
Split EPR Signals from Photosystem II Are Modified by Methanol, Reflecting S
State-Dependent Binding and Alterations in the Magnetic Coupling in the CaMn4

Cluster†

Ji-Hu Su,‡ Kajsa G. V. Havelius, Fikret Mamedov, Felix M. Ho,* and Stenbjo¨rn Styring*

Molecular Biomimetics, Department of Photochemistry and Molecular Science, Ångstro¨m Laboratory, Uppsala UniVersity,
SE-751 20 Uppsala, Sweden

ReceiVed February 17, 2006; ReVised Manuscript ReceiVed April 7, 2006

ABSTRACT: Methanol binds to the CaMn4 cluster in photosystem II (PSII). Here we report the methanol
dependence of the split EPR signals originating from the magnetic interaction between the CaMn4 cluster
and the YZ

• radical in PSII which are induced by illumination at 5 K. We found that the magnitudes of
the “split S1” and “split S3” signals induced in the S1 and S3 states of PSII centers, respectively, are
diminished with an increase in the methanol concentration. The methanol concentrations at which half of
the respective spectral changes had occurred ([MeOH]1/2) were 0.12 and 0.57%, respectively. By contrast,
the “split S0” signal induced in the S0 state is broadened, and its amplitude is enhanced. [MeOH]1/2 for
this change was found to be 0.54%. We discuss these observations with respect to the location and nature
of the methanol binding site. Furthermore, by comparing this behavior with methanol effects reported for
other EPR signals in the different S states, we propose that the observed methanol-dependent changes in
the split S1 and split S0 EPR signals are caused by an increase in the extent of magnetic coupling within
the cluster.

In oxygenic photosynthesis, light-driven water oxidation
to molecular oxygen is carried out by the water-oxidizing
complex (WOC)1 in PSII. The catalytic center is a CaMn4

cluster acting together with the nearby, redox-active tyrosine
residue YZ. According to the available crystal structures (1-
4), the shortest distance between YZ and the CaMn4 cluster
is 5.4 Å. During water oxidation, the CaMn4 complex cycles
through five intermediate oxidation states in the so-called S
state cycle [also termed the Kok cycle (5)]. Using well-
developed experimental protocols, the different S states,
denoted Sn (n ) 0-4), can be trapped by exposing PSII
samples to varying numbers of saturating laser flashes
followed by rapid freezing (see below). EPR spectroscopy
is a powerful technique for characterizing the S states, and
information-rich EPR spectra have been reported from the

WOC in all S states except the transient S4 state (for reviews,
see refs6-9).

When intact PSII, trapped in different S states, is exposed
to weak visible light at liquid helium temperatures, a series
of EPR signals centered aroundg ∼ 2.0 are induced in the
S1, S3, and S0 states (10-18). [In the S1 and S3 states, the
signals can also be induced by NIR light (13, 19-21).] These
EPR signals are assigned as split radical EPR signals and
are generally considered to originate from magnetic interac-
tions between YZ• and the CaMn4 cluster. In this paper, they
are termed the “split S1”, “split S3”, and “split S0” signals,
according to the respective S state of the CaMn4 cluster when
the signals are induced. Figure 1 shows the spectra of these
EPR split signals originating from PSII samples given
different numbers of laser flashes. The formation and
interpretations of these EPR split signals have been discussed
in detail by several groups (10-16).

Many studies have indicated that the magnetic properties
of the CaMn4 cluster are modified by the presence or absence
of methanol in an S state-dependent manner (19, 21-29;
Table 1). Since the S state-dependent split EPR signals
originate from magnetic interactions between the CaMn4

cluster and YZ•, they might also be influenced by methanol.
In this study, we describe how methanol affects these split
EPR signals in the S0, S1, and S3 states and determine the
concentration dependence of the spectrally distinguishable
changes. These data are compared with the effect of methanol
on other EPR signals from the WOC and are discussed in
an effort to improve our understanding of the magnetic
properties of the CaMn4 cluster and its magnetic interaction
with the nearby YZ•.
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MATERIALS AND METHODS

PSII-enriched membranes (BBY) were prepared from
hydroponically grown greenhouse spinach as described by
Berthold et al. (30), with modifications according to Vo¨lker
et al. (31), suspended in a buffer containing 0.4 M sucrose,
25 mM MES-NaOH (pH 6.1), 15 mM NaCl, and 3 mM
MgCl2, and then stored at-80 °C before being used. The
Chl concentration was determined according to the method
of Arnon (32). The rate of oxygen evolution, measured with
a Clarke oxygen electrode (Hansatech) in the presence of
1.0 mM PPBQ as an electron acceptor, was 400-450µmol
of O2 (mg of Chl)-1 h-1. The presence of methanol up to
5% (v/v) did not effect oxygen evolution (see also ref33).

Chemical reduction of YD• to 5-10% of its maximum size
was accomplished by reduction with ascorbate (10 mM) and
DAD (3 mM) for 30 min and subsequent removal of the
reagents by washing and centrifugation as described by
Feyziyev et al. (34) to prevent the large signal from YD

• in
the g ∼ 2 region of the EPR spectrum. The chemical

reduction procedure was completed within 1-2 h. All steps
after the addition of ascorbate and DAD were performed in
complete darkness to prevent reoxidation of YD.

