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ABSTRACT: The S2 state of the oxygen-evolving complex (OEC) of photosystem II is heterogeneous,
exhibiting two main EPR spectral forms, the multiline and theg ) 4.1 signal. It is not clearly established
whether this heterogeneity develops during the S1 to S2 transition or is already present in the precursor
states. We have compared the spectra of the S1YZ

• intermediate, obtained by visible light excitation
(induction of charge separation) of the S1 state at liquid He temperatures, (S1YZ

•)vis, or by near-infrared
(NIR) light excitation of the S2 state (utilization of the unusual property of the Mn cluster to act as an
oxidant of Yz when excited by NIR), (S1YZ

•)NIR. The decay kinetics of the (S1YZ
•)vis spectrum at 11 K

was also studied by the application of rapid-scan EPR. The two spectra share in common a signal with
a characteristic feature atg ) 2.035, but the (S1YZ

•)vis spectrum contains in addition a fast decaying
component 26 G wide. The analysis of the surface of the rapid-scan spectra yielded 270( 35 and 90(
15 s for the respective half-times of the two components of the (S1YZ

•)vis spectrum at 11 K. (S1YZ
•)vis

advances efficiently to S2 when annealed at 200 K; notably theg ) 2.035 signal advances to the multiline
while the 26 G component advances to theg ) 4.1 conformation. The “26 G” component is absent or
very small, respectively, in thermophilic cyanobacteria or glycerol-containing spinach samples, in correlation
to vanishing or very small amounts of theg ) 4.1 component in the S2 spectrum. The results validate the
assignment of S1YZ

• to a true S1 to S2 intermediate and imply that the heterogeneity observed in S2 is
already present in S1. Tentative valences are assigned to the individual Mn ions of the OEC in the two
heterogeneous conformations of S1.

Photosystem II (PSII),1 a membrane-protein complex of
green plants, algae, and cyanobacteria, catalyzes a ubiquitous
reaction, the oxidation of water to molecular oxygen. This
is a four-step process, activated by sequential excitation of
P680, a specialized chlorophyll moiety, by four photons.
Following each photon excitation an electron is transferred
from P680 to a terminal electron acceptor, an iron-quinone
complex, while a Mn cluster acts as the electron donor to
P680

+ via a redox-active tyrosine denoted Tyr Z or YZ. The
Mn cluster (believed to be tetranuclear) with its cofactors,

especially Ca2+, comprises what is called the oxygen-
evolving complex (OEC). The OEC undergoes four oxidative
state transitions, S0-S1, ..., S3-(S4)S0 during the sequential
absorption of the four photons by P680. The S-state transitions
are accompanied by the loss of a total of four protons from
bound water. Oxygen evolves during the S3 to S0 transition,
the S4 being a transient state (see refs1-3 for reviews).

EPR spectroscopy has provided valuable information on
the electronic properties of the OEC in the various S states.
The most extensively studied state is S2. S2 is well-known
for exhibiting heterogeneity. Two main EPR spectral forms
are observed in the most commonly used preparations, the
multiline (4) and theg ) 4.1 signal (5, 6; reviewed in ref
7). These correspond to different spin ground states of the
Mn cluster (7) attributed to different valence arrangements
(8; see also ref9). It is not clearly established whether this
heterogeneity develops during the S1 to S2 step or is already
present in the precursor states. Parallel-mode EPR studies
of the difficult to probe S1 state have indicated the presence
of two different kinds of EPR signals: a broad signal atg
) 4.8 (10, 11) and a multiline signal atg ) 12 (12). To the
best of our knowledge no one has reported the simultaneous
detection of both signals in the same preparation. Recently,
intermediates of almost all S-state transitions in oxygen-
evolving preparations have been trapped at liquid helium
temperatures and identified by EPR spectroscopy (13-19;
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NIR excitation of S2; ChlZ and Car, a chlorophyll and carotene acting
as electron donors in side pathways; pheo, the pheophytin primary
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paramagnetic resonance.
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reviewed in ref20; see also ref9 for the more recent trapping
of the functional S2 to S3 intermediate). The intermediates
have been assigned to Tyr Z• magnetically interacting with
the Mn cluster and are considered to be important for a
number of reasons. They introduce EPR spectroscopy to the
transient reactions accessible earlier only by fast optical
spectroscopy. They provide an important tool to examine
e-/H+ transfer reactions during the S-state transitions (9, 20).
They provide important information about the coupling of
Tyr Z with the Mn cluster and, indirectly, about the magnetic
properties of the Mn cluster itself (18). The latter information
is important for states with no easily discernible EPR
signatures, such as the S1 state.

