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ABSTRACT: The stability of the S; and S, states of the oxygen
evolving complex in photosystem II (PSII) was directly probed by EPR
spectroscopy in PSII membrane preparations from spinach in the
presence of the exogenous electron acceptor PpBQ at 1, 10, and 20 °C.
The decay of the S; state was followed in samples exposed to two
flashes by measuring the split S; EPR signal induced by near-infrared
illumination at 5 K. The decay of the S, state was followed in samples
exposed to one flash by measuring the S, state multiline EPR signal.
During the decay of the S; state, the S, state multiline EPR signal first
increased and then decreased in amplitude. This shows that the decay
of the Sj state to the S, state occurs via the S, state. The decay of the S;
state was biexponential with a fast kinetic phase with a few seconds
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decay half-time. This occurred in 10—20% of the PSII centers. The slow kinetic phase ranged from a decay half-time of 700 s (at
1 °C) to ~100 s (at 20 °C) in the remaining 80—90% of the centers. The decay of the S, state was also biphasic and showed
quite similar kinetics to the decay of the S; state. Our experiments show that the auxiliary electron donor Yp, was oxidized during
the entire experiment. Thus, the reduced form of Yy, does not participate to the fast decay of the S, and S; states we describe
here. Instead, we suggest that the decay of the S; and S, states reflects electron transfer from the acceptor side of PSII to the
donor side of PSII starting in the corresponding S state. It is proposed that this exists in equilibrium with Y, according to S;Y, &
S,Y;* in the case of the S, state decay and S,Y; < S,Y,° in the case of the S, state decay. Two kinetic models are discussed, both
developed with the assumption that the slow decay of the S; and S, states occurs in PSII centers where Yy is also a fast donor to
Pggo" working in the nanosecond time regime and that the fast decay of the S; and S, states occurs in centers where Y, reduces
Pggo" with slower microsecond kinetics. Our measurements also demonstrate that the split S; EPR signal can be used as a direct
probe to the S; state and that it can provide important information about the redox properties of the S; state.

hotosystem II (PSII) in the thylakoid membrane of plants,
algae, and cyanobacteria is alone in nature to catalyze light-
driven oxidation of water to molecular oxygen."” Light-driven
water oxidation is an energetically demanding and chemically
complex reaction. It couples the absorption of single photons to
oxidation of two water molecules which is a reaction that
involves extraction of four electrons and expulsion of four
protons. To manage this, the oxidizing side of PSII (OEC,
consisting of redox active tyrosine residue, Y,, and Mn,CaOj
cluster) carries out unique cyclic redox chemistry, known as the
S-state cycle.>™®
During catalysis, the OEC cycles through S intermediates
denoted S, to S,. S, is the most reduced state while the S, state
dominates in the dark. The metastable S, and S; states both
reach oxidizing potentials around +900 mV.>®” S, is a transient
state formed during the final step where oxygen is released, and
the system returns to the most reduced state, S.°®

Y, and its hydrogen-bonding partners His, and water, clarifies
distances and angles between the Ca, Mn, oxygen atoms, and
other components, etc. However, the multistep function of the
OEC is not solved by structural information alone. Instead, the
most detailed experimental information comes from spectro-
scopic techniques like EPR, X-ray spectroscopy, FTIR, etc.'> !
However, the present knowledge is lowest for the two S states
directly involved in the formation of oxygen, S; and S,. For S,
there is hardly any clear-cut information at all, reflecting its
transient nature.

For the S; state the situation is different. This state can be
studied by a variety of spectroscopic techniques. However, the
data are not conclusive, and the X-ray spectroscopic
information is interpretable in two distinct ways, indicating
either Mn-centered oxidation'®'”** or ligand-centered oxida-
tion’>?*! in the S, to S transition. Solution of this difference is

X-ray crystallography has provided a series'®™'? of important to take further steps to understand this critical
sequentially better and better resolved models of PSII, and
recently the structure of PSII to 1.9 A resolution was Received: April 24, 2011
presented.'” The structure shows how the many components Revised:  November 23, 2011
in the OEC are held together, determines the distance between Published: November 23, 2011
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Figure 1. Spectra showing the split S; signals (A) and S, multiline signals (B, C) recorded in a series of samples during the decay of the Sy and S,
state at 20 °C. Synchronized PSII samples were given two flashes (A and B) or one flash (C) and were then incubated in the dark at 20 °C for 0 min
(no decay, spectra a), 1 min (spectra b), S min (spectra c), and 15 min (spectra d) before freezing (see Materials and Methods for details of this
experiment). (A) Split S; EPR signals induced by illumination by NIR light for 10 min at S K in the presence of 0.5 mM PpBQ. The spectra
presented are light minus dark difference EPR spectra. The inset under spectrum c shows the high field region of the split S; signal amplified 4 times.
EPR conditions: microwave power 25 mW, microwave frequency 9.27 GHz, modulation amplitude 10 G, T S K. (B) S, state multiline EPR signals
recorded in the same samples as in (A) before the NIR illumination was applied. The large intensity from Y,,* in the center has been removed for
clarity (dashed line). EPR conditions: microwave power 10 mW, microwave frequency 9.27 GHz, modulation amplitude 20 G, T 10 K. (C) S, state
multiline EPR signals recorded in the sample exposed to one flash. EPR conditions are the same as in (B). The vertical bars indicate the field position

for the amplitude measurements used in the decay experiments.