After the reduction of YD•, PpBQ was added as an external
electron acceptor (from a 50 mM stock solution in DMSO)
and the samples were transferred to calibrated EPR tubes.
Where used, the required amount of methanol was first added
to the empty EPR tubes before the treated BBY samples were
added and mixed. The final concentrations of Chl, PpBQ,
and DMSO were 2.7-3.3 mg/mL, 1 mM, and 1% (v/v),
respectively.

After the samples had been equilibrated to 0°C by
immersion in an ethanol/ice bath, they were illuminated with
zero, one, two, and three laser flashes from a Nd:YAG laser
(6 ns, 532 nm, 440 mJ/pulse) to predominantly induce the
S1-S3 and S0 states, respectively. After flashing had been
carried out, the samples were frozen within 1-2 s in an
ethanol/solid CO2 bath and then rapidly transferred to liquid
nitrogen.

Induction of the split signals by white light illumination
at 5 K was carried out directly into the Bruker ST4102
standard EPR cavity as in Zhang and Styring (14). The light
was provided by a 150 W projector using a Perspex light
guide. A neutral density filter (Schott NG9) was used to
obtain the appropriate light intensity, and a 5 cm thick
CuSO4/water solution was used to cut off the longer
wavelengths (>700 nm). The final light intensity provided
in a particular experiment was measured at the position of
the EPR cavity with a light meter (Li-Cor Inc., LI-1858, fitted
with a LI-190SB quantum sensor). Low-temperature EPR
spectra were recorded on a Bruker ELEXYS E500 spec-
trometer equipped with an Oxford-900 liquid helium cryostat
and an ITC-503 temperature controller (Oxford Instruments
Ltd.). The other experimental settings are given in the figure
legends. All data acquisition was carried out by the Bruker
Xepr software. Most of the presented spectra are difference
spectra where the spectrum recorded prior to low-temperature
illumination has been subtracted from the spectrum recorded
immediately after (or sometimes during) the illumination.

RESULTS

Induction of Split EPR Signals in Different S States by
Illumination at 5 K.The induction of the split EPR signals
in PSII samples poised in different S states was achieved by
20 s illumination at 5 K directly into the EPR spectrometer.
Figure 1 shows the light-minus-dark difference spectra,
obtained in the absence of methanol, in samples provided
with zero to three laser flashes to turn the PSII CaMn4 cluster
over to different S states. In the dark-adapted sample (Figure
1, zero flashes), the split S1 signal was formed, reflecting
that the S1 state dominated in this sample. This signal is
characterized by a low-field peak centered at 3290 G, which,
due to misses in the flash transition, was also visible to a
small extent in the sample provided with one flash, similar
to what has been described previously (14, 18). The sample
provided with two flashes was dominated by a different split
S3 signal, which showed a wide high-field trough with a
minimum at 3440 G together with a weak peak at 3250 G.
It is noteworthy that the split S3 signal induced by visible
illumination as described here is the same signal that was
obtained by illumination with NIR light (19-21).2 In the

FIGURE 1: EPR spectra recorded in pre-reduced PSII given zero to
three laser flashes. The spectra are the light-minus-dark difference
spectra between spectra recorded immediately after illumination
for 20 s at 5 K and spectra recorded before illumination. The figures
indicate the number of flashes given. The applied light intensity
was 80 W/m2. EPR conditions: microwave power of 25 mW,
microwave frequency of 9.47 GHz, modulation amplitude of 10
G, and temperature of 5 K.

Table 1: Methanol Dependence of EPR Signals in PSII

MeOHS
state EPR signal effect [MeOH]1/2 refs

S0 S0 multiline appears 0.40% 33
split S0 signal modifies signal shape 0.54%a this study

S1 S1 g ∼ 4.9b disappears nrc 28
split S1 signal disappears 0.12%a this study

S2 S2 multiline amplitude increases 0.35% 33
S2 g ∼ 4.1 disappears 0.20% 33

S3 S3 g ∼ 8 and 12b disappears nrc 19, 29
split S3 signal disappears 0.57%a this study

a The estimated experimental error in [MeOH]1/2 is (0.05%.
b Changes observed in EPR signals detected with parallel-mode EPR.
c Not reported.
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latter case, the induction of the signal was assigned to
absorption by the CaMn4 cluster in the S3 state (19-21). In
the sample exposed to three flashes, the spectrum from the
split S0 signal was induced. This signal is more symmetric,
with a significant low-field peak at 3270 G and a high-field
trough at 3435 G, similar to the signal reported earlier by
Zhang and Styring (14) and Zhang et al. (16). It should be
noted that the sample after three flashes still contained a
significant contribution from the S3 state, reflecting dephasing
of the S cycle due to misses (5, 35, 36). Consequently, the
spectrum recorded after three flashes contained a mixture
of split S0 and split S3 signals (see below).

