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Abstract

The long-lived, light-induced radical YD
• of the Tyr161 residue in the D2 protein of Photosystem II (PSII) is known to magnetically interact

with the CaMn4 cluster, situated ∼30 Å away. In this study we report a transient step-change increase in YD
• EPR intensity upon the application of

a single laser flash to S1 state-synchronised PSII-enriched membranes from spinach. This transient effect was observed at room temperature and
high applied microwave power (100 mW) in samples containing PpBQ, as well as those containing DCMU. The subsequent decay lifetimes were
found to differ depending on the additive used. We propose that this flash-induced signal increase was caused by enhanced spin relaxation of YD

•

by the OEC in the S2 state, as a consequence of the single laser flash turnover. The post-flash decay reflected S2→S1 back-turnover, as confirmed
by their correlations with independent measurements of S2 multiline EPR signal and flash-induced variable fluorescence decay kinetics under
corresponding experimental conditions. This flash-induced effect opens up the possibility to study the kinetic behaviour of S-state transitions at
room temperature using YD

• as a probe.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Photosystem II (PSII) catalyses the oxidation of water into
molecular oxygen in photosynthetic plants, algae and cyano-
bacteria. At the heart of the process is the oxygen evolving
centre (OEC) which consists of a CaMn4 cluster and a nearby
Tyr 161 tyrosine residue on the D1 protein, known as YZ (see
[1,2] for specialised journal issues on the subject; [3–9]). Upon
illumination, the PSII reaction centre P680 is oxidised, and the
electron is passed to Photosystem I via pheophytin and quinone
Abbreviations: PSII, Photosystem II; OEC, oxygen evolving centre; P680,
the primary donor in PSII; QA and QB, primary and secondary quinone acceptors
in PSII; YZ and YZ

•

, tyrosine 161 of the PSII D1 polypeptide and its radical; YD

and YD
•

, tyrosine 161 of the PSII D2 polypeptide and its radical; EPR, electron
paramagnetic resonance; PpBQ, phenyl-p-benzoquinone; DCMU, 3-(3′,4′-
dichlorphenyl)-1,1-dimethylurea; DMSO, dimethylsulfoxide; t1/2, half-life of
decay
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co-factors. The oxidised P680 is re-reduced by YZ, and the
resulting radical is in turn reduced by the CaMn4 cluster. In this
manner, the CaMn4 cluster acts as a cyclic “charge accumu-
lator”, undergoing one-step oxidations at each photoreaction
[1–4,9]. The cluster cycles through five intermediate oxidation
states, collectively known as the S-states, and individually
named S0 to S4. S0 is the most reduced state, while S1 is the
most dark-stable state. The S2 and S3 states are metastable
states that decay back to S1 if they are not further oxidised to
higher S-states. S4 is a transient state, which has not yet been
directly observed, but it is during the spontaneous S4→S0
transition that molecular oxygen is released from the oxidation
of water. Although possible intermediates corresponding to the
S4 state have recently been observed [10,11], their identities,
and indeed the underlying conception of the S-cycle itself, are
currently under debate [12].

While YZ is directly involved in the electron transfer
reactions during water oxidation, YD, the symmetrically located
Tyr 161 on the D2 protein (Tyr 160 in cyanobacteria), is not.
However, YD forms a long-lived radical (YD

• ) upon exposure to
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light [13–15], and this radical can be readily detected using
EPR spectroscopy. The spin relaxation behaviour of YD

• has
been studied at low temperatures and shown to be affected by
the CaMn4 cluster in an S-state dependent manner [16–24].
However, these experiments involved S-state intermediates that
had been “frozen-in” ex situ prior to measurement. Therefore,
kinetic information of the S-state transition process itself could
not be gathered, and post-transition behaviours could not be
observed. In addition, since the YD

• spin-lattice relaxation rate is
temperature-dependent [17–19,21–23], the results at cryogenic
temperatures may also differ from those under physiological
conditions.

The question to be investigated in this study was therefore
whether or not it would be possible to exploit the differences in
YD

•

spin relaxation rates under the influence of different S-states
of the OEC to retrieve such information at room temperature. In
particular, EPR was chosen to monitor the changes in YD

• signal
under conditions of high, saturating applied microwave power.
Under non-saturating microwave power conditions, all radicals
exhibit the same (double-integrated) signal intensity, indepen-
dent of its spin relaxation rate. The number of radicals excited
by the microwave would not be sufficient for differences in
relaxation rates to influence the ground state population (and
therefore the transition moment) significantly. By contrast,
under saturating conditions, the populations of the upper and
lower spin levels induced by Zeeman splitting are equal, and
therefore no further absorption is possible even with increased
applied microwave power. Therefore, the rate of spin relaxation
from the upper spin level determines the maximum absorption
achievable. A faster relaxing radical will give a more intense
signal than a slower relaxing one. The S-state dependence of YD

•

spin relaxation rate thus presents the possibility of using YD
•

as a
passive spectroscopic probe for kinetic measurements of S-state
turnovers, thereby providing a new probe for the CaMn4 cluster
during the S-cycle. We present here the first of such
observations of YD

•

spin relaxation enhancement effects
involving the flash-induced advancement from the S1 to the
S2 state at room temperature.