intermediate. Direct EPR studies of the S; state are very
difficult, since the described EPR signals are small, difficult to
investigate, and not well understood.'*#'%*372%  Therefore,
application of strong spectroscopy to functional investigations
of important factors like stability, decay pathways, formation
kinetics, pH dependence, etc., has been held back. Instead,
much current knowledge is derived from indirect, but
ingenious, measurements of flash-induced oxygen evolution
yield after application of double-flash techniques or well-
designed delay times.%*”*

However, at certain conditions it is possible to detect an EPR
signal from the S; state. This so-called split S; signal (Figure
1A, spectrum a) arises from the magnetic interaction between
the Y,* radical and Mn,CaOj cluster.”>** It is formed in PSII
poised in the S; state (after two flashes, for example) after
illumination at ultralow temperatures (5 K) which prevents
many electron and proton transfer reactions. Illumination at
this very low temperature results in the formation of the split S;
EPR signal which has been assigned to a redox state called
S,’Y,* 116232526 The formation of this state does not alter the
original distribution of the S states in the sample obtained for
example after two flashes and/or after their decay in the dark at
room temperature. Simply rising the temperature from $ to 100
K results in the return of the S,’Y," state (and consequently the
split S signal) to the original S; state. Illumination can be made
by either visible light or light in the near-infrared region, both
creating the same state.”® When illumination is made by NIR
light, the split S; signal is very stable, facilitating studies of the
signal. We have shown that it can be used in a quantitative
manner”” and have used this property to quantify the miss
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parameter in the S, to S; and S, to S, transitions.>® The pH
dependence of the signal was also recently described and found
to be very informative on the situation around Y, in the S;
state.”!

Thus, the split S; signal provides an ideal, but not much used,
direct spectroscopic way to study catalytic properties of the S,
state. In this publication, this EPR signal is applied to analyze
the stability of the S; state at different temperatures by a direct
EPR measurement. This provides a new probe to S; which
offers the possibility to follow the fate of this critical redox
intermediate during various treatments. In addition, the well-
known S, state multiline signal (Figure 1C, spectrum a) was
used to quantify the S, state in our samples.

B MATERIALS AND METHODS

Preparation of PSIl Membranes. PSII membranes (BBY
particles) were prepared from green house grown spinach
according to refs 33 and 34. Our preparation protocol has been
optimized to give a PSII membrane preparation with optimal
oscillation characteristics in the EPR measurements. The Chl
a/b ratio was 2.1-2.2, and the activity was 430 + 10 umol of
oxygen evolution/(mg of Chl h) in a buffer with 25 mM Mes-
NaOH (pH 6.3), 400 mM sucrose, S mM MgCl,, and 10 mM
NaCl at 20 °C under saturating light and in the presence of 0.5
mM PpBQ as electron acceptor. This activity was independent
of the presence of 5 mM CaCl,.

EPR Sample Preparation and Synchronization of PSII
to the S, State. PSll-enriched membranes were diluted to ca.
2 mg Chl/mL and filled into calibrated EPR tubes. Before the
flash treatment, full oxidation of Y, was achieved by exposing
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the sample to room light for 5 min. The samples were
thereafter dark incubated for 15 min at room temperature
before application of a preflash protocol.

The OEC in the samples with fully oxidized Y was
synchronized to contain an absolute majority of the OEC in the
S, state by the application of a preflash protocol described in
refs 29, 35, and 36 followed by a subsequent dark incubation
for 30 min. PpBQ to a final concentration of 0.5 mM (from a
stock solution in DMSO, final solvent concentration 3% v/v)
was added in darkness at room temperature. Single turnover
laser flashes were provided from a Nd:YAG laser from Spectra-
Physics, Newport, USA (532 nm, 850 mJ, 6 ns, 1.25 Hz).

Induction of the S; and S, State and Subsequent
Incubation of the EPR Samples. Thirty seconds after the
addition of PpBQ, the synchronized PSII samples were
transferred to an ethanol bath at a series of temperatures (1,
10, and 20 °C) for 3 min to equilibrate. After temperature
equilibration, the samples were immediately exposed to the two
saturating single turnover flashes, resulting in samples enriched
to ca. 77%, 79%, and 76% in the S; state at respective
temperatures. The fraction of S; centers was determined as in
ref 29. The flashed samples were then incubated in the dark at
the defined temperature for various periods of time before
freezing within 1—2 s in an ethanol—dry ice bath at 200 K. The
samples were flushed with argon gas and then transferred to
liquid nitrogen. The split S; signal was induced in each sample
by illumination, directly in the EPR cavity, by NIR light (see
below). From the amplitude of the split S; signal the decay
curve of the S; state could be obtained, each sample providing
one single time point. Prior to induction of the split S; EPR
signal, the S, state multiline signal was recorded to gain control
of the concentration of the S, state in each sample. In a parallel
set of samples, the decay of the S, multiline signal was followed
in samples given one flash only (100%, 97%, and 90% of the S,
state at 1, 10, and 20 °C, respectively>°).