In addition to these spectral features, which have been
described before, all three split signals exhibited a central,
symmetrical feature atg ∼ 2. This feature can be observed
in our spectra since YD was reduced. [Note that for S state
turnovers, laser flashes were applied to the samples at 0°C.
YD reoxidation is slow at our time scales under these
conditions (34). EPR spectra revealed that our flash protocol
led to no oxidation of YD (not shown), and thus, YD• did not
contribute to the difference spectra.] This central feature has
also been described in a mutant lacking YD (37). We have
previously reported preliminary studies of the decay-associ-
ated spectra and the microwave relaxation properties of all
spectral parts of these three split signals, including this middle
part (17). Here, we investigate the effect of methanol at
different concentrations on each of the three split signals.

Effect of Methanol on the Split S1 Signal.Figure 2A shows
the split S1 signal induced in dark-adapted samples in the
presence of different concentrations of methanol. As the
methanol concentration increased, the split signal intensity
decreased, both at the low-field peak centered at 3290 G
and in the central region of the signal. The split signal
amplitude (measured at the peak at 3290 G, Figure 2B) was
very sensitive to the presence of methanol and was close to
zero at a concentration of 1%. [MeOH]1/2 for the decrease
in the signal amplitude was found to be 0.12% (30 mM,
Table 1). The concentration dependence of the amplitude
decrease was found to be uniform across the entire signal
(not shown).

At >3% methanol, there was no signal amplitude remain-
ing at the low-field peak, but there still remained a fraction
of the radical-like feature located in theg ∼ 2 region of the
spectrum. This feature was already observable at a methanol
concentration of 1% (Figure 2A) and was insensitive to
increasing methanol concentration (not shown). We suggest
that the methanol-insensitive spectrum represents another
light-induced species that was also formed with our illumina-
tion at 5 K, irrespective of the presence or absence of
methanol. This species is most likely an oxidized chlorophyll
and/or carotenoid radical in the Car-ChlZ-Cyt b559 pathway
known to be functional at these very low temperatures (38-
42). Formation of the split signal together with a Chl/Car
radical species has been observed previously (14, 16).

The inset in Figure 2B shows a double difference spectrum
that was obtained by subtraction of the light-minus-dark
spectrum of the 3% methanol sample (representing the light-

induced signal in the presence of methanol, i.e., a spectrum
lacking the split S1 signal) from the corresponding spectrum
from the sample containing no methanol (representing the
light-induced signals including the split S1 signal). Since the
induction of the putative chlorophyll/carotenoid radical can
be expected to be the same irrespective of the methanol
concentration, this radical will not contaminate the resulting
spectrum. We conclude therefore that this double difference
spectrum is the purest split S1 signal we can obtain under
our experimental conditions.

Effect of Methanol on the Split S3 Signal.The dependence
of the split S3 signal on the methanol concentration is shown
in Figure 3A. The application of two laser flashes to the
PSII sample in the presence of pre-reduced YD resulted in a
sample dominated by the S3 state, but with some PSII centers
remaining in the S2 state due to misses in the flash-induced
transition of the CaMn4 cluster. However, the S2 state does
not give rise to a split signal induced by illumination at 5 K

2 A full investigation of the wavelength-dependent induction of these
S state-dependent split EPR signals using monochromatic laser light
between 420 and 900 nm is in progress.

FIGURE 2: Methanol concentration dependence of the split S1 EPR
signal from dark-adapted samples illuminated at 5 K. (A) Light-
minus-dark difference spectra (including the inset, which shows
the amplification of the signal peak centered at 3290 G) obtained
at 0% (thick line), 0.2% (thin line), and 1.0% (dotted line) methanol.
(B) Normalized amplitude at 3290 G (marked with an arrow in
panel A) showing the methanol dependence of the signal amplitude.
The inset shows the double difference spectrum obtained by
subtracting the light-minus-dark spectrum of the sample containing
3% methanol from the light-minus-dark spectrum of the sample
containing no methanol. EPR and illumination conditions were as
described in the legend of Figure 1.
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in intact PSII samples (10, 14). Therefore, there was no
contribution from S2 centers to the light-induced split EPR
signal in the two-flash sample. Instead, the observed EPR
signal reflects only PSII centers that were in the S3 state
after the two flashes.

The spectra in Figure 3A clearly show that the amplitude
of the split S3 signal decreases in the presence of methanol.
This was best observed on the high-field side ofg ) 2
(Figure 3A, inset). The signal was large in the absence of
methanol, much smaller at 0.5% methanol, and almost absent
in the presence of 3% methanol. The methanol concentration
dependence of the decrease in the split S3 signal, monitored
at the high-field trough at 3440 G (an arrow in Figure 3A),
is shown in Figure 3B. [MeOH]1/2 for the signal decrease
was estimated to be 0.57% (140 mM, Table 1). The
concentration dependence of the amplitude change was
uniform across the entire signal (not shown).

Effect of Methanol on the Split S0 Signal.Figure 4A shows
the methanol concentration dependence of the light-minus-
dark difference spectra of samples given three flashes,

recorded after illumination at 5 K. In these spectra, the
analysis was more complex than for the split S1 or split S3

signals. There were two reasons for this. First, as in the case
of the S3 state, the transition in the three flashes to the S0

state entails significant S state mixing, and a significant
number of S3 centers remain in the sample. This complicates
the analysis, since the S3 state also gives rise to its own split
signal with its own methanol dependence. Second, the spectra
in Figure 4A immediately reveal that the split S0 signal did
not disappear (as was the case for the split S3 signal) as the
methanol concentration increased. Instead, the spectral shape
was altered.

