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ABSTRACT: Photosynthesis produces the oxygen necessary for all aerobic life. During this process, the
manganese-containing oxygen evolving complex (OEC) in photosystem II (PSII), cycles through five
oxidation states, S0-S4. One of these, S2, is known to be paramagnetic and gives rise to electron
paramagnetic resonance (EPR) signals used to probe the catalytic structure and function of the OEC.
The S0 state has long been thought to be paramagnetic. We report here a Mn EPR signal from the previously
EPR invisible S0 state. The new signal oscillates with a period of four, indicating that it originates from
fully active PSII centers. Although similar to the S2 state multiline signal, the new signal is wider (2200
gauss compared with 1850 gauss in samples produced by flashing), with different peak intensity and
separation (82 gauss compared with 89 gauss). These characteristics are consistent with the S0 state EPR
signal arising from a coupled MnII-MnIII intermediate. The new signal is more stable than the S2 state
signal and its decay in tens of minutes is indicative of it originating from the S0 state. The S0 state signal
will provide invaluable information toward the understanding of oxygen evolution in plants.

Photosystem II (PSII)1 in plants, green algae, and cyano-
bacteria catalyzes the light-driven oxidation of water to
molecular oxygen. The active site, the oxygen evolving
complex (OEC), contains four Mn atoms (1-3). The OEC
cycles through five redox intermediates, the S states, S0-S4
(4), labeled according to the number of positive redox
equivalents stored. These states mostly reflect oxidation of
Mn atoms. However, ligand oxidation is thought to occur
on the S2-S3 step (3, 5). The S4 state is very short-lived
and corresponds to the release of dioxygen from the catalytic
site. The S2 state is paramagnetic and gives rise to the
electron paramagnetic resonance (EPR) multiline signal (6),
a complex hyperfine structured signal, as well as a broad
signal centered aroundg ) 4.1 (1, 2). The S2 state also
shows several other EPR spectra in inhibited or perturbed
PSII centers. Other states are also EPR active. The S1 state
gives rise to a parallel polarized EPR signal (7), while the
S3 state shows a split radical signal in partially inhibited
systems (8), which has been ascribed to a radical interacting
with the Mn cluster. These EPR signals are informative and
their detailed spectroscopic characterization has provided
valuable insight into the structure and function of the Mn
cluster. Of all these EPR signals from the OEC, only the
S2 state multiline andg ) 4.1 signals represent fully active
samples that oscillate through the S cycle.

There has not yet been any report of an EPR signal from
the S0 state, which for long has been predicted to be
paramagnetic (5). To reach the S0 state, three flashes of light
are required. For each flash, misses and double hits scramble
the S states such that the amount of signal in an S0 sample
may be low (especially in concentrated EPR samples). For
this reason, the S0 state is the most difficult to study
experimentally.
In this study we have combined a preflash protocol with

powerful laser flashes to synchronize the samples, which
ensures a high concentration of the S0 state after three flashes.
This allows us to report here the first observation of an
oscillating EPR signal from the S0 state of PSII. The signal
is observed in oxygen evolving PSII samples, it oscillates
as the S0 state of the Mn cluster, and it is very stable
compared to the multiline EPR signal in the S2 state.

EXPERIMENTAL PROCEDURES

PSII-enriched membrane fragments were prepared from
spinach as in Paceet al. (9). Oxygen evolution was
measured using a Clark oxygen electrode with phenyl-p-
benzoquinone (PPBQ) as electron acceptor.
EPR samples were made up to 3.5 mg of Chl mL-1 in a

buffer containing 400 mM sucrose, 15 mM NaCl, 10 mM
MgCl2, 20 mM MES, pH 6.0, with or without 3% methanol.
The samples, in calibrated EPR tubes, were incubated in the
dark for 10 min at room temperature and given a saturating
flash from a Nd:YAG laser (6 ns, 300 mJ, 532 nm). After
the preflash, given in the absence of electron acceptors to
allow efficient recombination, the samples were left to
equilibrate at room temperature in the dark for 15 min. This
preflash treatment synchronizes the PSII centers in the S1
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state (10). It also results in complete oxidation of YD (signal
II slow) (11). One minute before the next set of flashes,
0.5 mM PPBQ in dimethyl sulfoxide (DMSO) was added to
the samples as electron acceptor. The flashed samples were
frozen within 1 s in anethanol/solid CO2 bath and transferred
to liquid nitrogen (10). For the study of the decay of the S2

multiline and the S0 signal the samples remained in the dark
at room temperature for the indicated time prior to freezing.
Continuous wave EPR spectra were recorded at liquid

helium temperatures with a Bruker 380E spectrometer fitted
with an Oxford Instruments cryostat. Spectrometer condi-
tions are given in the figure captions.