2. Materials and methods

2.1. Sample preparation

PSII-enriched membranes were prepared under dim green light at 5 °C as
described by Berthold et al. [25], with modifications as in Pace et al. [26]. The
stock membrane samples were suspended in a buffer containing 25 mM MES,
400 mM sucrose, 3 mM MgCl2, 15 mM NaCl at pH 6.1, and stored at −80 °C
until required. EPR samples were prepared by diluting the stock suspension to
2 mg Chl/mL directly before use.

For Mn-depletion of PSII-enriched membranes, the sample was centrifuged,
and the membrane pellet resuspended in 0.8 M Tris buffer, pH 8.0 [27]. This was
stirred at room temperature for 20 min under room light, then centrifuged. The
supernatant was removed, and the pellet was washed with the original buffer
before being centrifuged again and resuspended in buffer.

2.2. EPR spectroscopy

Unless otherwise indicated, all procedures were performed at room
temperature (∼23 °C). Complete YD

•

oxidation was achieved by exposing the
PSII-enriched membrane sample (2 mg Chl/mL) to room light for ∼5 min.
Synchronisation of all PSII centres to the S1 state was obtained directly in the
EPR flat sample cell using a preflash protocol as follows (adapted from Styring
and Rutherford [28] and Åhrling et al. [29]): the YD

•

oxidised sample was dark
adapted on ice for 10 min, followed by the addition at room temperature of either
PpBQ (50 mM in DMSO) to a final concentration of 0.5 mM, or of DCMU
(5 mM in DMSO) to a final concentration of 0.15 mM, as required. The sample
was then further dark adapted for 10 min at room temperature, during which
time it was aspirated into a flat sample cell for EPR. The sample was given two
saturating laser flashes, with the flashes separated by 12 min in the dark (Nd:
YAG, 532 nm, 6 ns, 360 mJ/pulse), directly into the EPR spectrometer cavity at
room temperature. A beam-spreader lens was placed in front of the cavity
window to ensure that the entire window was illuminated by the laser light. The
sample was then allowed to dark adapt for a further 12 min to achieve full
synchronisation.

EPR measurements were performed using a Bruker Elexsys E580 spectro-
meter. Kinetic measurements of the YD

•

signal were performed by monitoring the
EPR signal intensity at the downfield peak of YD

•

(inset in Fig. 1B). Single laser
flashes were applied directly into the spectrometer cavity, and were
electronically synchronised with EPR data collection using computer-controlled
external triggering. For experiments involving PpBQ, individual laser flashes
were separated by 12 min of darkness, whereas 21 s intervals were used for
experiments involving DCMU.

For the quantification of the YD
•

intensity increase at the laser flash in the
kinetic measurements, the signal increase was compared to a field scan YD

•

signal. To allow direct comparison, multiplicative scaling factors were applied to
account for the different number of scans taken, conversion times, modulation
amplitudes, signal gains and applied microwave powers in the respective
experiments.

2.3. S2 multiline signal measurements and variable fluorescence
spectroscopy

For measurements of the S2 multiline EPR signal decay as a function of time
at room temperature, PSII samples (2 mg Chl/mL) containing PpBQ (0.5 mM)
were preflashed twice in standard EPR tubes (Nd:YAG, 532 nm, 10 ns, 200 mJ/
pulse) and dark adapted for 12 min at room temperature as described above. As
the laser flash was applied directly to the EPR tubes, no intervening beam-
spreader lens was required. The flashes were saturating with respect to turnover
to the S2 state (not shown). A single flash was then given to each sample to
induce the S2 state. After the flash, the samples were incubated in the dark in a
water bath (23 °C) for various times prior to freezing within 1 s in an ethanol/
solid CO2 bath. They were then transferred to liquid nitrogen until the S2
multiline signal was measured at 7 K. Each sample was then immersed in a
200 K ethanol/solid CO2 bath and illuminated using light from a 800 W lamp
filtered through a 4 cm CuSO4 solution. The S2 multiline signals were re-
measured at 7 K.

Flash-induced variable fluorescence was measured with a PAM fluorimeter
(Walz, Effeltrich, Germany) according to Mamedov et al. [30]. Samples
containing 10 μg Chl/mL were dark adapted for 5 min, and DCMUwas added to
a final concentration of 10 μM. Single first flash measurements from 13
independent samples were averaged to give the fluorescence decay trace used
for kinetics analysis.