In the present paper we examine the spectral composition
of the S1YZ

• intermediate. This intermediate can be produced
by visible light excitation of the S1 state, (S1YZ

•)vis (13, 15,
16), or by near-infrared (NIR) excitation of the S2 state,
(S1YZ

•)NIR (14), at liquid helium temperatures. The EPR
spectra at X-band frequencies contain a characteristic peak
at g ) 2.035, but theg ) 2 region is not well resolved. The
(S1YZ

•)vis spectra obtained at two frequencies, X and W band,
were analyzed recently assuming an anisotropic ferromag-
netic exchange interaction between the spinS ) 1/2 of the
YZ

• radical and two low-lying spin multiplets of the Mn
cluster,S ) 0 andS ) 1 (18). The analysis reproduced the
major features of the spectra, but as was noted, an uncertainty
remained in theg ) 2 region. An inherent difficulty in
achieving reliable spectral deconvolution in theg ) 2 region
is the presence of a large background signal contribution from
oxidized tyrosine D, Tyr D•, and the accumulation during
illumination of free radical contributions from less efficient
side donors. We have examined the line shape of the S1YZ

•

intermediate both in spinach and in thermophilic, cyanobac-
terial PSII preparations and under conditions where Tyr D
is oxidized or fully reduced. Flash illumination was applied
in certain experiments in order to minimize oxidation of side
donors (15). To obtain whole spectra kinetic images (2-D
spectra evolution), a rapid-scan EPR technique was applied.
The experiments revealed that the (S1YZ

•)vis spectrum
contains, in addition to the common signal atg ) 2.035, a
fast decaying component centered atg ) 2.0 with a width
of 26 G. Extensive evidence is presented that the two
components are the precursors of the multiline and theg )
4.1 conformations of S2. The heterogeneity of S2 is therefore
already present in S1. Tentative valence assignments on the
Mn ions in the two conformations of S1 are also made.

MATERIALS AND METHODS

PSII Sample Isolation.PSII-enriched thylakoid membranes
were isolated from market spinach by standard procedures
(21, 22) with some modifications. Samples for EPR mea-
surements were suspended in 0.4 M sucrose, 15 mM NaCl,
5 mM MgCl2, and 40 mM MES, pH 6.5, at 6-8 mg of Chl/
mL and stored in liquid nitrogen until use. Samples were
dark adapted at 273 K for 1 h prior to the EPR measurements.
In order to enhance the S1YZ

• signal (13), the BBY
membranes were supplemented with exogenous quinone,
0.75 mM duroquinone, or 0.75 mM PPBQ from stock
solutions in DMSO. PSII preparations isolated fromSyn-
echococcus elongatuswere a kind gift of Dr. A. Zouni
(Berlin Technical University).

Ascorbate Reduction of Tyr D•. Tyr D• was reduced by
the addition of 10 mM sodium ascorbate and 0.3 mM DCPIP
to samples diluted to 0.2 mg of Chl/mL. After 45 min of
dark incubation on ice, the added chemicals were removed
by repeated dilution and centrifugation.

Glycerol-treated sampleswere resuspended and washed
twice in a buffer containing 50% glycerol, 15 mM NaOH, 5
mM MgCl2, and 40 mM MES, pH 6.5, at 6-8 mg of Chl/
mL.

Sample Illumination.Flash excitation of the samples was
done with either of two studio photographic flash power
supplies: one with a nominal power of 600 W and a pulse
duration of 2.1 ms providing nearly saturating flashes or one
with a 200 W nominal power and a pulse duration of 1.2
ms. Flashes at 11 K were given inside the EPR cavity. Heat
artifacts were checked with the impurityg ) 4.3 signal of
samples in the S1 state or with the stable EPR free radical
signal of Tyr D•, signal II. Both signals show a strong
variation with temperature at 11 K, while they are light
insensitive. A small heat artifact was observed with the 600
W power supply causing a 3-4 s delay in the restoration of
the EPR signal intensity, while no temperature artifact was
observed with the 200 W power supply. The S1YZ

• signals
were recorded∼15 s after the flash excitation. Samples were
advanced to the S2 state by illumination at 200 K for 4 min
with a 360 W halogen projector lamp filtered with a saturated
aqueous solution of CuSO4. The same lamp was used for
NIR excitation of the samples at 11 K. A 3 mm SCHOT
RG715 NIR filter immersed in water was used in this case.

EPR Measurements.EPR measurements were obtained
with an upgraded Bruker ER-200D spectrometer interfaced
to a personal computer and equipped with an Oxford ESR
900 cryostat, an Anritsu MF76A frequency counter, and a
Bruker 035M NMR gaussmeter. The perpendicular mode
4102ST cavity was used, and the microwave frequency was
9.41 GHz. Rapid-scan experiments were performed with the
same spectrometer modified as follows. The Signal-Channel
unit was replaced with an SR830 digital lock-in amplifier
by Stanford Research. Data are recorded by a multifunction
NI 6251 pci card by National Instruments (16 bit/1.25 MS/
s) mounted on a personal computer running appropriate
software in the LabView programing environment. Synchro-
nization of the data acquisition with the magnetic field ramp
produced by the Time Base unit is achieved by triggering
the AD converter with a TTL pulse produced by the Time
Base unit at the beginning of each scan. The minimum
duration possible for each scan is 20 ms, and there is an
additional delay of 20 ms between the scans. Scans of 2 s
duration were employed in the present experiments.