RESULTS AND DISCUSSION

Our studies were performed in samples containing metha-
nol, which have been observed to yield, in the S2 state, the
unmodified multiline EPR signal exclusively (9).
Figure 1 shows the flash dependent EPR spectra recorded

in these PSII samples. It is clear that the S2 multiline EPR
signal is large on the first flash. Then, as expected, it
decreases in size, to again increase in size on the fifth flash,
but this oscillation does not appear very deep; all samples
have significant multiline signals. However, a thorough
inspection of the spectra reveals a different picture: the
overall spectral shape is different in the third and fourth flash
samples compared with the other samples. The peaks of
the conventional first flash (S2) multiline signal have been
indicated by lines throughout the spectra. These lines match
the peaks of the spectrum after two flashes where a fraction
of S2 remains, see Figure 2. After three flashes, where the
S0 state should dominate, there is a significant change in
the position of the peaks. The shift remains in the fourth
flash spectrum. The fifth flash spectrum is again dominated
by the S2 state, and here the S2 state peak pattern returns.
This pattern is sustained in the sixth flash spectrum.
The result is quite unexpected. In a similar study of

samples without the addition of methanol, we obtained the

S2 multiline EPR signal only, which oscillated deeply with
the flash number. The amplitude was very large on the first
and the fifth flashes and almost zero on the third and fourth
flashes (not shown). The observed oscillations could be
fitted assuming that all centers were in the S1 state initially
(after the preflash), and that the flashes induced 10% misses
and no double hits. This study confirmed that the laser flash
was saturating the sample and hence that the very different
oscillation behavior seen in the methanol-containing samples
was not produced by an artefact of the flash. Furthermore,
the addition of methanol did not alter the oxygen evolving
capacity of the samples, which was 400µM O2/mg of Chl/h
with or without 3% methanol.
In the third flash (S0) and fourth flash samples presented

here (Figure 1), the region below 3300 gauss shows intensity
where the first flash (S2 multiline signal) does not. Upfield
of this region, the peaks appear closer together than in the
S2 multiline. Note also the relatively intense peaks at the
edges of the third flash spectrum. Already this analysis
indicates the presence of a novel EPR signal in the third
and fourth flash spectra.
At first sight, however, the EPR signals of the S2 and S0

states appear similar. It was therefore necessary to distin-
guish them from each other. The stability of the S2 and S0
states are known to be different, the S0 state being about 10
times more stable than the S2 state (13). We used this
property to assign the new EPR signal. The decay at room
temperature of the two signals, after one and three flashes,
respectively, is shown in Figure 3. The study clearly shows
that the signals can be attributed to two different states of
the OEC. The S2 state multiline signal in these samples
decays with a half-time of 1.5 min. In contrast, the decay
of the S0 state signal shows a half-time of 12 min. The initial
behavior of the S0 decay is due to relaxation of centers in S2

and S3.
We also investigated whether the signal returned on the

second turnover by studying the highly scrambled seventh
and eighth flash samples (Figure 4, eighth flash). In both
cases we identified a multitude of peaks belonging to the S0

state signal. However, these signals have significant con-

FIGURE 1: Flash dependence of EPR signals in PSII membranes,
illuminated minus dark spectra. The number of flashes and the
dominating S states after flashes are indicated. Vertical guidelines
indicate S2 peak positions. The EPR signal from the dark stable
YD radical (12) in the central region of the spectra has been
removed. Inset shows the dark spectrum after preflash treatment
and PPBQ addition. EPR settings: frequency, 9.47 GHz; power,
5.9 mW; modulation amplitude, 20 G; modulation frequency, 100
kHz; temperature, 7 K.