3. Results

3.1. Observation of a microwave power-dependent, transient
YD

• intensity increase

To monitor the intensity of the YD
• EPR signal before and

after the application of a laser flash, the signal intensity at the
low field peak of YD

•

(bar in inset in Fig. 1B) was recorded as a
function of time. It was found that upon the application of a
laser flash to preflashed, S1 state-synchronised PSII mem-
branes, a transient increase in the intensity of the YD

•

EPR signal
could be observed at the higher applied microwave powers (Fig.



Fig. 1. (A) Flash-induced increase of the YD
• EPR signal intensity at room

temperature at different applied microwave powers. The S1 state-synchronised
PSII-enriched membranes containing PpBQ were given a single laser flash
(arrow) and then allowed to dark adapt. The applied microwave powers are
shown above each trace. The inset in B shows a field scan of YD

• and the bar
marks the field at which the YD

• intensity was monitored. (B) Comparison of the
microwave power dependence of the magnitude of the transient flash-induced
effect (filled squares, left axis; c.f. A) with the microwave power dependence of
the YD

• signal in dark adapted PSII-enriched membranes (open triangles, right
axis). EPR spectrometer conditions: microwave frequency 9.77 GHz, modula-
tion amplitude 6 G, modulation frequency 100 kHz. In addition, for A:
conversion time 328 ms, time constant 82 ms, field position 3462G (bar in inset),
4 flash transients summed for each trace. For B: each data point for the flash-
induced effect was measured from a trace of 4 summed flash transients, as in A.
The YD

• power saturation curve was obtained by measurements of YD
• spectra at

microwave powers as given in the graph. For inset in B: microwave power
10 mW.
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1A). There was a step-change in intensity coinciding with the
laser flash, followed by a slow decay back to baseline levels. At
low, non-saturating microwave powers (e.g. <2 mW), no such
flash-induced signal increase could be observed, but it gradually
appeared as the microwave power increased. In Fig. 1B, the
amplitude of the flash-induced intensity increase (filled squares)
is plotted as a function of the microwave power. It can be seen
that the flash-induced change in signal amplitude increased
concomitantly with increased microwave power. The trend was
approximately linear with respect to the square-root of the
applied microwave power, over a wide range of microwave
powers. The microwave power saturation curve of YD

• in the
dark is also shown in Fig. 1B for comparison (open triangles). It
is interesting to note that although the YD

•

signal itself became
saturated and decreased in intensity at microwave powers above
∼30 mW, the flash-induced effect continued to increase in
magnitude up to at least 100 mW.

3.2. Preflash protocol

The efficacy of the preflash protocol to synchronise all
OEC's to the S1 state as well as to maintain full oxidation of YD

as the YD
•

radical was verified by following the intensity of YD
•

as a function of time in the first three laser flashes after dark
adaptation (Fig. 2A). This allowed the preflashing protocol in
the presence of PpBQ to be monitored. To maximise the flash-
induced increase, a microwave power of 100 mW was applied.
The intensity of YD

• was again measured at the low field peak
(inset in Fig. 1B). The sample had first been in darkness for a
total of 20 min after room light YD

•

oxidation, and the laser
flashes (arrows) were applied at 12 min intervals.

After the first flash, the changes in the EPR signal of YD
•

occurred in three stages: (1) an immediate jump in signal
intensity at the laser flash, as also seen in the microwave power
experiments above (Fig. 1A), (2) a slower growth , and finally
(3) an even slower decay. The second flash also gave a step-
change increase at the laser flash, followed by a decay
behaviour which was dominated by a slow decay, correspond-
ing to the stage (3) of the first flash. However, a small
contribution from a stage (2)-type slow increase could also be
discerned. Following the third laser flash, only the slow decay
stage (3) was observed after an initial intensity jump. The slow
stage (2)-type signal increase was completely lacking. This
behaviour was observed in all subsequent flashes.

The first flash and, to a smaller extent, the second flash trace
also differed from subsequent traces in that the EPR signal did
not return to the baseline level during the dark decay. Fig. 2B
shows the results of the subtraction of the kinetic trace recorded
after the third flash from the kinetic trace recorded after the first
flash. This procedure thus removed the contributions from the
reproducible, slow decay (stage (3)-type) present in all traces, as
well as the step-change increase (stage (1)-type) at the laser
flash, to the extent that it was present after the third flash. The
difference revealed a gradual increase in YD

•

intensity, which
thereafter remained stable. These results are indicative of
oxidation of YD by higher S-states in a fraction of PSII centres
during the first two flashes after dark-adaptation, as previously
described [31,32] (see discussions below for a more detailed
analysis). This persistent increase was also observed when the
third flash trace was subtracted from the second flash trace,
though the magnitude of the resulting difference was much
smaller (not shown).