EPR Spectroscopy and Low-Temperature lllumination
Protocol. EPR measurements were performed with a Bruker
ELEXYS ES00 spectrometer with a SuperX EPR049 microwave
bridge and a Bruker SHQ4122 cavity. The spectrometer was
equipped with a liquid helium cryostat and temperature
controller (ITC502) from Oxford Instruments Ltd. Illumina-
tion at 5 K during the EPR measurement was carried out
directly into the EPR cavity as in refs 26, 29, and 37. The split
S; EPR signal was induced by NIR illumination at 830 nm for
10 min at 5 K using a LQC830-135E laser diode, Newport,
USA, with a beam-spreader lens placed in front of the EPR
cavity window. The NIR light intensity at the cavity window
was 67 W/m?. The light-induced split signals were recorded in
darkness immediately after the illumination was terminated to
avoid any light-induced heating of the sample. It is important to
point out that the split S; EPR signal, when induced with NIR
light, does not decay at all during the time of the EPR
measurement at 5 K>’

EPR settings are given in the corresponding figure legends.
Signal processing and analysis were carried out with the Bruker
Xepr 2.4 software. EPR signals were corrected for variations in
the sample volume and Chl concentration using the amplitude
of the nonsaturated EPR signal from Y,* as described in refs 35
and 38. The S, state multiline signal and the split S; EPR signal
induced by NIR light were used to quantify the fraction of PSII
in the S, and S; states, respectively. This was done from the
amplitude of respective EPR signal using methods described in
ref 29.
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It is important for our analysis that the preflash protocol
enables us to exclude the S, state from all samples in this study.
Therefore, the S, state alone will make up the remaining
centers after the fractions of centers in the S, and S; states have
been determined by the EPR measurements.

B RESULTS AND DISCUSSION

Decay of the S; and S, States. We followed the decay of
the S; state obtained by providing two flashes to PSII samples
synchronized in the S, state, at three different temperatures.
Figure 1A shows the split S; signals recorded in a series of
samples taken during the decay of the S; state at 20 °C.
Immediately after freezing the sample, 76% of PSII was in the
S, state, resulting in a large split S; EPR signal (Figure 14,
spectrum a). The signal decreased in size during incubation of
the two flash samples for various times (Figure 1A, spectra b—
d).

We also measured the S, state multiline signal in the same
samples (Figure 1B). This was done prior to the illumination
with NIR light. In the sample frozen immediately after the
flashes the S, state involved 23% of PSII as judged from
comparison with the amplitude of the S, multiline signal in a
sample given one flash at 1 °C where the S, state comprises
100% of PSIL* The time dependence of the S, state multiline
signal varied strongly with the temperature for the decay study.
During decay of the S, state at 20 °C (Figure 1A) the S,
multiline signal first increased in size and thereafter decreased.
This behavior has been observed before®”*® and reflects a series
of reactions. At all times the S; state decays back to the S, state.
This results in decrease of the split S; signal and simultaneous
formation of the S, multiline signal. However, at the same time,
PSII centers which were already in the S, state decay back to
the S, state. This results in loss of the S, multiline signal. The
overall effect can however be that the S, multiline signal first
increases and thereafter decreases, reflecting both the large
fraction of PSII in the S; state from the beginning of the
experiment and the relative decay time constants of the two S
states at the temperature studied (see below).

In the early experiments it was only possible to follow the
sequential decay of the S; state to the S, state and then to the
S, state by following the S, multiline signal (as probe to the S,
state) and extra inducible S, multiline signal (as probe to the S,
state).”” The S; state was never directly detected but was
instead assumed to represent the “rest” of PSII, ie., those
centers that were not detectable in any way by measurement of
the S, multiline signal.>**® Our present approach of using the
split S; signal as a direct probe to the decay of the S; state is a
clear advantage and improvement of the spectroscopic methods
used to date.

Figure 2A shows the decay data for the S; state at three
different temperatures (it is important to point out that the data
are obtained in the presence of the electron acceptor PpBQ).
The S; state is stable for a long time at all temperatures, and the
decay is faster at higher temperature. The decay parameters for
the S; state obtained from a two-exponential fit are listed in
Table 1. The S; state decay was found to be biphasic at the
temperatures studied (1, 10, and 20 °C). The smaller fast phase
involved 10—20% of the centers that were present in the S;
state from the start, and the decay half-times were almost
similar (10—18 s) at all three temperatures. The dominating
slow decay phase involved the remaining PSII centers (80—90%
of the centers in the S, state) and was dependent on
temperature. The decay half-times of the slow phase ranged
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Figure 2. Time course of the decay of the S; state (A) and S, state (B)
in the presence of 0.5 mM PpBQ measured by the intensity of the split
S; EPR signal (induced by NIR illumination at § K) or the S, state
multiline EPR signal, respectively. The amplitudes of the split S; signal
and the S, state multiline EPR signal measured in a sample frozen
immediately after the flashes are set to 100%. The fraction of PSII that
actually was in the S5 (or S,) state is given in the text. Synchronized
PSII samples were given one (S, state dominated) or two (S; state
dominated) flashes and were then incubated in the dark at 1 (@), 10
(O), and 20 (VW) °C for the indicated periods of time before freezing.
The inset shows the first 60 s of the decay. The lines represent two
exponential fits with parameters shown in Table 1.

from 705 s at 1 °C to 424 s at 10 °C and 124 s at 20 °C. This is
quite similar to the slow decay half-time of 210—240 s for the S;
state found by monitoring only the S, state multiline signal in
PSII membrane fragments in the presence of PpBQ at room
temperature.’”* In this early experiment the fast phase was not
reported, but it could easily have escaped detection since there
are hardly any time points presented from the early part of the
decay (compare Figure 2 in ref 39).The data in Figures 1B and
3 (open circles) also show the formation and decay of the S,
multiline in the same samples that had been given the two
flashes. At 1 °C, the concentration of the S, state increased
during the entire time interval (up to 1200 s), clearly indicating
that the formation of the S, state was faster than its decay. At
10 °C the S, state increased up to 800 s. After this, a small
decrease in the amplitude was observed. At 20 °C the situation
was different. At early times (to ca. 200 s) the S, multiline
signal increased rapidly in amplitude. At longer times, however,
when the S; state was depleted, the decay of the S, state was
clearly observable during the time course of the measurement
(Figure 3C).