DeconVolution of the Spectra and Determination of the
t1/2 Values.As described in the Results section, the (S1YZ

•)vis

spectra contain two kinetically distinct components. Two
methods were used for the deconvolution of the spectra.

(a) The kinetics of the more slowly decaying component
at g ) 2.035 is determined directly from the decay of the
signal intensity at a field position where there is minimum
overlap with other spectral components. The decay kinetics
of theg ) 2.035 signal is used in turn to normalize spectra
at different times to the intensity of theg ) 2.035 signal at
t ) 0 and obtain difference spectra, (spectrum att ) 0) minus
(normalized spectrum at timet), that contain only the signal
of the fast-decaying component. The peak to peak intensity
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of the latter, derived by this method, evolves with time
according to the following formula, obtained by simple
mathematical manipulations and assuming single exponential
decay of both components:

Fitting of the data with this formula provides the value of
the decay timet2 ) 1/k2, based on the known decay timet1
) 1/k1 of the g ) 2.035 component.F is a normalization
factor.

(b) The experimental rapid-scan spectral surface was fitted
to the formula:

whereA is the signal intensity at fieldB and timet. The
surface is assumed to be the convolution of two exponentially
decaying EPR signals with field-dependent amplitudesA1

and A2 and respective decay ratesk1 ) 1/t1 and k2 ) 1/t2
superimposed to a time-independent background spectrum
A3. The fitting with the above formula was done in the Matlab
programing environment using the built-in function fmin-
search.

RESULTS AND DISCUSSION

The (S1YZ
•)Vis Signal Induced by Visible Flash Excitation

of Samples in the S1 State with the Tyr D Oxidized or Fully
Reduced.Figure 1 compares the production of the (S1YZ

•)vis

signal in (A) a spinach PSII sample with the majority of
Tyr D naturally oxidized (typically 80% oxidized Tyr D)
and (B) a similar sample with Tyr D fully reduced by
treatment with ascorbate. The spectra have been recorded at
high power (115 mW) to enhance the metalloradical features
which do not saturate easily in contrast to Tyr D• or other
free radicals that are characterized by smallP1/2 values, of
the order of 0.1 mW, and appear overly saturated under the
present conditions. Large differences in theg ) 2 region

exist in the two sets of spectra due to the presence of the
strong signal II contribution (the signal shape is distorted
by the use of high power in these experiments) in the spectra
in (A). To facilitate comparison, the spectra in (A) have been
scaled down by the indicated factors. Taking into account
these factors, the intensity of trace a in (B) is about 6% of
the corresponding trace in (A). At 60 dB this proportion
becomes smaller (spectra not shown). At the latter nonsat-
urating power the spectrum in (A) is overwhelmed by the
spectrum of Tyr D• while no signals above the noise level
can be detected for the spectrum of sample B. It is concluded
that the Tyr D• level in (B) is vanishingly small [at most
1-3% of that in (A)], and the smallg ) 2 contributions in
Figure 1B, spectrum a, are a mixture of the above and
nonsaturating impurity species. Traces b show the spectra
recorded immediately after visible flash excitation at 11 K.
Traces c show the signal level 30 min after the flash, a time
that is sufficient for the decay of the (S1YZ

•)vis signal (13).
The somewhat increased signal level compared to traces a
is due to side donors such as carotenoids (23) that decay
more slowly than the (S1YZ

•)vis signal (15). These side donors,
which are oxidized with low-quantum efficiency, are drasti-
cally minimized by the use of flash illumination but are not
fully eliminated. The lowest traces in Figure 1 show the
(S1YZ

•)vis spectra as differences of the illuminated spectra
minus the 30 min dark-adapted ones. This difference
minimizes the contributions from stable side donors. The
spectra are characterized by theg ) 2.035 component (13)
and an intense contribution centered atg ∼ 2. The (S1YZ

•)vis

spectra in the two samples are practically superimposable
except for small differences that are due to a variation of
the relative abundance of the components that will be
discussed in this paper. The similarity of the two spectra
eliminates the possibility of artifacts due to a change of the
relaxation properties of signal II (relaxation enhancement;
24) upon formation of the (S1YZ

•)vis state. Similar results are
obtained by treatment with a low concentration of NO, which
eliminates signal II by reversible binding to Tyr D• (25, 26).