The flashed-induced behaviour became reproducible, not
involving any YD oxidation, from the third flash onwards.
Therefore, we concluded that two flashes were required to
ensure full S1 synchronisation as well as full oxidation to YD

• .



Fig. 3. Kinetic traces of flash-induced changes in the YD
• EPR signal intensity

recorded at room temperature in PSII-enriched membrane samples containing A:
PpBQ and B (dark trace): DCMU. For the trace in the inset of A, a Mn-depleted
PSII-enriched membrane in the presence of PpBQ was used. The YD

• signal was
monitored at the first low field peak position (bar in Fig. 1B inset). A saturating
laser flash was applied (arrow) after 30 s for A, and after 1 s for B, with 12 min
and 21 s darkness between each flash respectively. For the inset in A, the flash
was applied after 2 s. In B, the corresponding flash-induced variable
fluorescence decay in PSII-enriched membrane samples containing DCMU
(light trace) is overlaid on top of the EPR data. Single exponential fits of the data
(dashed line) is shown in A and the inset, and biexponential fits of the EPR
(dashed line) and variable fluorescence (dotted line) data are shown in B. EPR
spectrometer conditions: microwave power 100 mW, modulation amplitude 6 G,
modulation frequency 100 kHz. For A: microwave frequency 9.77 GHz,
conversion time 328 ms, time constant 82 ms, YD

• monitored at 3462 G, 8 flash
transients summed; for the inset in A: microwave frequency 9.77 GHz,
conversion time 21 ms, time constant 5 ms, YD

• monitored at 3463 G, 40 flash
transients summed; for B (dark trace): microwave frequency 9.68 GHz,
conversion time 41 ms, time constant 10 ms, YD

• monitored at 3431 G, 1200
flash transients summed; for B (light trace): the sum of the first flash transients
from 13 independent samples is shown.

Fig. 2. (A) Formation and decay kinetics of the YD
• EPR signal following the

application of three consecutive laser flashes at room temperature to PSII-
enriched membranes containing PpBQ. The YD

• intensity was monitored at the
low field peak of YD

• (bar in inset in Fig. 1B). The sample had been dark adapted
for a total of 20 min before the first flash. Each flash was separated by 12 min in
darkness. The application of laser flashes is indicated by arrows. The dashed
lines are added for guidance, and do not represent kinetic fits of the data. (B)
Subtraction of the kinetic trace after the third flash from the trace after the first
flash. This corresponds to the YD

• induction component (Eq. (2)) of the first flash
trace. (A scaling factor of 0.9 was applied to the third flash prior to the
subtraction, to account for the centres that were in the YD

redS1 combination before
the first flash.) EPR spectrometer conditions: microwave frequency 9.77 GHz,
microwave power 100 mW, modulation amplitude 6 G, modulation frequency
100 kHz, conversion time 328 ms, time constant 82 ms, field position 3462G
(bar in inset, Fig. 1B).
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These were thus treated as the synchronising preflashes, and not
included in the data sets analysed below.

3.3. Kinetic behaviour of the transient increase in YD
• EPR

signal intensity

Fig. 3A shows the flash-induced transient increase of the YD
•

signal intensity (stage (1)-type) as a function of time, measured
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at 100 mW microwave power and room temperature, and in the
presence of PpBQ as an electron acceptor. At the laser flash
(arrow in Fig. 3A), there was an immediate increase in signal
intensity, followed by a slow decay to the original level.

The transient increase in amplitude was only observable
within the region of the YD

•

spectrum. A corresponding increase
in negative amplitude was found when the observed field was
poised in the negative regions of the signal, but the flash-
induced effect was absent when the observed field was outside
of the YD

• signal (not shown). These observations indicate that
the effect was real and directly related to the YD

• signal. To give
some perspective of its overall magnitude, the size of the flash-
induced increase was compared with the unsaturated YD

•

signal
intensity in the S1 state. After correcting for the respective EPR
measurement parameters, the magnitude of the flash-induced
increase was found to be ∼8–10% of the original YD

•

low field
peak intensity before the flash.

The transient intensity increase began to decay directly after
its appearance. Compared to the instantaneous nature of the
increase at the laser flash, the decay was very much slower. The
YD

•

intensity took close to 10 min to return to the initial baseline
intensity. The decay of this flash-induced increase fitted well to
a single exponential function, giving a half-life of t1/2=200 s. A
biexponential decay fitting was also attempted, giving half-
times of 0.49 s and 205 s. However, as the measurement
conditions were aimed at obtaining an overall picture of the
post-flash decay rather than focussing on very fast processes,
we do not draw conclusions regarding the 0.49 s phase, which is
close to the conversion time used for data acquisition (328 ms).
Confirmation and interpretation of such a fast decay phase is left
for further investigations. Therefore, in the present analysis, we
consider our results in terms of a single exponential decay.