The time-dependent decay processes in samples exposed to
two flashes (Figure 3) were analyzed assuming that the S; state
first decayed to the S, state, which in its turn decayed to the S,
state:

kg3 ksy
[S3] = [Sy] = [S] (1)

In this equation, both kg; and kg, involve two decay time
constants: one for the fast decay and the other for the slow
decay of respectively the S; and S, states. The decay time
constants for the S; state could be determined directly from the
disappearance of the split Sy signal (Figure 2A, Table 1). The
situation is much more complex for the S, state. It is evident
that the concentration of the S, state, [S,], at any given time
reflects the combined result of two separate processes: the
formation of the S, state as a result of the S; state decay and the
subsequent decay of the S, state itself. Moreover, the
intermediate concentration of the S, state in the samples
exposed to two flashes involves two S, state populations: (i)
centers in the S, state which never advanced to the S; state due
to misses after the second flash (ca. 20% in our samples) and
(i) centers in the S, state which originate from the decaying S,
state centers. It is not clear if the stability of these two
populations of S, state centers is similar or different, and this is
a complication in the detailed analysis of these data.

Thus, the intermediate concentration of the S, state ([S,] as
measured by the S, multiline signal) is determined by the
competition between the formation of the S, state centers from
the decayed S; state centers (kg;) and the decay of the S, state
centers themselves (kg,) irrespective of their origin in (i) or (ii)
as discussed above. Taking into account that kg, in each
situation can also represent more than single exponential
kinetics, analysis of the intermediate state in the sequential
reaction is not straightforward. Determination of kg3 is clear
from direct inspection of the S; state decay (Table 1).
However, determination of the decay kinetics (kg,) for the S,
state after two flashes involves too many variables.

Instead of determination of kg, from the S, state data alone, it
is possible to obtain accurate, apparent S, state decay
parameters from the S; state formation kinetics. The total
concentration of the S, and S; states directly after two flashes
represents 100% of the PSII centers in our samples, i.e., [S;]o +
[S,]o = 100% in eq 2. (It is important to note that there were
no centers in the S, state due to so-called double hits since
these are completely abolished in our experiments using
nanosecond single turnover laser flashes.) The S, state directl
after the flashes is negligible within the range of +3%.
However, similar to the decay of the S; state, the formation of
the S state is a simple process only reflecting the decay of the
S, state irrespective of the origin for the S, state in (i) or (ii).
The decay of the S, state can thus be determined from the
kinetics of the S, state formation.

The experimental S; and S, data in Figure 3 allow us to
determine the concentration of the S; state at any time [S,],

Table 1. Normalized Amplitudes (a5 a,) and Half-Times (t'/,, £';/,) of the Fast (f) and Slow (s) Decay Phases of the S; (in
Samples Given Two Flashes) and S, (in Samples Given One Flash) States at Different Temperatures, Measured as the Split S,

EPR Signal and S, Multiline Signal (Figure 2)“

S; state decay

S, state decay

temp (OC) ag (%) tfl/z (s) a (%) tsl/?. (s)
1 14 18 + 4 86 705 £+ 19
10 19 12 + 4 81 424 + 19
20 11 10+ 6 89 124 + 6

ag (%) ffl/z (S) ag (%) 91/2 (S)

10/11 31 +12/29 + 7 90/89 1438 + 59/>1500
15/9 25 +8/13+6 85/91 968 + 46/1247 + 73
18/10 16 + 8/10 + 9 82/90 525 +36/543 + 33

“100% of the PSII centers were found in the S, state after application of one flash, and ca. 76—79% of the PSII centers were found in the S state
after two flashes. The data in bold text represent the decay half-times of the S, state in the samples exposed to two flashes obtained from exponential
fitting of the data in Figure 3 (black squares) as described in the text. In this case the overall amplitude of this decay was set as 100%.
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Figure 3. Changes in the amplitudes of the split S; (@) and the S, state multiline (O) EPR signals during the incubation in the dark of the samples
that were exposed to two flashes at 1 (A), 10 (B), and 20 °C (C). The signals were induced and analyzed as described in the Materials and Methods
section and in ref 29. The fraction of centers in the S, state (Jl]) was estimated with the assumption that they represented the remaining PSII centers
after PSII centers being in the S, and S; states had been accounted for by the EPR measurements according to [S;] = 100% — ([S;] + [S,]). The
lines represent two exponential fits of the S, state decay (solid line) and the S, state rise (dashed line).

and the concentration of the S, state (in % of total PSII) can be
calculated according to

[S1)s = ([S3)o + [S2)0) — ([S3]s + [S2)0) (2)

The rise of the S, state (according to eq 2) is shown in Figure
3. The formation of the S; state varied with the temperature: at
1 °C only about 25% of PSII centers decayed to the S; state
during the entire time course of the experiment (1200 s). At 10
and 20 °C this number was ca. 50% and 80%, respectively
(Figure 3). In addition, from eq 1 it is clear that the formation
rate of the S, state is equal to the overall decay rate of the S,
state. Thus, combining eqs 1 and 2, the overall decay rate
constants of the S, state can be determined from the formation
rate constants of the S, state:

d[s,] _ d[s,]
dt dt (3)

The results of this analysis are shown in Figure 3 and Table
1. Similarly to the S; state decay, two decay phases for the S,
state in samples exposed to two flashes were observed. At 1 °C,
the fast decay phase (half-time about 29 s) involved ~10% of
the S, centers. At 10 and 20 °C, the fast decay involved similar
amounts of the PSII centers with decay half-times of 13 and 10
s, respectively (Table 1). During our 1200 s time window only
a small fraction of the slow decaying centers could decay at 1
and 10 °C while the decay was almost complete at 20 °C. The
slow phase was evidently temperature dependent, and the half-
time was found to range from >1500 s at 1 °C to 1247 s at 10
°C and 543 s at 20 °C (Table 1).