The methanol concentration dependence of the spectral
changes in the split S0 signal is depicted in Figure 4B. Here
we have plotted the amplitude changes at 3200 and 3500 G
(dashed lines in Figure 4A). At these field positions, neither
the split S3 signal (compare dashed lines in Figure 3) nor
the split S0 signal in the absence of methanol had any signal

FIGURE 3: Methanol concentration dependence of the split S3 EPR
signal induced by illumination at 5 K of samples exposed to two
flashes. (A) Light-minus-dark difference spectra (including the inset,
which shows the amplification of the signal trough centered at 3440
G) obtained at 0% (thick line), 0.5% (thin line), and 3.0% (dotted
line) methanol. The dashed lines indicate the field positions used
for comparison with the split S0 signal (see Figure 4 and ac-
companying text for details). (B) Normalized amplitude change at
3440 G (marked with an arrow in panel A) showing the methanol
dependence of the signal amplitude. EPR and illumination condi-
tions were as described in the legend of Figure 1.

FIGURE 4: Methanol concentration dependence of the split S0 EPR
signal induced by illumination at 5 K of samples exposed to three
flashes. (A) Light-minus-dark difference spectra (including the
insets, which show the amplification of the signals in the main
spectra) obtained at 0% (thick line), 0.5% (thin line), and 3.0%
(dotted line) methanol. The dashed lines indicate the position used
for plotting panel B. (B) Normalized amplitude change at 3200
(2) and 3500 G (b) showing the methanol dependence of the
appearance of the methanol form of the split S0 signal. The inset
shows the corrected split S0 signal in the absence of methanol.
Contributions from the split S3 signal were removed by subtraction
(see text for details). EPR and illumination conditions were as
described in the legend of Figure 1.
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amplitude. Thus, the amplitude changes only reflected the
appearance of the new methanol form of the split S0 signal.
Maximum intensities were reached at∼3% methanol for both
field positions. The methanol dependence for the formation
of both peaks was very similar, which strongly suggests that
they are directly linked to one another. Taking these two
methanol dependences to be the same, we determined the
[MeOH]1/2 to be 0.54% (135 mM, Table 1).

To analyze these complex spectral changes in detail, we
attempted to isolate the contribution from the methanol-
induced changes in the split S0 signal from methanol-induced
changes in the split S3 signal by subtraction of the S3 part of
the spectra in Figure 4. This proved difficult mainly because
the split S3 signal was also altered by methanol (Figure 3).
However, to allow comparison between the two forms of
the split S0 signal, a weighted fraction of the split S3 signal
in the absence of methanol, corresponding to 35% of the
PSII centers, was subtracted from the spectrum of the 0%
methanol sample in Figure 4A. The resulting spectrum is
shown in the inset of Figure 4B. The estimation that ca. 35%
of the PSII centers remain in the S3 state after three flashes
is reasonable in our type of samples with reduced YD, where
a synchronizing preflash (25, 43) could not be used.

It is interesting to compare the split S0 signals in the
presence and absence of methanol. In the absence of
methanol, the split S0 signal was similar to those observed
earlier (14, 16). In the presence of methanol, the spectral
modification is very clear at the low-field side ofg ) 2.
Whereas the spectrum in the absence of methanol was
dominated by the peak at 3270 G, with virtually no amplitude
below 3220 G, in the presence of methanol, a large peak
centered around 3210 G, with an overlapping peak at 3260
G, appeared in a methanol-dependent manner. There still
remained signal amplitude at 3270 G in the presence of
methanol, but careful inspection of the spectrum reveals that
the earlier peak was now absent (this is clearly seen at 3290
G where no amplitude remained at 5% methanol). Instead,
the remaining amplitude at 3270 G reflects the fact that the
new peaks observed upon methanol addition also have
amplitude here. Thus, it seems that the split S0 signal did
not disappear in the presence of methanol but rather that
methanol induced large modifications in the shape of the
EPR spectrum.

The altered spectral shape in the presence of methanol was
also observable at the high-field side ofg ) 2. Here the
signal was dominated by a peak centered at 3435 G in the
absence of methanol. With the addition of methanol, the
shape changed and the spectrum became dominated by a
sharp trough around 3480 G, where there was virtually no
amplitude in the absence of methanol.

Effect of S0 Split Signal Induction on the S0 Multiline
Signal.The S0 state gives rise to a multiline signal in the
presence of methanol (25-27, 33, 44-47). Thus, it was
interesting to investigate if the induction of the split S0 signal
by illumination at 5 K had any effect on the S0 multiline
signal. This was tested in a sample given three flashes. Due
to misses in the S state transitions, the sample contained a
mixture of S0-, S3-, and S2 state centers. Therefore, to
facilitate analysis, the contribution to the EPR spectra from
the S2 multiline signal from the S2 centers was removed by
weighted subtraction (not shown) using procedures described

previously (25, 48). The resulting spectra are shown in Figure
5.