The same experiment was performed on Mn-depleted PSII-
enriched membranes containing PpBQ, again using high
applied microwave power (inset in Fig. 3A). While there was
also a transient increase at the laser flash, the signal decayed
much faster (t1/2=87 ms), which is consistent with YZ

•

formation
and re-reduction (see Discussion).

A similar EPR experiment was performed in the presence of
DCMU (Fig. 3B, dark trace), which blocks electron transfer
from QA

− to QB. This leads to recombination of the QA
− species

with the CaMn4 cluster, now in the S2 state, after a flash-
induced charge separation [30,33,34]. The CaMn4 cluster is
thereby re-reduced to the S1 state, and no advancement in the
S-cycle beyond the S2 state is possible.

As in the experiments involving PpBQ, it was found that the
YD

•

signal increased abruptly when a saturating laser flash was
applied to a sample containing DCMU. The observed increase
was again instantaneous within our time resolution. A
comparison of the flash-induced increase with the YD

• field
scan intensity was performed, as before. In this case, the flash-
induced increase was found to be ∼7–9% the size of the YD

•

intensity in the S1 state.
Analogous to the case with PpBQ present, the flash-induced

signal increase began to decay immediately after the applied
laser flash. But in contrast to samples containing PpBQ, the
signal decay back to the baseline level was complete within 10
s. Furthermore, the decay was more obviously biexponential in
character, even by visual inspection (Fig. 3B, dark trace). The
half-lives of the two decay components were found to be 0.40 s
and 2.9 s. The slower decaying phase was somewhat more
dominant, contributing to 56% of the overall decay. Due to the
more rapid decay of the transient signal increase in the presence
of DCMU, the instrumental parameters which were used to
observe the overall decay process in this case also allowed the
observation of the fast phase with reasonable time resolution
(conversion time=41 ms).

3.4. S2 multiline signal decay in PpBQ-containing samples

To compare the decay of the flash-induced YD
•

intensity
increase (Fig. 3A) with the S2→S1 back-reaction process, the
decay of the S2 multiline signal was measured as a function of
time after a single-flash. PSII-enriched membrane samples were
synchronised using the same preflash protocol as before, and
then turned over to the S2 state by a single laser flash applied at
room temperature in the presence of PpBQ. The samples were
frozen at different times after the laser flash, and the S2 multiline
signal was measured. Although saturating laser flashes were
used (i.e. no more turnover is observed even with increased
applied laser power), it is well known that flash turnover
inherently involve misses, commonly at 10–15% ([35–37] and
references therein) which leads to the damping of the period-of-
four cycle in flash-induced oxygen evolution. Therefore
illumination at 200 K was subsequently performed on each
sample to turn all remaining S1 state centres to the S2 state, and
the S2 multiline signal was re-measured to allow normalisation
of the data.

Fig. 4A shows that the multiline signal intensity decreased
with incubation time after the flash. The decay of the S2
multiline had a half-life of 215 s (Fig. 4B). This is in good
agreement with the S2→S1 decay time of 3–3.5 min reported
for a similar experiment in the literature [38]. Moreover, for all
samples, including the unflashed control sample, the post-200 K
illumination S2 multiline signal intensities were identical within
experimental errors, indicating that only S1 and S2 centres were
present in the samples at the time of freezing. Since only the
S1→S2 transition takes place during illumination at 200 K [38
39], the observed S2 multiline signal decay can be attributed
directly to S2 centres decaying back to the S1 state.

The multiline signal decay matches very well with the decay
of the flash-induced EPR signal increase in the presence of
PpBQ shown in Fig. 3A (t1/2=200 s). Therefore, the flash-
induced transient increase in YD

•

intensity and its subsequent
decay were directly linked to the formation and re-reduction of
the S2 state.

3.5. Variable fluorescence of DCMU-containing samples

Flash-induced variable fluorescence measurements were per-
formed at room temperature (Fig. 3B, light trace) to independently
correlate the flash-induced YD

•

signal data obtained in the presence
of DCMU. The application of a single flash to an S1 synchronised
sample of PSII-enriched membranes containing DCMU induces



Fig. 4. (A) The decay of the S2 multiline signal in PSII-enriched membranes
containing PpBQ. After the two-flash preflash treatment, the samples were
exposed to a single laser flash before being placed in a 23 °C water bath for
incubation for various times before freezing. EPR spectrometer conditions:
microwave frequency 9.43 GHz, microwave power 16 mW, modulation
amplitude 20 G, modulation frequency 100 kHz, temperature 7 K. (B) The S2
multiline signal amplitude plotted as a function of incubation time. The signal
amplitude was measured as the summed amplitudes of the three peaks indicated
by asterisks in A. All amplitudes are plotted relative to the 100% S2 multiline
signal which was measured after illumination of each sample at 200 K as
described in Materials and methods. All samples were found to give the same
maximal, 100% S2 multiline signal intensity. The data points were fitted to an
exponential decay function (solid line).
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the S2/QA
− state, which is highly fluorescent [40]. The decay of this

variable fluorescence can therefore be used to follow the
recombination reaction back to the S1/QA state [30,33,34]. The
process S1 Yflash S2 Ydark decay S1 is thus observed.