Our data in the samples exposed to two flashes indicate that
the S; state decays faster than the S, state at all three
temperatures in samples exposed to two flashes. This can be an
inherent property of respective S state, being valid after any
number of flashes given to the sample. However, it could also
be a flash number dependent effect and for example reflect a
different availability for back-reacting electrons from the
acceptor side in case of the center being in the S; state or
the S, state. In this case, the first electron would reduce the S5
state while a second electron is needed to reduce the S, state in
the same center. One possibility is our use of the electron
acceptor PpBQ. This is known to induce a different situation

= kg[S,
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on the acceptor side of PSII after one or two flashes. After one
flash, a phenomenon involving the PpBQ_semiquinone radical
results in oxidation of the nonheme Fe on the acceptor side in a
large fraction of PSIL*' In the subsequent flash, this Fe* ion
actually functions as a very efficient electron acceptor of the
electron which is quickly transferred from Q,~. Thus, it seems
that the acceptor side in PSII should have different reducing
abilities after one or two flashes in the presence of PpBQ. This
could be reflected in different stability of the S, state (while this
can hardly be tested for the S; state).

We therefore tested whether the decay of the S, state was the
same in samples given only one flash. In this case only the S,
state is formed and the decay never involved centers that had
been in the S; state. The results are shown in Figure 1C, Figure
2B, and Table 1. During the dark incubation the S, state decays
to the S, state, which is reflected by the disappearance of the S,
multiline signal (Figure 1C). In this experiment the analysis is
straightforward. The decay of the S, state could also in this
situation be fitted by two decay phases: one minor fast phase
occurring in tens of seconds and one dominating slow phase
(Table 1). The fast phase encompassed 10—18% of the PSII
centers that were in the S, state from the beginning, and the
decay half-times vary from 31 s (1 °C) to 16 s (20 °C) and
were thus slightly dependent on temperature. The slow phase
involved the remaining 80—90% of PSII centers. This phase
was temperature dependent and extremely slow at 1 °C (half-
time of 1438 s). At 10 and 20 °C the decay was faster and
followed decay half-times of 968 and 525 s, respectively (Table
1).

Thus, we can conclude that the kinetic behavior of the S,
state formed in PSII sample after one or two flashes is strikingly
similar. The S, state decays in both cases with two phases.
Approximately 10% of the PSII centers decay in a fast process.
The rest of the S, centers decays in the many minutes time
scale. There seems to be little, if any, effect on the S, state
decay from differences induced by the use of the PpBQ
electron acceptor in combination with one or two flashes. In
addition, the S, state decays slower than the S; state,
irrespective of temperature or the number of flashes given to
the sample.

Analysis of the Biphasic Decay Behavior of the S; and
S, States. Literature data on the stability of the S, and S;

dx.doi.org/10.1021/bi200627j | Biochemistry 2012, 51, 138—148
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Scheme 1. Two Models That Show Formation and Recombination Pathways for the S; State (Similar Models Can Be Employed
for the S, State) Involving Equilibrium Reactions with Y; and Pgg,*

Model 1
II
Kan
Acc-PggyYz-S; G (;’ ) H
K

o

AcCc-Pggp™-Y-S, A

kAcU kea

Acc-Pgg-Y;-S, C

kCE” kec

AcC-Pgg-Y-S; E ('—> ) F

Model 2

Acc-Pggg-Y7-S, G H

Acc-Pggy-Y-S, C D
kcsH kec
Ker
AcC-PggY-S; E <k:’ F
FE

“In model 1, the biexponential behavior in the S, and S; state decays is explained by the existence of two fractions of PS II that do not interchange
over the time scale of the experiment. Populations I and II could be in equilibrium on longer time scales (i.e., several minutes). If existing, this
equilibrium should exist both between intermediates G and H (top reaction, before the flash) or intermediates E and F (bottom reaction, before the
subsequent flash). In model 2, the biexponential behavior in reduction of Pggy" (Pggo"—Y;, — Pggo—Y7") comes from that there is two populations (I
and II) of Pgg,'—Y; that interchange. Population I reacts fast in intermediate A (t,,, = 200 ns), while population II has to go via intermediate A to
form Pgg—Y;°. The difference between the intermediates A and B could be the H-bonding pattern around Y, as indicated in Scheme 2. The
biexponential behavior for the decay of S; back to S, is explained by a slow equilibrium between two different states that both show the split S; EPR
signal (E and F). Numerical solutions to both models are presented in the Supporting Information. However, there are many unknown parameters in
both kinetic schemes, indicating that there might exist several different numerical solutions in the kinetic modeling.