Comparison of the (S1YZ
•)Vis Spectrum with the (S1YZ

•)NIR

Signal Induced by NIR Excitation of the S2 state.Figure 2
compares the (S1YZ

•)vis spectrum obtained in an ascorbate-
treated spinach PSII preparation, spectrum a, with the
(S1YZ

•)NIR spectrum induced by NIR excitation of the S2 state
in the same preparation, spectrum b, or in a thermophilic,
cyanobacterial preparation (S. elongatus), spectrum c. The
latter two spectra are practically identical, but spectrum c
will be used in further comparisons, as it has a better signal
to noise ratio. Both the (S1YZ

•)vis and the (S1YZ
•)NIR spectra

contain theg ) 2.035 component as noted earlier (14) (the
spectra have been normalized to approximately the same
intensity of the g ) 2.035 component), but significant
differences can be observed in the central region. The
difference (a)- (c) is a derivative signal approximately 25
G wide, the lowest spectrum.

Decay of the (S1YZ
•)Vis Spectrum.The comparison of the

(S1YZ
•)vis and (S1YZ

•)NIR spectra in Figure 2 suggested that
the (S1YZ

•)vis spectrum contains two main components. We
have searched for decay kinetic differences between the two
by employing rapid scans. This method has the advantage
that it provides full spectra at each time point and one can
easily correct for drifts of the baseline and also examine for
the simultaneous kinetic behavior of different parts of the

FIGURE 1: Production of the (S1YZ
•)vis signal in PSII spinach

preparations supplemented with duroquinone. (A) Samples with Tyr
D naturally oxidized in the majority of centers. (B) Samples with
Tyr D fully reduced by ascorbate treatment. The spectra were
recorded after the following successive treatments: (a) dark
adaptation for 1 h at 0°C; (b) visible flash excitation at 11 K; (c)
30 min dark adaptation at 11 K. The lowest two difference spectra
represent the (S1YZ

•)vis signal in the two preparations. EPR
parameters: microwave frequency, 9.41 GHz; modulation ampli-
tude, 10 Gpp; microwave power, 115 mW;T ) 11 K. The recording
time of each spectrum was 50 s.

Ifast(t) ) F(1 - ek1te-k2t)

A(B,t) ) A1(B)e-k1t + A2(B)e-k2t + A3(B)

212 Biochemistry, Vol. 46, No. 1, 2007 Sioros et al.



spectrum. In an earlier study Sigfridson et al. (27) reported
full spectra decay kinetics for the (S1YZ

•)vis signal by
employing conventional slow scans. The results to be
presented next are in general agreement with this earlier
study, but the use of flash illumination in combination with
rapid scans has allowed for the detection of a rapidly
decaying component, as detailed below. Figure 3 shows a
representative kinetic surface.

In Figure 4(left) we plot the decay of the signal intensity
at the low-field side of theg ) 2.035 component of the
(S1YZ

•)vis spectrum along with a single exponential fit. The

latter yields a t1/2 of approximately 220 s. A similar
computation was done at various magnetic field values across
the spectrum, and the resultingt1/2 values are plotted as a
function of the magnetic field in Figure 4 (right, upper part).
The (S1YZ

•)vis spectrum is also included for reference (Figure
4, right, lower part). It is noted that the decay kinetics varies
at different parts of the spectrum. The slowest decay,t1/2 ca.
220 s, is observed at the rising part of theg ) 2.035 signal,
while the decay becomes significantly faster,t1/2 136 s,
around 3325 G. The decay half-time increases again gradu-
ally at higher field values but does not quite reach the low-
field maximum. This variation in the decay half-time suggests
that the (S1YZ

•)vis spectrum is the convolution of at least two
components with different decay kinetics. The relative
amplitude of the two components across the spectrum
modulates the overallt1/2 time. To deconvolute the spectrum,
the following approach was applied.

A Fast Decaying Component, 26 G Width, of the (S1YZ
•)Vis

Spectrum.Figure 5 compares the spectrum recorded im-
mediately after the flash, (a), to the spectrum recorded 6.5
min after the flash, (b). The latter has been multiplied by a
factor corresponding to the decay kinetics of the rising part
of the g ) 2.035 signal (Figure 4, left). Subtraction of the
two spectra reveals a derivative-shaped signal (26 G wide,
g ∼ 2), (c). Signals similar to those of Figure 5 (c) were
obtained by subtraction of traces recorded at different times
after the flash and in samples with Tyr D oxidized or fully
reduced.