In the dark (Figure 5, spectrum a), the S0 multiline signal
was observed (typical peaks indicated with dashed lines).
The split S0 signal was then induced by illumination at 5 K.
Since the split S0 signal decays quite rapidly in the dark
(t1/2 ∼ 3-5 min; 14, 16, 17), the sample in this particular
experiment was illuminated during the entire EPR scan,
in total for 11 min (Figure 5, spectrum b). The illumina-
tion resulted in a large increase in the intensity around
g ) 2, reflecting the formation of the methanol form of
the split S0 signal (cf. Figure 4), as well as subtle changes
in peaks of the S0 multiline EPR signal farther from the
center.

Already from spectrum b, it was clear that the illumination
at 5 K resulted in the formation of the split S0 signal
concomitantly with changes in the S0 multiline signal peaks.
These changes are better displayed in the light-minus-dark
difference spectrum c (Figure 5). The split signal is clearly
visible, with the characteristic peaks at 3210 and 3480 G
dominating the spectrum. However, the changes in the
multiline peaks now became clearly observable and possible
to analyze. Close examination of the changes revealed that
they occurred exactly at the field positions for peaks
originating from the S0 multiline signal (dashed lines in
Figure 5). However, they were inverted. Consequently, they
represented a decrease in the amplitude of the S0 multiline
signal, induced by illumination at 5 K and occurring
simultaneously with the formation of the split S0 signal. The
decrease in the S0 multiline signal represented ca. 40% of
the signal amplitude, which is similar to literature estimates
of the centers in the S0 state that gave rise to the split S0

signal [in 40-50% of the S0 centers (14, 16)].

FIGURE 5: Light-induced changes in the S0 multiline and split S0
signals recorded in the same sample. (a) S0 multiline signal of a
three-flash sample containing 5% (v/v) methanol, measured in the
dark at 5 K. (b) The same three-flash sample measured during
continuous illumination (80 W/m2) at 5 K to induce a steady-state
split S0 signal. (c) Light-minus-dark difference spectrum obtained
by subtracting spectrum a from spectrum b. EPR conditions:
microwave power of 25 mW, microwave frequency of 9.47 GHz,
modulation amplitude of 15 G, scan time of 168 s, conversion time
of 82 ms, four scans, and temperature of 5 K. Residual S2 multiline
signals in the spectra were subtracted as described in the text.
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DISCUSSION

EPR Signal Alternations Due to Methanol.Many effector
molecules [for example, Ca2+ and NH3 (49-55)] bind to
and affect the CaMn4 cluster in an S state-dependent manner.
This also holds for methanol, and work by many laboratories
has revealed that methanol modifies EPR signals from the
WOC in all S states. Table 1 provides a compilation of the
main methanol effects on the S state-dependent EPR signals.
One prominent effect of binding of methanol to the WOC is
that the S0 state gives rise to a multiline EPR signal in plants
only in the presence of methanol (25-27, 33, 44-47). A
similar effect holds for the S2 state multiline signal, which
increases in intensity and undergoes a change in spectral
appearance in the presence of methanol (23, 33, 56). By
contrast, methanol has been found to abolish other Mn-
derived EPR signals from the S1 state (the parallel modeg
) 4.9 signal), the S2 state (theg ) 4.1 signal), and the S3
state (the parallel modeg ) 8 and 12 signals) (19, 28, 29,
33). All these Mn-derived EPR signals reflect complex
magnetic interactions between the Mn ions in the CaMn4

complex, and it is thought that binding of methanol to the
WOC changes the magnetic couplings between the Mn ions,
thereby changing the EPR signals (Table 2; further discus-
sions below). For the S2 multiline signal, the exchange
coupling parameter has been experimentally determined both
in the presence and in the absence of methanol, while this
does not hold for the other signals, which either appear or
disappear in the presence of methanol.

All these observations reveal that methanol interacts
closely with the CaMn4 cluster in all S states. Two important
questions are (i) where the site for methanol binding is and
whether this site changes with S state and (ii) by which
physicochemical mechanism methanol can define the in-
crease or decrease in the magnitude of the EPR signals from
the CaMn4 cluster that reflect different, S state-dependent,
magnetic properties in the Mn ensemble. We address both
issues in the discussion of our results.

Binding of Methanol to the CaMn4 Cluster.Little is known
about the binding site for methanol in S states other than S2

(see below). It is, however, likely that conclusions can be
drawn from the concentration dependence for methanol-
induced effects on a particular EPR signal (Table 1). This
was used in an earlier study from our laboratory (33;
reviewed in ref45) where it was found that the concentration
dependences for the binding of methanol to the S2 and S0

states were quite similar [though not identical, and dependent
on other additives (33); see also Table 1]. It was concluded

that the methanol binding site was probably the same in both
S states. In this paper, we have taken this study further to
study the low-temperature-induced split EPR signals from
the WOC. This allows us to draw conclusions about methanol
binding in all S states.