states go back to the original experiments which established the
concept of the S cycle in water oxidation.® These measurements
of the flash-induced oxygen yield were performed in intact
alga®* or chloroplast/thylakoid membrane preparations***
and reported decay times in the few minutes time scale. Later,
the multiline EPR signal from the S, state as a direct
spectroscopic probe to the S, state (and an indirect probe to
both the S, and S; states) was shown to be useful in
determination of the decay kinetics of the S, and S, states.*
These earlier measurements did not allow full kinetic
resolution of the decay kinetics in either S state. Messinger et
al.*® reported two decay phases in isolated thylakoid
membranes from spinach. In this type of preparation no
detergent treatment is required, and the acceptor side of PSII
(specifically the Qj site) is usually considered to be more intact
if compared to the PSII membrane preparations.*® In this
experiment, which was performed at pH 7.0, the S; state was
measured indirectly by measuring the oxygen yield induced by a
flash train while delaying the time between the first two and
consecutive flashes. At 20 °C the S; state decayed with two
phases, with half-times of 7 s (28%) and 94 s (72%). It was also
reported that the S, state decayed with half-times of 11 s (35%)
and 75 s (65%), and it was shown that both the S; and S, states
were more stable at lower temperatures.*® These results are
similar to our results with respect to the resolution of two decay
phases. However, the experiments are not entirely comparable.
Our experiments were performed in PSII membrane
preparations which were obtained after the mild treatment
with Triton X100.>* Such treatment together with use of
sufficient amount of electron acceptor (0.5 mM PpBQ) should
minimize any impairment (if at all present) of the Qj site in our
preparation. The different pH’s used (pH 6.3 here and pH 7.0
in ref 46) and our introduction of PpBQ _as external acceptor
are critical differences since the decay of the S; and S, states is
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likely to involve pH-dependent components originating from
the OEC and Yy, in addition to the involvement of electrons
from the acceptor side of PSIL. Moreover, in ref 46 it was not
possible to distinguish between the fast decay kinetics and the
reaction where reduced Y, was involved.

The origin of the two decay phases is not completely
understood. They can have different origin dependent on S
state and the redox status of the sample. It is normally assumed
that the slow phase represents the kinetics of the Sy state (or
the S, state) decay by recombination with the acceptor side via
redox equilibriums involving Pego’s "
discussion. Also, reduction of the higher S states by other PSII
components or exogenous reductants has been discussed.*¥**

The fast phase has been proposed to reflect the reduction of
the S, state (or the S, state) by Y 2%% This idea originates
from investigations of the interesting situation when Yy, is
present in its reduced form. In this case, both the S, and S;
state are reduced from Yy, in biphasic, pH, and temperature
dependent reactions that occur in the few seconds time
rzinge,9’28'40’45’50 i.e., much faster than the fast phase we have
described here. These reactions have been observed in
thylakoids for example after very long dark incubation”**”!
but have been best studied in PSII membranes by EPR where
the oxidation of Yp can readily be followed by kinetic EPR
spectroscopy.g"w’50

However, we can exclude involvement of reduced Yy, in our
study. The reason is that full oxidation of Yy, is ensured by our
preflash protocol. The amplitude of Y,* was controlled by EPR
in all samples, at all stages in every single experiment. We have
no indications that any reduced Y, was ever present during the
decay experiments we describe here. Thus, Y, was fully
oxidized from the start of the experiment. Reduced Yj can
therefore be excluded as decay partner for any of S, or S5, also

see below for a detailed
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Scheme 2. Proposed Hydrogen Bond Pattern for Y,*

Population | Population I
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“In population I in Scheme 1 electron transfer from Y, to Pgg," occurs in the nanosecond time regime. This is thought to reflect that the phenolic
proton exists in a well-tuned hydrogen bond to His, which allows proton displacement and Y;, oxidation even at S K. In our models 1 and 2 (Scheme
1) we propose that decay of the S; state is slow (t,,, & 120 s at 20 °C) in PSII centers with this mode of hydrogen bond around Y. In population II
in Scheme 1, electron transfer from Yy to Py occurs in the microsecond time regime. This is thought to reflect that the phenolic proton is less well
connected to a neighboring base®” that is not His,. This situation prevents proton displacement and Y, oxidation at 5 K. In our models 1 and 2
(Scheme 1) we propose that decay of the S; state is fast (f,,, & 10 s at 20 °C) in PSII centers with this mode of hydrogen bond around Y.

for the fast decay phase with t;,, & 10—1S s that involved 10—
20% of PSII (Table 1).

In our experiments with two flashes, we were also able to
observe not only decay of the S; state (observed as the split S,
signal, Figure 1A) but also the appearance and sequential decay
of the S, state (observed as the S, multiline signal, Figure 1B).
Both occurred with biphasic kinetics which would have been
impossible if Y, had been the sole reductant in the fast phase.
(Any reduced Y, present after the flashes would have been
consumed already by the S; state, and there would have been
no reduced Yy, left to react with the S, state.) In addition, our
experiments on the samples provided one flash clearly show
that the “pure” S, state decays with two kinetics also in the
absence of any reduced Y, (Table 1). We conclude that the fast
decay we describe here must have another origin than electron
transfer from Yp. The most straightforward explanation is that
also the fast decay represents recombination with the acceptor
side since electron transfer from known components on the
donor side of PSII (Yp and cytochrome bsg,) can be discarded.