Upon the application of a single flash, there was an
immediate increase in variable fluorescence, indicative of the
formation of the S2/QA

− species. The decay of this signal was
very similar to the decay of the corresponding flash-induced YD

•

EPR signal. This can be clearly seen in the overlay of the EPR
(dark trace) and variable fluorescence data (light trace) in Fig.
3B. The decay of the variable fluorescence was fitted to a
biexponential function, as was done for the EPR data. Half-lives
of 0.34 s and 1.8 s were obtained, which are similar to those
obtained for the EPR experiment. These values are also
consistent with literature reports of S2/QA

− recombination in
the presence of DCMU and can be safely assigned to this
process [30,34,41]. Furthermore, it was found that the slower
decaying phase was dominant, comprising 65% of the overall
signal decay. This is again similar to the EPR data obtained from
in DCMU-containing samples.

These results demonstrate once again that the S2 state is
responsible for producing the flash-induced effect on the YD

•

EPR signal, this time in the presence of DCMU. This is in
agreement with the experiments above conducted in the
presence of PpBQ.

4. Discussion

4.1. Flash-induced transient increase in YD
•

intensity

Looking at the results from samples containing PpBQ (Fig.
3A), several processes could be immediately excluded from
causing the observed flash-induced transient increase in YD

•

intensity. Firstly, formation and re-reduction of YZ
• could be

excluded from being the cause. Although both YD
• and YZ

• are
tyrosine radicals, so that their steady state EPR signals are
almost identical and can be easily confused, YZ

•

is re-reduced to
YZ by the OEC in the microsecond to millisecond time scale
where the OEC is intact [42–44]. This is much faster than the
decay reactions studied here. This also holds true for Mn-
depleted PSII, where YZ

•

decays with t1/2≈50–1000 ms [45–
47]. This decay rate was shown to be unaffected by the use of
high applied microwave power in the control experiment shown
in the inset of Fig. 3A. A half-life of t1/2=87 ms was obtained.
This experiment also demonstrated that the CaMn4 cluster was
required for the t1/2=200 s decay to be observed. Therefore,
regardless of whether the OEC was intact or not, the observed
decay in Fig. 3A was too long to be due to YZ

•

decay.
The half-time of 200 s was also too rapid for it to represent

ordinary reduction of YD
• to YD. This decay is known to take

place over many hours in intact PSII in the S1 state [28,31,48]
(also confirmed in our study; not shown). Moreover, the flash-
induced intensity increase always returned to the baseline, pre-
flash level in the dark. This baseline level represents the starting
YD

•

intensity, and it remained stable over many hours (full initial
oxidation of YD to YD

•

and its maintenance was achieved and
verified; see below). Therefore, the t1/2=200 s, flash-induced
transient intensity increase represents some other effect that was
superimposed onto the otherwise stable YD

• radical signal.

4.2. Involvement of the S2 state

From the above, we can conclude that the effect did not involve
a change in the oxidation state of the YZ or YD residues. Instead,
several factors indicated that it was instead related to a flash-
induced S1→S2 turnover and the subsequent S2→S1 back-
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reaction. Firstly, the effect could be repeatedly triggered with single
laser flashes when interspersed with an appropriate dark adaptation
period. Secondly, the increase in YD

• intensity is instantaneous on
the timescale of the kinetic measurements and occurs simulta-
neously with the laser flash. This is consistent with the change
being associated with the very rapid formation of the S2 state.
Thirdly, the lifetime of this decay was much longer in the presence
of PpBQ,which is known to stabilise the higher S-states of theOEC
[38], than in the presence of DCMU, which by contrast promotes
fast recombination after charge separation [30,33,34]. Fourthly, in
samples containing DCMU, the OEC is restricted to the S1 and S2
states. Finally, the flash-induced transient increase was only
observed at high microwave powers and did not become saturated
even where the YD

•

signal was otherwise saturated (Fig. 1B).
Considering these various factors, we propose that the intensity
increase is consistent with the flash-induced S2 state being a faster
(spin) relaxer of the YD