In the S0 state, we have now studied two spectral probes
that are sensitive to the presence of methanol. The S0

multiline signal appears in the presence of methanol, while
the spectral shape of the split S0 signal is altered in a
significant manner. [MeOH]1/2 for the appearance of the S0

multiline signal is 0.40% (33) and for the spectral change in
the split S0 signal 0.54% (Table 1). These values are quite
similar, and we conclude that both spectral modifications
most likely involve the binding of methanol to the same site
in the environment of YZ and the CaMn4 cluster. Whether
more than one methanol molecule is involved cannot be
addressed quantitatively from the data presented here.

Binding of methanol to the WOC in the S1 and S3 states
has not been carefully investigated, but it is known that the
small and difficult to study Mn-dependent EPR signals,
which can be observed in parallel mode EPR at highg values,
are all abolished by the presence of methanol (Table 1 and
the references cited). We have now determined [MeOH]1/2

for modifications of both split S1 and split S3 signals, thereby
providing binding data also in these S states (Table 1).
[MeOH]1/2 in the S3 state is 0.57%, whereas methanol binding
is more efficient in inhibiting formation of the split S1 signal
with a [MeOH]1/2 0.12%.

With [MeOH]1/2 values now available for each of the S
states (Table 1), it can be seen that the values fall into two
groups. [MeOH]1/2 values for the S1 and S2 states are similar
to each other (average of 0.22%, range of(0.13%) and are
significantly lower than in the S3 and S0 states. The
[MeOH]1/2 values of the S3 and S0 states are again similar to
each other (average of 0.50%, range of(0.10%).

Detailed structural investigations of methanol binding have
so far been restricted to the S2 state. Force et al. (22)
investigated interactions of methanol with the CaMn4 cluster
in the S2 state using deuterium-labeled methanol (CD3OD).
Simulation of their three-pulse ESEEM time domain data
indicated that the distance between the methanol protons and
the Mn ions was 2.9-4.1 Å, close enough for methanol to
be a direct ligand. More recently, A° hrling et al. (23) also
concluded that methanol binds to Mn. Analysis of ESEEM
spectra from the S2 multiline signal led the authors to the
conclusion that methanol most likely binds to a five-
coordinate MnIII ion in the cluster. This is one of the few
pieces of experimental evidence of the presence of five-
coordinate MnIII in the S2 state. It is interesting that further
support for the existence of such a five-coordinate MnIII in
the S2 state can be found in the recent time-resolved X-ray
studies by Haumann et al. (57).

There is less knowledge about the methanol binding site
in the other S states. However, from our binding data and
information in the literature, some conclusions can be drawn.
[MeOH]1/2 in the S1 state is similar to [MeOH]1/2 in the S2

state (Table 1), and we interpret this as a reflection of binding
of methanol to a site with similar environments in both S
states. This is substantiated by the consensus that has been
reached from EXAFS studies that reveal no structural
changes in the CaMn4 cluster in the S1 f S2 transition despite
oxidation of one of the Mn ions (57-62).

Table 2: Effect of Methanol on the Energy Gap between the
Ground and First-Excited Spin States of the CaMn4 Complex in the
Different S States

∆ (cm-1)a

S state (EPR signal) without MeOH with MeOH refsb

S0 (multiline) naf 31,c 22d 79, 47
S1 (parallel modeg ∼ 4.9) 1.7e 10e 28
S2 (multiline) na,f 6c 12,c 30d 79, 76
S3 (parallel modeg ∼ 8 and 12) 2.4e naf 29

a Energy gap between the ground and first-excited spin states of the
CaMn4 cluster.b Where more than one source is used, the references
are shown in the order of the cited values.c Assuming ∆ ) |3J|.
d Obtained from an Orbach plot.e Assuming∆ ) |2J|. f Not available.
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The situation is different in the S0 and S3 states, and
EXAFS studies show that conformational changes involving
the Mn ions occur in the S0 f S1 and S2 f S3 transitions
(57, 59, 60, 63, 64). This is consistent with our [MeOH]1/2

data in both the S0 and S3 states, which are different from
[MeOH]1/2 values in the S1 and S2 states (Table 1). However,
in neither case is methanol likely to be completely without
access to the Mn ion(s) since the presence of methanol
perturbs all known EPR signals (Table 1). Therefore, in the
absence of direct data for or against, we propose that
methanol binding occurs in a coordination site of a Mn ion.
Furthermore, the protein environment around the CaMn4

cluster is densely packed, and the metal cluster is embedded
deep in the large PSII protein. Therefore, methanol (and
substrate water) access must be limited to defined channels
extending through the protein. Possible channels for water
and/or proton entry and exit have previously been proposed,
on the basis of available crystal structures (3, 65-67).
Although EXAFS studies have revealed that the structure
of the CaMn4 cluster is altered during S state cycling, there
is little reason to believe that the channels protruding far
from the site are totally changed, making methanol access a
different Mn ion several angstroms away. Instead, we
propose that the methanol binding site remains at the same
Mn ion in all S states. However, the structure of the CaMn4

cluster remains the same only in the S1 and S2 states.
Therefore, the conformations of the binding site on the Mn
ion in the S0 and S3 states are different from the conformation
in the S1 and S2 states, with the CaMn4 cluster in the latter
states showing greater sensitivity toward the presence of
methanol. This is reflected in the lower [MeOH]1/2 values
for the S1- and S2 state signals.

