°* thyla-
koids by one or two laser flashes. The fast components of
the decay of the higher S states (71, ~ 50 s) were attributed
to recombination between S, and S; and Qg ™, whereas the
slow components (71, > 4 min) were assigned to the deac-
tivation of S, and S5 in PS II centers containing an oxidized
QOgp. The slow components were represented by the one-
electron reaction S,0g — S0 (71, = 14 min) and by
the two-electron reactions S3;0p — S10p (712 = 4 min)
and S0 — So0Op (712 = 23 min), reported for the first
time in this study. In the presence of artificial electron accep-
tors, particularly the lipophilic DCBQ), the two-electron reac-
tions were substituted by a more rapid one-electron-per-step
sequence, S30g — S,0p — S10s — SoQOs. The deactiva-
tion of higher S states proceeded predominately via a one-
electron mechanism also in BBY particles. Our data suggest
that the sensitivity of the deactivation mechanism to the arti-
ficial electron acceptors and to the detergents required for
extraction of BBY particles may explain why the two-
electron reactions were not seen in earlier studies. We
suggest that the mechanism of deactivation of the higher S
states observed in intact thylakoids in the absence of redox
reagents characterizes the behavior of OEC in vivo.

Hydrogen peroxide and water were tested as sources of
electrons for the two-electron reactions of deactivation.
The data suggest that H,O, produced by thylakoids in the
dark may to some extent act as a substrate for the slow
S$,0p — SoQp reaction. H,O, assays did not support the
hypothesis that water or hydrogen peroxide act as electron
donors for the reaction S30p — S10p.
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