• radical than the S1 state, leading to the
increased YD

• EPR intensity.
This hypothesis was confirmed with the control experiments

involving S2 multiline decay in the presence of PpBQ, and
flash-induced variable fluorescence in the presence of DCMU
(Figs. 4B and 3B, respectively). The former can be likened to
taking frozen snap-shots of the S1 vs. S2 state distribution as a
function of decay time at room temperature, while the latter is
indicative of the S2/QA

− recombination. The fact that in both
cases the lifetimes obtained from these independent experi-
ments correlated so well with their respective EPR experiments
is remarkable, given that the mechanisms for S2→S1 decay in
the presence of PpBQ and DCMU are quite different from each
other. They provide clear evidence that the mutual link of the
experiments, the formation and decay of the S2 state, is
responsible of the flash-induced EPR intensity increase and
subsequent decay of the YD

• signal.

4.3. Enhanced spin relaxation of YD
• by the S2 state

These experiments confirmed that the S-state dependence of
YD

•

spin relaxation rate, which previously has only been studied
at low temperatures (4–25 K), could be used as a passive probe
for the kinetic observation of reactions in S-cycle at room
temperature. De Groot et al. [16] first deduced, from spin-echo
studies performed at 5 K, that the spin-relaxation time of YD

•

varied with the S-state and intactness of the OEC. The authors
proposed that spin-lattice relaxation of YD

•

was most likely
influenced by the Mn cluster in the OEC.

Styring and Rutherford extended this [17] in a microwave
power saturation study using laser-flashed PSII samples poised
at different S-states with a well-defined composition. The YD

•

signal relaxed differently in each of the four S-states, and the
results were temperature dependent. At 8 K, the trend in P1/2

values for PSII-enriched membranes was S1<S2=S3<S0,
whereas the pattern was S1<S0<S3≈S2 at 20 K. Similar
results were obtained in spin-echo EPR studies by Evelo et al.
[18], who also demonstrated the complex dependence of the
spin-lattice relaxation rate on flash number and temperature. In
each case, the S2 state was shown to be a faster relaxer of the YD

•

radical than the S1 state. After the discovery of the multiline
signal in the S0 state, Peterson et al. [19] were also able to
directly correlate these trends with the power saturation of the
CaMn4 cluster of the OEC in S0 and S2 states.

While it has been shown that high-spin non-heme Fe2+ in
PSII also contributes to the changes in YD

•

relaxation behaviour
[21–23,49], the influence of the Mn cluster has been shown to
be much greater [23,24]. In addition, the distance between the
YD

•

and the OEC is∼30 Å [5–8], which is a reasonable distance
for magnetic interaction between two species.

In the present study, an indicator that the flash-induced
effects of the YD

• signal were due to the S2 state causing faster
YD

•

spin relaxation was that the effect could only be observed
under saturating microwave power. As discussed above, the rate
of spin relaxation becomes determinative of the maximum
signal intensity of a radical at saturating microwave powers. If
the effect had simply reflected an increase in the number of YD

•

spins, with unaltered relaxation behaviour, an increase in signal
would be expected at all microwave powers, with the magnitude
of increase directly proportional to the increase in observable
electron spins.

This power-dependent behaviour was observed at room
temperature in this study (Fig. 1). In particular, the fact that the
magnitude of the flash-induced effect continued to increase
even at microwave powers where the YD

•

signal was saturated
(>∼ 30 mW) was further evidence that the effect was not due to
extra spins being induced in the sample, but rather dependent on
an increase in the YD

• relaxation rate. Significantly, Styring and
Rutherford [38] have also reported a decrease in the microwave
power at half-saturation of YD

•

at 20 K which correlated with the
decay of the S2 multiline signal of the sample.

In summary, the YD
•

intensity kinetic traces measured at room
temperature as shown in Fig. 3 can be interpreted as follows.
Before the application of the laser flash, the baseline level
represents YD

• intensity under the S1 state of the OEC. At the
laser flash, turnover to the S2 state is induced. As the S2 state is a
faster spin relaxer of YD

•

than the S1 state, this causes an
immediate jump in YD

•

intensity when recorded at the high
microwave power used. As the S2 state centres decay back to the
S1 state, the YD

•

intensity decreases again to baseline levels.