The “26 G” component in Figure 5 peaks close to the
position wheret1/2 becomes minimum in Figure 4. Actually,
the lowestt1/2 value, 136 s, is observed at somewhat lower
field values, indicating that at this position the 26 G
component has the strongest relative contribution. The 136
s is an upper limit to the decay half-time of the 26 G
component. A lower limit was estimated in the following
manner. The 220 s decay half-time of the rising part (low-
field side) of theg ) 2.035 signal (Figure 4) was assumed
to represent the true decay half-time of this component. This
half-time has been used to normalize the spectra at different
times to the sameg ) 2.035 intensity and obtain traces of
the 26 G component in a manner similar to that of Figure 5.
The fitting procedure used, described in Materials and
Methods, gives at1/2 of 80 s. This represents a lower limit

FIGURE 2: Comparison of the (S1YZ
•)vis spectrum in an ascorbate-

treated spinach PSII preparation supplemented with duroquinone
(a) with the (S1YZ

•)NIR spectrum induced by NIR excitation of the
S2 state in the same preparation, spectrum (b), or inS. elongatus,
spectrum (c). The spectra have been normalized to approximately
the same intensity of theg ) 2.035 component. Spectrum (d) is
the difference (a)- (c). The background spectra obtained after full
decay of theg ) 2.035 component were subtracted from traces a
through c. EPR conditions: microwave frequency, 9.41 GHz;
modulation amplitude, 10 Gpp; microwave power, 115 mW;T )
11 K. The recording time of each spectrum was 50 s.

FIGURE 3: Rapid scan spectra of the (S1YZ)vis signal in an ascorbate-
treated spinach PSII preparation supplemented with duroquinone.
The surface consists of 738 spectra taken every 2 s. The red trace
(t ) 0 s) was recorded 15 s after the flash. The background spectrum
obtained after full decay of theg ) 2.035 component was subtracted
from all traces. EPR conditions:T ) 11 K; microwave frequency,
9.41 GHz; modulation amplitude, 10 Gpp; microwave power, 115
mW; center field) 3350 G; sweep width) 200 G; sweep time)
2 s; time constant) 30 ms.

FIGURE 4: Left: Decay kinetics at 11 K of the rising part of theg
) 2.035 component of the (S1YZ

•)vis spectrum obtained by the use
of rapid scans (see Figure 3). Right: Variation of the decay half-
time at different field positions across the (S1YZ

•)vis spectrum. The
(S1YZ

•)vis spectrum is also included for reference.
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to the decay half-time of the 26 G component, since spectra
at long times become too noisy when normalized, and the
tail of the 26 G signal decay is likely lost in the background.
Also, the rising part of theg ) 2.035 signal may contain
weak contributions from the tail of the 26 G component,
and this would make the actual half-time of theg ) 2.035
component somewhat longer than 220 s.

A More Thorough Analysis.The results of the above
approximate analysis are refined by fits of the full spectral
surface of Figure 3 in magnetic field steps of 2 G (see
Materials and Methods). The analysis assumes double
exponential kinetics with stable half-time values along the
magnetic field axis and variable intensity factors. Conserva-
tive estimates of the two half-times obtained from this more
thorough analysis are 270( 35 and 90( 15 s. The
uncertainties are due to the extent of overlap of the tail of
the 26 G component with the rising part of theg ) 2.035
signal. This does not alter appreciably the spectral shape of
the two components, but it affects the decay rate of theg )
2.035 component.Τhe spectral deconvolution with half-times
of 275 and 100 s for the slow and fast component is given
in Figure 5 (d and e).

MicrowaVe Power Dependence of the (S1YZ
•)Vis Spectral

Components.The P1/2 of the g ) 2.035 component of both
the (S1YZ

•)vis and the (S1YZ
•)NIR spectrum was determined

earlier (14). It has a strong temperature dependence withP1/2

values of 1.7/11/96 mW at 3.8/7/11 K, respectively. Exami-
nation of the power dependence of the 26 G component,
resolved by the method of Figure 5, at 11 K indicates a
similar power dependence with theg ) 2.035 signal. The
26 G component corresponds, therefore, to a fast relaxing
species, like theg ) 2.035 component. In addition to the
split components of the (S1YZ

•)vis spectrum small amounts
of slowly relaxing narrow components are always present

in the spectra, as was mentioned in the beginning of the
Results section. At low microwave power, 0.070 mW, a
signal II-like component persists, even in ascorbate-treated
spinach PSII samples (data not shown). This component has
the same decay rate within signal to noise ratio with theg
) 2.035 signal and was tentatively assigned earlier (18) to
the interaction of Tyr Z• with the diamagneticS) 0 state of
the Mn cluster in S1.

