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ABSTRACT: Illuminating a photosystem II sample at low temper-
atures (here 5−10 K) yields so-called split signals detectable with
continuous wave-electron paramagnetic resonance (CW-EPR). These
signals reflect the oxidized, deprotonated radical of D1-Tyr161 (YZ

•) in
a magnetic interaction with the CaMn4 cluster in a particular S state.
The intensity of the split EPR signals are affected by the addition of the
water substrate analogue methanol. This was previously shown by the
induction of split EPR signals from the S1, S3, and S0 states [Su, J.-H. et
al. (2006) Biochemistry 45, 7617−7627.]. Here, we use two split EPR
signals induced from photosystem II trapped in the S2 state to further probe the binding of methanol in an S state dependent
manner. The signals are induced with either visible or near-infrared light illumination provided at 5−10 K where methanol
cannot bind or unbind from its site. The results imply that the binding of methanol not only changes the magnetic properties of
the CaMn4 cluster but also the hydrogen bond network in the oxygen evolving complex (OEC), thereby affecting the relative
charge of the S2 state. The induction mechanisms for the two split EPR signals are different resulting in two different redox states,
S2YZ

• and S1YZ
• respectively. The two states show different methanol dependence for their induction. This indicates the

existence of two binding sites for methanol in the CaMn4 cluster. It is proposed that methanol binds to MnA with high affinity
and to MnD with lower affinity. The molecular nature and S-state dependence of the methanol binding to each respective site are
discussed.

A key reaction in photosynthesis is the oxidation of water
by photosystem II (PSII). The process is initiated by the

light-induced charge separation at the chlorophyll array of P680.
An electron is transferred through the acceptor side cofactors,
Pheo, QA and QB, leaving P680

+ which is oxidizing enough to
ultimately extract electrons from water.1−3 The water oxidation
reaction takes place on the donor side of PSII at a catalytic
center composed of four Mn ions and one Ca ion, bridged by O
atoms.4 For each molecule of oxygen produced, the CaMn4
cluster cycles through five discrete redox states denoted S states
(Sn → Sn+1, n = 0−4). Oxygen is evolved in the S3 → (S4)→ S0
transition, where S4 is a transient state, regenerating the most
reduced state S0. The S1 state is the dominant state in the dark.
The S2 and S3 states are metastable states that can be obtained
from a dark-adapted PSII sample in the S1 state after one or two
short laser flashes, respectively.5−7

The electrons extracted from the CaMn4 cluster are not
transferred directly to P680

+ but are shuttled via a tyrosine
residue, D1-Tyr161 (YZ).

8 Proton-coupled electron transfer
takes place during this process. First, YZ is oxidized by P680

+

upon which its phenol proton is simultaneously transferred to
the nearby base D1-His190,4,9,10 thereby leaving a neutral
radical (YZ

•). Second, YZ
• is reduced by electron transfer from

the CaMn4 cluster and the phenol proton is regained from the
histidine. Over the years, the importance of this proton coupled
electron transfer reaction for an efficient donor side function of

PSII has become increasingly clear.11 The CaMn4 cluster, its
amino acid ligands, and YZ comprise the oxygen evolving
complex (OEC) in PSII (as defined here).
YZ can be oxidized by illumination even at liquid helium

temperatures.12,13 As all S state transitions are completely
inhibited below 77 K,14 the fast rereduction of YZ

• from the
CaMn4 cluster (microsecond to millisecond at ambient
temperature) is blocked. Instead YZ

• is reduced in the minutes
time scale, in most cases via recombination with QA

−.12 The
YZ

• radical may interact magnetically with the CaMn4 cluster in
the different S states and can be observed with electron
paramagnetic resonance (EPR) at 5−20 K as a broadened
radical signal. These are the so-called split EPR signals from
SnYZ

•. The spectral appearance of the interaction signal is
dependent on the redox state of the intact cluster and has in
several aspects served as a valuable tool to study the donor side
reactions in PSII (see refs 12 and 13 and references therein). In
the present work, split EPR signals induced with the CaMn4
cluster poised in the S2 state are used to probe the interaction
of the substrate analogue methanol to the OEC.
Since the catalytic activity of PSII requires an aqueous

environment it has not been a trivial task to analyze substrate
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water interactions in the OEC.15 Waters binding to and
reacting at the CaMn4 cluster must be distinguished from
waters that are present but not otherwise directly participating
in the water oxidation reaction. Therefore, many substrate
analogues such as different amines, hydrazine, hydrogen
peroxide, hydrogen sulfide, and several alcohols have been
used to explore substrate binding to the CaMn4 cluster.

16,17

Among the different substrate analogues, methanol is
thought to coordinate directly to at least one of the Mn ions
in the cluster in the S2 state,18,19 and candidates for the
methanol binding Mn ion have been proposed based on
structural modeling, spectroscopic investigations, and theoreti-
cal analysis.20,21 Interestingly, methanol changes the shape and/
or intensity of essentially all known continuous wave-electron
paramagnetic resonance (CW-EPR) signals from the OEC,
including the split EPR signals and the S0 and S2 multiline EPR
signals (see ref 22 and references therein). Previously, the
binding of methanol was investigated in an S state dependent
manner by following the effects of methanol on both the S0 and
S2 state multiline EPR signals23 and the split EPR signals
induced from the S0, S1, and S3 states.