FIGURE 2: Relative yield of the S0 (2) and S2 (∆) signals vs flash
number, as measured on peaks indicated in Figure 4. The dashed
curves give the simulated S0 and S2 populations assuming 10% S0
in preflashed samples and 13% misses on each flash.
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tributions of S2 multiline signal (about 20% in the seventh
flash sample) which, on a spin basis, is dominated by
considerably more intense hyperfine lines than those of the
S0 state signal. Nevertheless, by subtracting out the S2

multiline signal from the eighth flash spectrum, which has a
smaller proportion of centers in the S2 state, the S0 spectrum
became very apparent (Figure 4). The novel EPR signal
evidently oscillates with the S0 state as it returns with the
second turnover of the enzyme. Furthermore, the signal can
clearly be assigned to the S0 state since it could be developed
by the addition of methanol after the flash treatment, where,
in the absence of methanol, no S0 signal was observed.
The above identification was further corroborated by our

attempts to analyze the oscillation pattern of the EPR signals
in the methanol-treated samples (Figure 2). By calculating
the oscillation pattern using three strong peaks (Figure 4,
∆) from the first flash spectrum, we obtained deep oscilla-
tions (Figure 2,∆) corresponding to the cycling of the S2
state population. This oscillation is similar to that obtained
in standard sucrose samples. If we instead use three strong
peaks (Figure 4,2) from the third flash spectrum, the
oscillation obtained is completely different (Figure 2,2),
following the expected S0 population. The dashed lines of
Figure 2 are the S0 and S2 population oscillations, calculated
with a 13% miss factor and 10% S0 in the preflashed state.
In measuring S0 peak amplitudes, no correction for underly-
ing S2 amplitude was made (Figure 4). This is reflected in
small experimental deviations from the simulations (Figure
2).
From these observations we conclude that the S0 state gives

rise to an EPR signal similar to, but distinct from, the S2

state multiline signal. This new EPR signal originates from
a fully active oxygen evolving PSII complex. It also
oscillates with a period of four which is indicative of it
originating from the OEC.
Figure 4 shows the S0 state EPR signal produced by three

flashes, together with the S2 state multiline spectrum
produced by one flash and the S0 state signal produced by
eight flashes, discussed above. The observable S2 multiline

signal is about 1850 gauss in the flashed samples. The S0

signal appears to be at least 20% wider. The figure highlights
the peaks in the wings of the spectrum that we so far have
reproduced with certainty. The S0 state signal exhibits
several additional peaks with an average peak separation for
the major peaks of 82 gauss compared with 89 gauss in the
S2 state signal.
In the region below 3300 gauss, the peak separation is a

little less than in the S2 multiline signal and the relative
intensities of the peaks in the two spectra are quite different;
in the S0 spectrum the more intense peaks lie further to the
edge of the spectrum. It is worth noting that the relative
intensity of the smaller peaks at the edges of the spectrum
vary both in the upfield and downfield portion of the spectra.
Above 3500 gauss the peak separation of the S0 signal is

considerably less than that of the S2 signal, with an average
spacing of 83 gauss between the major peaks, compared with
92 gauss. Additional peaks at the edge of the spectrum are
also apparent (inset, Figure 4). The edge peaks which we
can reproduce with confidence have been marked in the
spectrum.
The S0 state signal presented here has a clear contribution

from an underlying broad component, whereas the S2 state
signal appears to have very little. The origin of this broad
signal is under investigation. It should be noted that the S2

state spectrum under these conditions has no contribution
from the excited stateg ) 4.1 signal (see inset in Figure 4)
as is expected (9). The S0 state spectrum also showed no
contribution in theg ) 4 region in the temperature range
5-25 K.
The mechanism whereby methanol affects the Mn cluster

in the OEC is not known and potentially of large mechanistic
and structural interest. However, it seems clear that methanol
interacts closely with the cluster. It was recently observed
that methanol eliminates the S1 state parallel polarized EPR
signal (14). In addition, the EPR signals from the Mn cluster
are much modified in S2 (9) and S0 (this study). This may
reflect ligand substitution or conformational changes in the
vicinity of the Mn. Studies of synthetic Mn complexes might
elucidate the phenomenon. For instance, an ESEEM study
indicates that methanol replaces water bound to a MnIII-
MnIV dimer (15).
Alternative multiline signals from the S2 state in perturbed