The 26 G Component Is Assigned to a Heterogeneous S1YZ
•

Population.The fast decaying 26 G signal has the charac-
teristics of a metalloradical signal, a line width broader than
signal II and a high microwave power for saturation (P1/2

close to 70 mW at 11 K). Metalloradical signals have been
observed in photosystem II from both the acceptor and the
donor side. In the acceptor side a good candidate could be
(pheophytin)-. Split EPR signals attributed to this radical
magnetically interacting with the QA-Fe2+ complex have
been studied earlier (28, 29). The present case would
correspond to the configuration (pheo)-QAFe2+ that has never
been trapped before by EPR spectroscopy. This assignment
would be compatible with the absence of the fast decaying
signal in the (S1YZ

•)NIR spectrum since no charge separation
takes place in this case (see, however, ref30). The decay
rate (∼110 s) seems, however, much too slow compared with
the pheo- to QA electron transfer rate. Also, experiments in
samples with the non-heme iron preoxidized (not shown)
yielded no discernible changes in the 26 G component signal
shape despite the change in the spin of the iron fromS) 2
to S) 5/2. The most reasonable assumption therefore is that
the 26 G signal results from the interaction of Tyr Z• with a
modified configuration of the Mn cluster in S1. The g )
2.035 signal appears to be associated with a configuration
of S1 that corresponds to the S2 configuration yielding the
multiline signal since, during NIR excitation of the S2 state,
only the multiline form shows sensitivity (unpublished
observations) and converts to the (S1YZ

•)NIR transient char-
acterized by theg ) 2.035 signal. The 26 G component could
accordingly be assigned to S1 centers that advance to theg
) 4.1 signal during the S1 to S2 transition. Evidence
supporting the above assignments is obtained by the follow-
ing experiments.

Correlation of the g) 2.035 and the 26 G Components
of the (S1YZ

•)Vis Signal with the Multiline and the g) 4.1
Conformations of the S2 State. (a) AdVancement of the
(S1YZ

•)Vis Intermediate to S2 at EleVated Temperatures.The
fact that the (S1YZ

•)vis intermediate advances to S2 at 77 K
has been demonstrated by Nugent et al. (13). In the present
experiments we have examined the amount and composition
of the S2-state signal obtained by rapid transfer of the
(S1YZ

•)vis intermediate to ca. 200 K. Figure 6 compares the
S2-state spectra obtained as follows: (A) flash illumination
at 11 K to prepare (S1YZ

•)vis and immediate dark incubation
at 200 K for 1.5 min; (B) flash illumination at 11 K, 7 min
dark incubation at 11 K to allow for the decay of the 26 G
component, and 1.5 min dark incubation at 200 K. The
accumulated effect of two (Figure 6A) or five (Figure 6B)
such cycles, respectively, is shown. The spectra are compared
with the maximum S2-state spectrum obtained in the same
samples by continuous illumination at 200 K (at the end of
the experiments). The latter has been scaled down by the
indicated factors to match the multiline part of the spectrum.
The following observations can be made: significant amounts

FIGURE 5: Comparison of (S1YZ
•)vis spectra recorded (a) im-

mediately after visible flash excitation of S1 and (b) 6.5 min after
the flash, normalized to the sameg ) 2.035 size. (c)) (a) - (b)
difference spectrum revealing a 26 G component that decays faster
than the rest of the spectrum. The background (30 min spectrum)
was subtracted from the original spectra prior to normalization. (d,
e) Deconvolution of the (S1YZ

•)vis spectrum into a slow (t1 ) 275
s) (d) and a fast (t2 ) 100 s) (e) component by simulation of the
full spectral surface of Figure 3 (see accompanying text and
Materials and Methods for details). Ascorbate-treated spinach PSII
samples (+duroquinone) were used in order to eliminate the Tyr
D• signal. EPR parameters: microwave frequency, 9.41 GHz;
modulation amplitude, 10 Gpp; microwave power, 115 mW;T )
10 K. The recording time of each spectrum was 50 s. EPR
parameters for (d) and (e) are those of Figure 3.
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of the multiline spectrum are formed. Following the two
cycles of immediate transfer to 200 K, 40% of the centers
advance to the S2 state, while additional cycles (data not
shown) result in S2 populations exceeding 50%. This
indicates that the majority of centers can produce the
(S1YZ

•)vis intermediate at liquid helium temperatures (see also
ref 16). Interestingly enough, the relative amount of theg )
4.1 signal formed in Figure 6B is vanishingly small. This
correlates nicely with the fact that the 26 G component
decays almost fully after 7 min of incubation at 11 K.

Figure 6 suggests also a correlation between the size of
theg ) 2.035 signal and the amount of the multiline signal
obtained by transfer to 200 K. In the sample that was
incubated for 7 min at 11 K before transfer to 200 K, the
multiline signal is significantly smaller, if one corrects for
the larger number of cycles in this experiment. To obtain a
more accurate correlation, the amount of theg ) 2.035 signal
that remains following various delay times at 11 K after the
flash was compared with the amount of multiline signal
obtained by subsequent transfer to 200 K (Figure 7). A linear
correlation is found within experimental error. This result,
together with the approximate correlation between the 26 G
signal and theg ) 4.1 S2 component in Figure 6, provides
strong experimental support to the assignment of the “g )
2.035” and the 26 G components of the (S1YZ

•)vis EPR signal
as precursors of the “multiline” and “g ) 4.1” components
of the S2 state, respectively. Additional support is provided
by the following experiments where sucrose is replaced by
glycerol as a cryoprotectant.