22

In this paper, the methanol dependence of two split EPR
signals induced from the S2 state are investigated, thereby
completing the set of experimental data across the S states. By
this, a comprehensive depiction of the effect of methanol on the
discrete S states is achieved. The results imply that methanol
coordinates to two distinct sites at the CaMn4 cluster in the S2
state and that the binding not only affects the magnetic
properties of the cluster but also the protonation state in the
OEC, affecting the relative charge of the S2. The molecular
identity of each respective site is discussed.

■ MATERIALS AND METHODS
PSII Membrane Preparation. PSII-enriched membranes

(BBY type) were prepared from hydroponically grown spinach
(Spinacia oleracea).24,25 The steady state oxygen evolution
activity from the preparation was ∼350 μmol of O2 mg of Chl

−1

h−1 when measured under saturating light conditions with a
Clark-type electrode. The measurement was performed at 20
°C in a buffer with 25 mM MES-NaOH (pH 6.3), 10 mM
NaCl, 5 mM MgCl2, 5 mM CaCl2 and 400 mM sucrose at ∼20
μg of Chl/mL using 0.5 mM PpBQ (in DMSO) as an electron
acceptor. Chl concentrations were determined according to ref
26. The preparation was kept at −80 °C in a buffer containing
25 mM MES-NaOH (pH 6.3), 15 mM NaCl, 3 mM MgCl2,
and 400 mM sucrose.
Synchronization of the OEC and Preparation of the S2

State. The PSII membrane preparation with a concentration of
∼2.5 mg of Chl/mL was put into calibrated EPR tubes. A
methanol and water mixture was added with a precision syringe
to reach the desired final concentration (0−5% v/v).22 All
samples were exposed to room light for 5 min to fully oxidize
YD and then dark adapted for 30 min. The PSII samples were
synchronized in the dark-stable S1 state by giving one preflash
and then dark adapting for 15 min at 20 °C.14,27 After dark
adaptation PpBQ was added to a final concentration of 1 mM
(from a 50 mM stock solution in DMSO). The S2 state was
achieved by giving 1 saturating turnover laser flash to the EPR
sample equilibrated at 0 °C. Flashes were provided by a
Nd:YAG laser (Spectra Physics, USA) at a frequency of 5 Hz
(532 nm, 850 mJ/pulse).
EPR Spectroscopy. CW-EPR measurements were per-

formed with a Bruker ELEXSYS E500 spectrometer using a

SuperX EPR049 microwave bridge. Low-temperature experi-
ments were carried out with a Bruker SHQ 4122 cavity
equipped with an Oxford Instruments cryostat. Samples were
cooled with liquid helium, and an Oxford ITC 503 temperature
controller was used for fine temperature adjustments. Signal
processing and quantification were carried out with the Bruker
Xepr software. Spectrometer settings are given in the figure
legends.

EPR Signal Induction and Analysis. The light-induced
EPR signals were produced with illumination at 5−10 K. For
visible light illumination, continuous white light was provided
by a 150 W projector lamp fitted with a neutral density filter
(10% T, Schott NG9). The light was filtered through a CuSO4
solution and directed into the cavity using a Plexiglas light
guide. The light intensity at the position of the cavity window
was 20 W/m2. For NIR illumination, light was provided at 830
nm by a continuous laser diode (LQC830-135E, Newport,
USA). After passing through a beam spreader, the light
intensity at the cavity window was 67 W/m2. The quantification
of the light-induced EPR signals was done by measuring the
height of the peak, for the NIR induced signal, or trough, for
the visible light induced signal, indicated in Figures 1−3. The
intensity of the multiline EPR signal was measured as the peak
height of six of the hyperfine peaks (indicated in Figures 4 and
5).

In addition to the S2 multiline EPR signal, the S2 state can
also exhibit another EPR signal in various amounts centered at
g ∼ 4.1, caused by minor structural differences between two
states.28 In the present experimental series, we did not observe
the g ∼ 4.1 signal, either in the presence or in the absence of
methanol. This probably reflects subtle properties in the OEC
due to our sample preparation and S state advancement

Figure 1. Induction of a split EPR signal from a sample in the S2 state
with visible light at 5 K in the presence of 5% methanol. The total
light-induced signal (gray spectrum) is shown in a difference EPR
spectrum between the spectrum recorded before illumination and the
spectrum recorded during illumination (light-minus-dark), and the
decaying part of the signal (black spectrum) was obtained by
subtraction of a spectrum recorded after 15 min decay at in the dark at
5 K from the spectrum recorded during illumination (light-minus-post
decay). In the latter spectrum long-lived radicals (e.g., Chl, Car) are
not contributing to the EPR spectrum. The inset shows the induction
of the split EPR signal during illumination and its subsequent decay in
the dark after illumination was stopped (arrow) at 5 K measured at the
field position indicated with a dashed line. EPR conditions: Microwave
frequency 9.28 GHz, microwave power 25 mW, field modulation
frequency 100 kHz, modulation amplitude 10 G, temperature 5 K.
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procedure, which are interesting but outside the context of the
present study.