It is also interesting to compare the decay data for the S,
state in samples given 1 or 2 flashes. In one case, the decay
involves the S, state only while in the other case (after two
flashes) the main part of S, is first formed via S; state decay.
The kinetic behavior in both cases is strikingly similar (Table
1). The fast phase was found to be less temperature dependent
while the slow phase was found to be dominating (about 90%
in most cases) and temperature dependent. This is also holds
for the S; state decay.What are then the processes behind these
two decay phases which determine the stability of the S; and S,
states? There are many possible reactions that in principle can
participate in decay of these oxidized states in the Mn,CaOj
cluster. As analyzed in ref 51, the decay of the S states is likely
to involve recombination between Q,~ and Pgg,*, both formed
in redox equilibria on respectively the acceptor and donor side
of PSIL The active recombination partner on the acceptor side
is, most probably, Q,~. In our experiments, which are carried
out in presence of an exogenous electron acceptor, Q" is
formed in equilibrium with reduced PpBQ. The similarities
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between the decay of the S, state and the decay of the S, state
formed after one (directly) or two flashes (indirectly via S; state
decay) indicate that this recombination partner (Q,—PpBQ)
behaves similarly in the recombination process in all S states
and after different number of flashes (Scheme 1). On the donor
side of PSII we can rule out involvement of reduced Y, (see
discussion above). Moreover, we have no indication of changes
in the redox state of cytochrome b, which in principle could
have acted as a slow donor to the higher S states (not shown).
This leads to the hypothesis that reduction of respectively the
S;/Y, and S,/Y, redox couples occurs via Pyg," that is present
in equilibrium with Y,* as has been suggested in refs 47 and 48.

Scheme 1 shows two different models (1 and 2) that account
for the biphasic decays of the S; and S, states (numerical fitting
parameters are provided in the Supporting Information). To
better discuss the models, it is necessary to first describe the
forward electron transfer reactions involved on the donor side
of PSII in some detail’ Following the primary charge
separation, Y, reduces Pgg,* with S-state dependent kinetics.
In the major fraction of centers (80—90% of PSII) the
reduction occurs in the nanosecond time regime (Scheme 1,
t,,AC). The nanosecond kinetics is essentially pH independent
between pH 5.5 and 8.5, shows very small if any deuterium
isotope effect, and is considered to be limited by electron
transfer. This fast oxidation of Y, depends on a well-set
hydrogen bond to His, which is shown in Scheme 2°* and does
not involve a large free energy drop.' In the remaining 10—20%
of PSII oxidation of Y, occurs with 30—3$ us kinetics (t,,,BD
in model 1; t,,,BA in model 2) that is pH dependent and shows
a significant deuterium isotope effect indicating that the
oxidation of Y, is limited by extensive movement of one or
more protons. Both phases are considered to originate from
functional PSII centers, and the very different kinetic behavior
is considered to reflect the hydrogen bond system around Y,
including the hydrogen bond partner His; (Scheme 2, refs 2
and 52).

After formation, Y;,* is reduced from the Mn,CaOy cluster
leading to one-step advancement in the S cycle (Scheme 1,
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t,,CE). The kinetics are S-state dependent and slow down in
the higher S states.”® The reaction is driven far toward the
formation of respective S state. Interestingly, there is
experimental support for an equilibrium between the
Mn,CaOy cluster and Y, (eq 4). Here K,, is the equilibrium
constant between Y, and respective S state and varies with S
state and many experimental conditions. In most cases, the
equilibrium is driven far toward reduction of Y,°. With
electroluminescence measurements in thylakoid membranes,
the presence of what seemed to be Y,* was demonstrated in a
small fraction of PSII centers when the S; and S, states had
been already formed after the flash.>* To explain this, it was
suggested that Y, exists in equilibrium with the S state (or in
the some cases with the S, state) in this fraction of PSII (eq 4).
After 1 or 2 flashes this results in the formation of a fraction of
either S;Y,* or S,Y;* together with the dominating S, and S;
states, respectively. Interestingly, this equilibrium shift exists
independently on the situation on the acceptor side.”* These
measurements were carried out in osmotically swollen
thylakoid membranes, at pH 7.8 and in the absence of an
external electron acceptor. Although these conditions are very
different from ours, this indicates that in the higher S-states
(although the equilibrium is strongly displaced toward forward
electron transfer) exist possibility for backward electron transfer
between Y, and the Mn,CaOjs cluster allowing setup of the
respective equilibrium:
Sz, = i1z

4)

Similar reactions, reflecting redox equilibria between Y, and
the higher S states, have also been demonstrated by EPR
spectroscopy. One interesting case is the observation that the
S;Y; state, by increasing the pH in the dark, is converted to a
S,’Y," state.>* The pK, for the conversion was reported to be
about 8.5, and the reaction was shown to be reversible. It is
clear that the pH used by de Wijn et al.>* (pH 7.8) is in the pH
range where this type of conversion should be observed.
Reversible, backward electron transfer from Y, to the Mn,CaOj4
cluster occurring via a redox equilibrium, again for both of the
S; and S, states, has also been demonstrated at cryogenic
temperatures.”®>® This is the effect used in the present study
where the split S, signal (presumably originating from S,’Y,") is
induced by excitation of the Mn,CaOjs cluster with the NIR
light.*® Thus, it is clear that Y,* exists with the S; state (or the
S, state) in all, or at least a fraction, of the PSII centers. It is not
clear what steers how large the concentration of Y,* can be (K,
in eq 4), but from the data in ref SS it is reasonable to suggest
that the equilibrium is shifted toward Y, oxidation in a very
large fraction of PSII at more elevated pH.