Mechanism behind the Effects of Methanol on Split EPR
Signals. The second issue we will discuss concerns the
mechanism by which methanol can affect the low-temper-
ature-induced split signals in the different S states. These
signals reflect magnetic interaction of the CaMn4 cluster in
a particular S state with a nearby oxidized radical. This
radical should be situated 6-10 Å from the interacting
manganese ion(s) to give rise to these kind of split EPR
signals (68-74). The radical is thought to be YZ• formed by
the illumination at 5 K. The main arguments behind this
assignment are firstly the close position of YZ to the CaMn4
cluster, and secondly by analogy to the split signals from
S2YZ

• observed in PSII inhibited by Ca2+ depletion or by
the presence of acetate. Since methanol binds directly to Mn
and also appears to alter the exchange couplings in the S
state-dependent EPR signals from the CaMn4 cluster (Table
2), it is likely that this is the cause of split signal modifica-
tions in the presence of methanol.

The starting point for our discussion of the effects of
methanol on the split signals is the model of Koulougliotis
et al. (15). According to this model, exchange interaction
between the ground and first-excited states of the CaMn4

cluster in the S1 state (Sa ) 0 andSa ) 1, respectively) with
the organic radical (probably YZ•) gives rise to the spin
multiplets M1 and M2, respectively (Figure 6A). The authors
were able to successfully simulate the X- and W-band spectra
of the split S1 signal as originating from the M2 multiplet.
Thus, both the S1 state parallel mode EPR signal (28, 75)
and the split S1 signal have been linked to the first-excited
(S ) 1) spin state of the CaMn4 cluster.

Considering now the case in which methanol is present,
the S1 state parallel mode signal has been shown to be
abolished by the presence of 3% methanol. The cause of
this has been assigned to an increase in the Mn-Mn
exchange couplingJ value from-0.87 cm-1 to an estimated
value of 5 cm-1 (Table 2). The excitedS) 1 state is thereby
depopulated by moving it out of thermal reach (28). While
this coupling value was calculated on the basis of a Mn dimer
model so that|2J| ) ∼10 cm-1 may not be a true reflection
of the actual energy gap between theS) 0 andS) 1 states
(∆MeOH in Figure 6A) if all four Mn ions were to be
magnetically coupled to each other (46), the effect of
methanol increasing the gap is nevertheless reasonable. This
increase in exchange coupling has also been observed for
the S2 multiline signal, where an increase from 6 to 30 cm-1

in the presence of methanol has been reported (76). In other
studies where calculations of the energy gap have yielded
values of∼30 (77) and 36.5( 0.7 cm-1 (78), ethanol was
present in the sample buffer at a concentration of 4-5%.

We therefore postulate that the increase in Mn-Mn
coupling due to the presence of methanol is the reason the
split S1 signal disappears. Since the split S1 signal originates
from the M2 multiplet (shaded area in Figure 6A), if theSa

) 1 state of the CaMn4 cluster increases in energy and

FIGURE 6: Schematic energy diagram of the spin states involved
in the coupling of the CaMn4 cluster in the (A) S1 and (B) S0 states
with the YZ

• radical in the absence and presence of methanol.
∆no MeOH and ∆MeOH denote the energy gaps between the ground
and first-excited spin states of the CaMn4 cluster in the absence
and presence of methanol, respectively (see Table 2 and ac-
companying text for the reported values of∆no MeOH and∆MeOH).
Double lines represent Kramers doublets. The spin multiplet
resulting from exchange interaction between YZ

• and the ground
spin state of the CaMn4 cluster is represented by M1, and the spin
multiplets resulting from exchange interaction between YZ

• and the
first-excited spin state of the CaMn4 cluster in the absence and
presence of methanol are represented by M2 and M2′, respectively.
The spin multiplets assigned as the origins of the split S1 and split
S0 signals are shaded.

Effects of Methanol on EPR Split Signals in PSII Biochemistry, Vol. 45, No. 24, 20067623



becomes depopulated due to the presence of methanol (∆MeOH

vs ∆no MeOH in Figure 6A), the corresponding multiplet
resulting from its interaction with YZ• (labeled M2′ in Figure
6A) would also be depopulated (even assuming that the
energy of theSa ) 1 state had not been increased to a level
too high for interaction with theSb ) 1/2 state of YZ

• to be
possible). As the M2 multiplet is the attributed origin of the
split S1 signal, it is reasonable that the split signal should
disappear upon methanol addition.

A similar kind of spin interaction analysis can be applied
to the split S0 signal (Figure 6B). Phenomenologically, the
S0 multiline signal is only observed in the presence of
methanol, and in contrast to the S1 state, illumination-induced
split S0 signals are observed both with and without methanol
present, though with different spectral shapes (Figure 4).