(b) The (S1YZ
•)Vis Signal in Preparations That Exhibit

Vanishing or Very Small Amounts of the g) 4.1 S2-State
Signal. Thermophilic, cyanobacterial preparations do not
generally exhibit theg ) 4.1 component in the S2-state
spectra (31; see also refs14 and 32). The (S1YZ

•)vis in S.
elongatusor SynechococcusVulcanuspreparations is very
similar to the (S1YZ

•)NIR spectrum in Figure 2c except for a
small narrow contribution atg ) 2.0 due presumably to free
radical side donors (spectra not shown). No evidence

whatsoever could be detected in the spectra for the 26 G
component.

Glycerol is often used as a cryoprotectant in PSII prepara-
tions. Its presence does not appear to alter the EPR spectra
of the OEC or the NIR sensitivity of the S2 and S3 states
except that it reduces heterogeneity. Theg ) 4.1 component
of the S2-state spectrum has an intensity much smaller than
the multiline signal in samples containing glycerol instead
of sucrose (33). This is apparent by a comparison of the S2-
state spectra (Figure 8, left panel) in two samples: a control
sample containing 0.4 M sucrose and a sample where sucrose
is replaced with 50% (v/v) glycerol. The spectra have been
scaled to the same multiline intensity. Clearly, theg ) 4.1
contribution is much smaller in the glycerol-treated sample,
representing about 25% of the size observed in the control
sample. The right panel of Figure 8 compares the (S1YZ

•)vis

spectra in the two kinds of samples using the same
normalization factor used in the left panel. Differences in
the g ) 2 region can be observed. Subtraction of the two
spectra (sucrose minus glycerol sample) yields a trace
(magenta colored) which closely resembles the spectrum of

FIGURE 6: S2-state spectra obtained after 1.5 min incubation at 200
K of samples that were prepared in the (S1YZ

•)vis at 11 K and were
transferred either immediately to 200 K or after a 7 min incubation
period at 11 K. The accumulated effect of two or five such cycles,
respectively, is shown. The spectra are compared with the maximum
S2-state spectrum obtained in the same sample (at the end of the
experiments) by continuous illumination at 200 K. The latter has
been scaled down by the indicated factors. EPR conditions:
modulation amplitude, 25 G; power, 57 mW; time constant, 100
ms; T ) 11 K.

FIGURE 7: The amount of S2 multiline formed as a function of the
size of the precursorg ) 2.035 signal. A sample was flash
illuminated at 11 K to form the (S1YZ

•)vis intermediate, and
following a variable delay time (in the range of the decay time of
theg ) 2.035 signal in Figure 4) it was incubated at 200 K for 1.5
min before recording the multiline spectrum at 11 K. The sample
was then allowed to decay to the S1 state by incubation at 0°C for
50 min, and the cycle was repeated for a different delay time at 11
K. The sample contained 1 mM PPBQ.

FIGURE 8: Comparison of the EPR spectra of a sample containing
sucrose (typical of the samples used in this study) with a sample
where the sucrose is replaced with 50% (v/v) glycerol. Left panel:
S2 minus S1 difference spectra. The spectra have been normalized
to approximately the same intensity of the multiline signal, and
the same normalization factor was used in the right panel. Right
panel: (A) superposition of the (S1YZ

•)vis spectra obtained as in
Figure 1A, lowest trace; (B) difference (red- black trace) of the
two spectra in (A) (magenta trace); the 26 G signal obtained as in
Figure 5 in the sucrose sample (blue trace). EPR conditions:T )
11 K; modulation amplitude, 25 G (left panel) or 10 G (right panel);
microwave power, 50 mW. The samples contained 1 mM duro-
quinone.
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the 26 G component (blue trace). The latter was obtained as
in Figure 5c in the sucrose sample. Actually, the spectrum
of the glycerol sample resembles that of the sucrose sample
recorded 7 min after the flash excitation (spectrum not
shown), apart from small differences in theg ) 2.0 region.
In a separate experiment the presence of a fast decaying
component in the (S1YZ

•)vis spectrum of the glycerol-
containing sample was investigated. A small 26 G compo-
nent, representing less than 30% of the magenta trace of
Figure 8(B), could be detected (data not shown) by an
experiment similar to that of Figure 5. Therefore, both theg
) 4.1 component in the S2 spectrum and the fast component
in the (S1YZ

•)vis spectrum are significantly smaller in the
glycerol-containing samples.