We suggest that factors which steer the equilibrium between
Y, and the corresponding S state®” determine the decay kinetics
of the S, and S; states observed here. We assume that all decay
reactions of the S, and S; states studied here reflect
recombination between the acceptor side and Pgg,*, which is
present to some extent through equilibrium with Y,***®
Formation of Y,® is determined by the equilibrium with the
corresponding S state (eq 4, Scheme 1). The fast decay of the
S, (and S,) state occurs in 10—20% of the PSII centers while
the remaining 80—90% decays in the slow reaction (Table 1).
Thus, the fast decay of respective S state occurs in a similar
fraction of centers as where electron transfer from Y, to Pgg,*
occurs in the microsecond time domain while the slow decay
occurs in a similar fraction of centers as where Y, works in the
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nanosecond time regime. It is tempting to correlate the two
phenomena. In this case the difference between these two types
of PSII centers could originate in the hydrogen bond situation
around Y. Scheme 1 shows two models that can account for
this proposal while Scheme 2 shows how this could be
connected to the hydrogen bond situation around Y, and His;.

In model 1 (Scheme 1) there are two functionally different
populations of PSII (discussed in ref 58) present already before
the arrival of the photon (intermediates G and H). Both
populations are active in O, evolution. It is not impossible that
these populations can be converted into each other, but they do
not equilibrate with each other during the time scale of the
experiment (kg and kg represent a very slow equilibrium on
our experimental time scale, if at all existing). In 80—90% of
PSII (denoted population I) reduction of Peg,* by Y, occurs in
the nanosecond time regime (k,c) which is much faster than
the recombination with the acceptor side (here denoted k).
In the other 10—20% of the centers (denoted II) the reduction
of Pgg* occurs with a 35 us half-time (kgp) which is only
somewhat faster than the recombination reaction that probably
also occurs in the micro second time regime (kgy). The
stepwise electron transfer equilibrium reactions in both
branches are far displaced toward the S,y state (bottom
intermediates E and F). In pathway I, the recombination
substrate Pgg" (intermediate A) is depopulated very fast by
reaction with Y, under any circumstance this is formed.
Consequently, decay of the S, and S; states, which occurs via
Pggo", will be slow. The opposite holds for pathway II. Here,
recombination of any formed Pgg," will occur with a larger
probability since the reduction from Y, (kgp) is more
comparable in rate to the recombination reaction (kgy; note
that there is no reason to suggest different recombination rates
kac and kpy between the two paths since the participating
components are the same in pathways I and II). Consequently,
in 80—90% of PSII the decay of the S, or S; state will be much
slower than in the remaining 10—20% of PSIL This is what we
have observed. On the right side in Scheme 1, we show a
second model which can also account for the known
observables (model 2). Here we have adopted to the hypothesis
that the 35 ps kinetics in Pgg," reduction represents 10—20% of
PSII (population II) that is in equilibrium with the remaining
PSII (population I) in a reaction where one of the reactions has
a half-life of 35 us.” The reactions in this equilibrium occur
quite fast in presence of Pgg,". In model 2 we propose that a
similar equilibrium exists in the presence of the S, state
(intermediates E, F). However, to explain the very slow decay
of the S; state (fast phase ca. 10 s and slow phase ca. 120 s;
Table 1), this equilibrium must be very slow, occurring in the
minute time scale (see Supporting Information for one
numerical fit to the model). If this equilibrium is set in a
much faster time scale, this results in monexponential decay of
the S; state which would not be coherent with our data.

The fast and slow electron transfer from Yy, to Pgg,* has been
proposed to reflect the hydrogen bond situation around the
phenolic proton on Y, which has to leave the tyrosine when
this is oxidized.>*"* Tt is thought that the fast nanosecond
kinetics (Scheme 1, ky) and low-temperature oxidation of Y,
occur when the proton is set in a well-tuned hydrogen bond to
His, allowing very fast deprotonation while the slow micro-
second kinetics reflect that hydrogen bond situation is less
favorable. Scheme 2 shows these two situations and connects
them to the two populations I and II in Scheme 1. This would
suggest that the fast decay of the S; and S, states takes place in
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PSII centers where the hydrogen bond between Y,* and His; is
not perfectly set. It is noteworthy that, if the fraction of centers
participating in this equilibrium is pH dependent involving
more centers at higher pH, this could also explain that
Messinger et al. observed the fast decay phase of the S; and S,
states in 28% and 35%, respectively, since their measurements
were performed at pH 7.0.*° The slow decay of the S; (and S,)
state then occurs in the remaining 80—90% of the PSII centers
where the hydrogen bond between Y,* and His; is well tuned
to facilitate the forward electron transfer. Interestingly, the
result is that the reverse reaction is not favored and the S; state
decays by recombination that takes place in the several minutes
time scale in our conditions.

We show here two models that account for the observation
that the S; state decays with two kinetic components and
connect these reactions with the populations of PSII where Y,
oxidation occurs in nanoseconds or microseconds. One crucial
difference is that model 1 assumes two populations of PSII that
are not in equilibrium with each other in the time scale of the
decay of the Sy (and S,) state while model 2 involves a very
slow equilibrium between two populations of PSII when the
OEC is in the Sy (or S,) state while it is fast immediately after
the flash. We are presently designing experiments to test and
select between these clearly differentiating aspects of the two
models.

B ASSOCIATED CONTENT

© Supporting Information

Explanation and numerical simulations to the models described
in the text and Scheme 1. This material is available free of
charge via the Internet at http://pubs.acs.org.
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tyrosine 161 of the D1 protein and its radical.

B ADDITIONAL NOTES

“The “room temperature” for these experiments was probably
several de§rees lower than the 18 °C given in the original
reference® due to abnormally low room temperature during
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the time for the experiment (Styring, S., personal information).
This temperature artifact in the original experiment was first
noted in ref 9.

“We assume here that no PSII centers are in the S, state after
the two flashes. This is reasonable since the two short flashes
induced only S, and S; centers while any double hits leading to
S, state formation can be excluded.
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