4.4. Role and efficiency of preflashes

While the traditional single preflash/dark adaptation protocol
does give full S1 state synchronisation [9,28,29] (c.f. [50],
where a two-flash preflash protocol was briefly described), the
fate of YD also needed to be considered in the current study in
order to avoid experimental artefacts from trivial YD

•

formation.
Most notably, apart from the centres in the S2 and S3 states
decaying back to the dark-stable S1 state, the following reaction
is known to take place during initial dark adaptation following
exposure of PSII-membranes to room light [28] (superscript
“red” for reduced YD added here for clarity):

Y •

DS0YYred
D S1 ð1Þ

Thus, there are three YD/S-state combinations before the
application of the preflash, namely YD

•

S0, YD
•

S1 and YD
redS1. A
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single saturating preflash then generates YD
• S1, YD

• S2 and
YD
redS2. Of these, YD

• S1 is stable, and YD
• S2 decays back to

YD
• S1. Two pathways are available for YD

redS2 decay:

Yred
D S2YYD

• S1 ð2Þ
Yred

D S2YYred
D S1 ð3Þ

Eq. (2) shows the active reduction of the S2 state by YD
red, so that

some of reduced YD
• is recovered [31,32,49,51], whereas Eq. (3)

represents passive decay of S2 to S1 without the participation of
YD
red. Although the “active” process is faster than the “passive”

(t1/2=10–12 s [31,32] and t1/2=3–3.5 min [38], respectively),
these are competing processes, and a certain fraction of the
sample would remain in the YD

red S1 combination. As more
preflashes are applied, these centres represent an ever
diminishing proportion of the sample.1

The observed behaviour of the YD
• amplitude after the first

three flashes (Fig. 2A) is in excellent correspondence to this
analysis. After the first flash, there is a significant and persistent
increase in YD

•

intensity which does not return to the baseline
value, indicating the formation of extra YD

•

in accordance to Eq.
(2). This was also visible to a smaller extent after the second
flash, as expected from the above analysis, and manifested itself
only as a slight curvature in the post-flash decay. By the third
flash, only the transient flash-induced YD

• intensity increase was
present (c.f. Fig. 3A), indicating that full oxidation to YD

• had
been achieved. Subtracting the trace after the third flash from
that after the first flash (Fig. 2B), an increase in YD

•

intensity
with a half-time of t1/2 ∼25 s was found. Both the shape and t1/2
of this growth kinetic are similar to literature reports of the
induction of YD

•

involving the S2 state as represented in Eq. (2)
[31,32]. Therefore, we could be confident that all YD was
oxidised using the two-flash preflash protocol, and the observed
flash-induced changes in YD

• intensity (Fig. 3) were not
associated with trivial re-oxidation of residual YD in the sample.

5. Conclusions

In this study, we have demonstrated that the EPR signal of
YD

• undergoes a transient increase in intensity upon the
application of a laser flash to an S1-state synchronised PSII-
enriched membrane sample. This increase occurs concomitantly
with the flash-induced turnover of CaMn4 cluster to the S2 state,
and can be repeatedly triggered. The decay kinetics of YD

•

signal
intensity back to baseline levels was compared with indepen-
dent experiments involving S2 multiline signal decay in the
presence of PpBQ, as well as flash-induced variable fluores-
cence decay in the presence of DCMU. The close correspon-
1 Misses inherent in the flash turnover has not been included in the
discussion. The only species not accounted for after the first flash and its
subsequent dark adaptation is a very small amount of stable YD

•

S0, present in
only 1–2% of the total number of centres. By the second flash, this would be
reduced to 0.1–0.2% of the centres. This does not significantly affect our
analysis.
dence between the EPR and non-EPR experiments indicated
that the post-flash YD

• signal decay reflected S2→S1 back-
turnover of the CaMn4 cluster. By excluding other processes
involving changes in YZ and YD oxidation states as sources of
the observed transient increase, and taking into account
literature studies of S-state dependent YD

•

spin relaxation
enhancement, we conclude that this effect can be attributed to
the S2 state acting as a faster relaxer of YD

•

than the S1 state.
Thus, we have demonstrated the ability to observe and follow
this effect kinetically at room temperature, in contrast to
previous studies at cryogenic temperatures.

At present, there are few methods available for kinetic
studies of S-state turnovers and the associated magnetic
changes within the OEC which either directly observe the
CaMn4 cluster, or is independent of a subsequent reaction, such
as YZ

•

reduction (e.g. [9,52,53]). Further investigations of this
YD

• relaxation enhancement effect provides such an opportu-
nity, as YD

• acts as a passive probe to sense the changes within
the OEC without the involvement of some other reaction.
Given that previous studies have also shown higher YD

•

spin
relaxation rates in the presence of the S3 and S0 states, the
application of multiple laser flashes would allow the study of
these S-states of the OEC as well. In addition, the ability to
study the S-state turnover and back-reactions kinetically is
particularly desirable. For example, with sufficiently high time
resolution, it may be possible to detect intermediates during
individual S-state transitions. Also, by varying other parameters
such as temperature and pH, it would be possible to directly
follow how the transitions and back-reactions are affected or
even inhibited by these factors. In this way, new insight could
be gained about the details of the mechanisms of water
oxidation.
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