systems have, as a rule, more lines and smaller line spacing
than the normal S2 state multiline signal. The multiline signal
arising from a preparation depleted of Ca2+ shows a peak
separation of 55 gauss (8). Sr2+ replacement (16) gives rise
to a signal with average line spacing of about 71 gauss.
Similarly the NH4Cl-treated PSII membranes (17) have an
EPR signal with average spacing of 67.5 gauss. However,
none of these signals is wider than the normal S2 state
multiline signal. Thus, it is unlikely, from this analysis, that
the signal (Figure 4) observed in the third flash sample (S0)
results from a perturbed state; this is corroborated by the
high activity and good oscillation pattern of the EPR signals
in our samples (Figure 2).
The S2 state multiline signal is thought to stem from a

MnIII (MnIV)3 oxidation state of the OEC, where the redox
active center is a di-µ-oxo bridged MnIII-MnIV (3). The
characteristic EPR multiline pattern would arise from an
antiferromagnetically coupled redox active dimer, yielding
a state with one net unpaired electron,S) 1/2 (18, 19). The
participation of the other two Mn ions in the formation of

FIGURE 3: Decay of S0 (2) and S2 (∆) state EPR signal intensities
with time, recorded in samples given three and one flashes,
respectively. The flashed samples were incubated in the dark at
room temperature for the indicated periods of time prior to freezing.
The curves represent exponential fits with decay half-times of 12
and 1.5 min, respectively.
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the S2 state signal is debated. However there seems to be
general agreement that these two Mn ions are redox inactive
(3, 5). The S0 state represents a state with two more
electrons. As Mn-oxidation is thought to occur on the steps
from S0 to S2 (1, 2), the most likely oxidation state for the
redox active dimer is MnII-MnIII (3). Such a system may
be modeled by assuming an effective spin Hamiltonian where
the intrinsic hyperfine interactions are scaled by projection
operators (18, 19). The projection operators for a MnIII-
MnIV dimer are 2aIII and -1aIV, where a stands for the
intrinsic hyperfine interaction for the ion in question. The
projection operators for a MnII-MnIII dimer are7/3aII and
-4/3aIII (20). Assuming the same magnitude of the intrinsic
hyperfine interaction for each Mn atom, regardless of
oxidation state, the width of the spectrum, based on projec-
tion operators for the two systems, indicates that a MnII-
MnIII dimer will be 22% larger than that of the MnIII-MnIV.
For the Mn cluster in PSII this would correspond to a width
of 2200 gauss. The intrinsic hyperfine interaction for MnII

is often larger than for MnIII and MnIV (21, 22). A study of
the Mn-catalase enzyme (23) shows that the MnII-MnIII form
has an EPR signal which is 42% wider than the MnIII-MnIV
form. Simulations show that the additional 20% of the width
can be accounted for by increased hyperfine magnitude in
MnII. The width of 2400 gauss is approximately consistent
with the S0 spectrum presented here, which is at least 2200
gauss wide in flashed samples. It should be noted that in
our experience the observable spectral width of the S2

multiline signal is several 100 gauss smaller in a flashed
sample, where the signal-to-noise ratio is smaller due to the
lower sample concentration compared with a continuously
illuminated, high concentration sample (19). It is likely that
the same holds for the S0 signal and a detailed analysis to
determine the actual width of the spectrum in more dense
samples is in progress. A knowledge of the actual width of
the spectrum will allow a determination of the relative
intensities of the S0 and S2 state signals.
Concluding, we have found that the S0 state of the Mn

cluster is paramagnetic and gives rise to an EPR signal which
oscillates with a period of four. Although similar to the S2

multiline, the new signal is wider, with different peak
intensity and separation, and more long-lived. Supporting

earlier results (5, 24, 25), the spectral properties are strongly
indicative of a Mn cluster with the redox-active part in a
MnII-MnIII oxidation state.

NOTE ADDED IN PROOF

After submission of this manuscript we became aware of
a report of an S0* state EPR signal produced by reduction
of the S1 state (26). This signal is very similar to the S0
signal presented here, which oscillates with flash number.
The S0 signal has now also been produced in PSII samples
that were given three flashes (J. Messinger, personal com-
munication).
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