Implications about Heterogeneity in S1 and Mn Valence
Assignments.The present results show that the heterogeneity
observed in the S2-state EPR spectra is also present in the
(S1YZ

•)vis spectrum. As the latter is produced at liquid helium
temperatures, at which molecular motions are inhibited, this
heterogeneity must be already present in S1. Two different
kinds of EPR signals at parallel mode have been reported
for the S1 state: a broad signal atg ) 4.8 (10, 11) and a
multiline signal atg ) 12 (12). To the best of our knowledge
no one has reported the simultaneous detection of both
signals in the same preparation. Theg ) 4.8 signal is
observed in spinach BBY preparations, while theg ) 12
multiline signal has been detected inSynechocystis(a
cyanobacterium exhibiting significant differences from the
thermophilic cyanobacteria of the present study) or in spinach
BBY preparations after removal of the 23 and 17 kDa
extrinsic proteins. The underlying difficulty with the S1

studies is that S1 is an integer spin state and is therefore
difficult to probe by EPR spectroscopy. The observation of
only one type of EPR signal does not mean that this is the
only signal present in S1.

The relatively recent advances in the determination of the
3-D structure of PSII by X-ray crystallography (34-37) in
combination with spectroscopy (see, e.g., reviews in refs1-3
and38) and mutation and FTIR work (see, e.g., reviews in
refs 39 and40) allow tentative valence assignments to the
individual Mn ions constituting the Mn cluster. In a recent
paper (9) the following Mn valence distribution in S2 was
suggested:1Mn(III) -2Mn(IV)-3,4Mn(IV) for the conforma-
tion that gives rise to the multiline EPR signal and1Mn-
(IV)-2Mn(III) -3,4Mn(IV) for the conformation giving the
g ) 4.1 signal.1,2Mn(III) -3,4Mn(IV) is the S1 conformation
which advances to the S2 multiline and, therefore, the
conformation that gives rise to theg ) 2.035 component of
the (S1YZ

•)vis spectrum. Assuming that the S1 configuration
producing the 26 G (S1YZ

•)vis component has a different
valence distribution, then this probably is1Mn(IV)-2Mn
(III) -3Mn(III) -4Mn(IV). The latter is the only option left,
if one combines the observations that4Mn is ligated by
aspartate-170 of the D1 polypeptide (37) and according to
FTIR studies is not oxidized during the S-state transitions
(41). The altered spin distribution of the Mn cluster in this
case would explain the different (S1YZ

•)vis spectrum. The
more positive charge (the higher valence) on1Mn could
indirectly raise the pK of His 190 and in turn the reduction
potential of Tyr Z• resulting in a faster recombination rate,
as is experimentally observed. The tentative model of Figure
9 and the valence assignments indicating that1Mn is not

oxidized during the S1 to S2 and the S2 to S3 (9) transitions
are not incompatible with recent FTIR results on D1-E189
mutants (42), which suggest that if D1-E189 is a ligand to
Mn, then this Mn ion does not undergo oxidation during any
of the transitions from S0 to S3. It should be noted that
samples used in the FTIR experiments usually contain
glycerol. As glycerol removes the heterogeneous S1 (26 G
component) and S2 (g ) 4.1) populations, the respective
FTIR results can be related only to theg ) 2.035 (S1YZ

•)
and the multiline S2 conformations.

Summary of Main ObserVations and Conclusions.(i) The
intermediate trapped by illumination of the S1 state at liquid
helium temperatures, (S1YZ

•)vis, is heterogeneous in nature
and contains two kinetically and spectroscopically distinct
metalloradical components: (a) a slowly decaying component
(t1/2 ) 270( 35 s at 11 K) with a spectrum resembling that
of the (S1YZ

•)NIR intermediate (i.e., the signal produced by
NIR excitation of S2 with the characteristic contribution at
g ) 2.035) and (b) a fast decaying (t1/2 ) 90 ( 15 s)
derivative-shaped, 26 G width, component. (ii) A few cycles
of illumination at 11 K [to produce the (S1YZ

•)vis intermedi-
ate] followed by immediate transfer in the dark to 200 K
result in the accumulation of more than 50% of the S2 state;
the majority of centers is accordingly capable of producing
the (S1YZ

•)vis intermediate at 11 K. (iii) The slow and the
fast decaying components of the (S1YZ

•)vis intermediate are
the precursors of the multiline and theg ) 4.1 conformations
of S2, respectively; the heterogeneity observed in S2 is
therefore already present in S1. (iv) The combination of recent
observations allows the tentative assignment of specific
valences to the Mn ions in the two heterogeneous conforma-
tions of S1 and S2.
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