We consider first the case in which methanol is present.
A° hrling et al. (79) demonstrated that the S0 multiline signal
originates from an isolatedS ) 1/2 ground state, with an
energy gap between the ground and first-excited state (∆MeOH

in Figure 6B) of 31 cm-1 as calculated from a dimer-of-
dimers model. A recent calculation of this energy gap based
on an Orbach plot ofT1 data gave a lower energy gap of
21.7( 0.4 cm-1 (47). In both cases, it was shown that the
first-excited spin state is clearly out of thermal reach at 5 K
(kT) 3.5 cm-1 at 5 K). Therefore, as in the previous analysis
for the S1 signals, the lack of population of the first-excited
S) 3/2 state implies that the M2 multiplet in the exchange-
coupled system (Figure 6B) is also unpopulated. Hence, the
fact that a split S0 signal is observed despite the presence of
methanol points to M1 as the origin of the split S0 signal
(shaded area in Figure 6B).

Our analysis indicates that, in the presence of methanol,
it is the S ) 1/2 ground state of the CaMn4 cluster that is
involved in producing both the S0 multiline signal and, when
interacting with YZ

•, the split S0 signal. If correct, this model
would predict that the centers where YZ

• is formed upon
illumination at 5 K would no longer contribute to the S0

multiline signal, as they now become exchange-coupled to
the CaMn4 cluster to give the M1 multiplet. A decrease in
the S0 multiline signal intensity would thus be expected as
the split S0 signal is induced. This prediction was borne out
by the experiments described in Figure 5, where the S0

multiline spectrum decreased in amplitude while the split
S0 signal was formed following illumination at 5 K. From
this, we conclude that the split S0 signal was formed at the
expense of the S0 multiline signal, supporting our analysis.

In accordance with our analysis, a smaller energy gap
between the ground and first-excited spin states of the CaMn4

cluster is expected in the absence of methanol (∆no MeOH in
Figure 6B). The split S0 signal is still observed, in agreement
with the assignment of the origin of this signal to the lower-
lying M1 multiplet (shaded area in Figure 6B), which would
clearly remain populated. The different widths of the split
S0 signals with and without methanol (280 and 160 G,
respectively; Figure 4) may reflect an increase in the level
of interaction between YZ• and the CaMn4 cluster in the
presence of methanol. In addition, the change in spectral
shape upon methanol addition might reflect a change in the
g and/or hyperfine anisotropy of the CaMn4 cluster. Such
changes have been shown to explain EPR spectral differences
in the S2YZ

• split EPR signals from acetate-treated and Ca2+-
depleted PSII (74).

A corollary of the hypothesis that the M1 multiplet is
responsible for the split signals in the S0 state is that, as the
M2 multiplet increases in energy and becomes thermally
inaccessible upon methanol addition (M2′ multiplet in Figure
6B), the population of M1 should increase. Therefore, the
split signal should also become more intense. This is what
was indeed observed: not only did the shape of the split S0

signal change with an increase in methanol concentration,
the peak area also increased. This was clearly visible in the
spectra in Figure 4A. However, at present, it is not clear
whether this intensity change also reflects altered magnetic
properties of the species rather than purely an increased
number of spins.

Our experiments do not address why an S0 multiline is
not observed without methanol addition, even though this
signal originate from theS ) 1/2 state from which the M1
multiplet is derived. However, a broad, featureless∼2400
G wide S0 signal has been reported in the absence of
methanol (26). This broad signal was described to match
the S0 multiline signal in bothg value and spectral breadth,
and the authors proposed that the S0 multiline signal
(observed in the presence of methanol) was the same signal
as the broad signal in the absence of methanol, but with
altered hyperfine coupling between the Mn ions. Further-
more, an S0 multiline signal can be observed in PSII isolated
from Thermosynechococcus elongatus, even in the absence
of methanol (80).

A detailed analysis of the methanol effects on the split S3

signal, in the framework of magnetic interactions between
the CaMn4 cluster and YZ•, is not possible at present. Unlike
the case for the split S1 signal, there is no simulation available
for the split S3 signal. This is at least partly due to the
problem that there is as yet no consensus about the redox
state of the CaMn4 cluster when the split S3 signal is
observed. It has been suggested that the split S3 signal could
involve an S2′YZ

• species, where S2′ is a proton-deficient
form of the S2 state (10, 19-21). This S2′ species is proposed
to be formed by the CaMn4 cluster in the S3 state being
excited by the NIR radiation used in those studies, thereby
becoming able to oxidize the nearby YZ to YZ

• at 5 K.
However, the proton lost during the catalytic S2 f S3

transition is not replaced, leading to a proton-deficient state
formally at the oxidation state of S2. The spin state of such
a proton-deficient state formed at 5 K is not known.
Consequently, it would be premature to attempt our type of
analysis for the split S3 signal.

CONCLUSIONS

The concentration-dependent effects of methanol on the
split EPR signals of the S1, S3, and S0 states, induced by
illumination at 5 K, have been investigated in this study,
thereby giving a more complete picture of methanol effects
for each of the S states. The methanol sensitivity of each
state, measured in terms of [MeOH]1/2, combined with current
structural models of the CaMn4 cluster, suggests that
methanol binds to the same site in each of the S states, albeit
with different conformations. In addition, the methanol-
induced spectral modifications we observe in the split S1 and
split S0 signals indicate that methanol binding affects the
EPR signal via an increase of the energy gap between the
ground state and the first-excited state of the CaMn4 cluster.
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Thus, methanol binding has a direct effect on the magnetic
interactions within the cluster.
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