■ RESULTS

The effect of the addition of methanol on the intensity of two
split EPR signals was investigated. Both signals were induced
from a PSII sample with the CaMn4 cluster synchronized in the
S2 state. The split EPR signals were induced by illumination at
liquid helium temperatures (5−10 K). One was induced by
visible light illumination, and the other signal was induced by
NIR (830 nm) illumination.
Effect of Methanol on the Split EPR Signal Induced

with Visible Light Illumination. Ioannidis et al.29 reported
that a 160 G wide split EPR signal centered at 3310 G can be
induced with visible light illumination at 10 K from a sample
poised in the S2 state in the presence of methanol. At a
methanol concentration of 5%, a light-minus-dark difference
spectrum (Figure 1, gray spectrum) resembles the previously
reported signal.29 The induction of the signal by continuous
light illumination and its decay in the dark was followed at the
high field trough at 3385 G (inset, Figure 1). The decay of the
signal at 5 K was estimated to have a t1/2 ∼ 2 min. As observed
for all split EPR signals reported a narrow derivative signal was
observed at g ∼ 2 (3310 G). This part of the spectrum is
complex and contains a fraction of light-induced Car and Chl
radicals.30 These radicals can be separated from the split EPR
spectrum (t1/2 ∼2 min) as they are slowly decaying (hours) in
the dark. By subtracting the signal recorded after 15 min decay
in dark from the signal recorded during illumination, a
spectrum representing the “pure” split EPR signal was obtained.
This spectrum, shown in Figure 1 (black spectrum), still
contains a derivative feature at 3310 G.
To investigate the methanol dependence of the signal in

Figure 1, samples with varying methanol concentration were
illuminated with visible light at 5 K. Figure 2A compares the
160 G split EPR signal induced in samples containing 5%
(black spectrum) and 0.5% (gray spectrum) methanol. The
signal intensity clearly decreased with decreasing methanol
concentration. In contrast, the spectral shape seemed not to be
dependent on the methanol concentration. The split EPR
signal amplitude was measured at 3385 G at methanol
concentrations between 0 and 5% (Figure 2B). The maximal
signal amplitude was reached between 1 and 2% methanol. The
concentration where half of the spectral change has occurred is
defined as [MeOH]1/2

22,23 and is used here for comparing the
observed effect of methanol with data from other S states. The
[MeOH]1/2, determined from the hyperbolic fit (Figure 2B,
dashed line), was 0.28 ± 0.03%.
Effect of Methanol on the Split EPR Signal Induced

with NIR Light Illumination. By illuminating a sample in the
S2 state with NIR light at liquid helium temperature a different
split EPR signal could be induced (Figure 3A).31 In the absence
of methanol, the signal intensity of this split EPR signal slowly
increased to a maximum with continuous 830 nm light
illumination at 10 K (inset Figure 3A). The signal did not
decay in the dark after illumination was stopped as is usually
seen with split EPR signals induced with visible light.30,32−34

Subtracting the spectrum before illumination from the
spectrum recorded after 20 min NIR light illumination at 10
K yielded the light-minus-dark difference spectrum shown in
Figure 3A (black spectrum). The signal has a positive peak at
3280 G and a small derivative feature at 3340 G.

The effect of methanol on this NIR-induced split EPR signal
was investigated by following the change in signal amplitude as
a function of methanol concentration. The signal decreased
with increasing concentrations of methanol and already at 0.1%
methanol almost 50% of the signal amplitude was lost (Figure
3A, gray spectrum). Figure 3B shows the methanol dependence
of the signal intensity between 0 and 5%, and there is essentially
no observable split EPR signal >1% methanol. The [MeOH]1/2,
determined from a hyperbolic decay fit of the data points
(Figure 3B, dashed line), was 0.10 ± 0.01%.

Methanol Effects on the S2 Multiline EPR Signal. The
S2 state of the CaMn4 cluster gives rise to a characteristic EPR
signal known as the S2 multiline EPR signal (Figure 4A). The
S2 multiline EPR signal is affected by methanol and differs in,
e.g., resolution of hyperfine structure, total width of hyperfine
pattern, and microwave power saturation behavior between
treated and nontreated samples (see, e.g., refs 23 and 35). Most
notably, the intensity of the multiline EPR signal has been
shown to increase with increasing methanol concentration.23

This was investigated in the samples used here for split EPR
signal induction by measuring the amplitude of the multiline
EPR signal as a function of methanol concentration.

Figure 2. Methanol dependence of the visible light induced split EPR
signal. (A) Spectra of the split EPR signal induced with visible light
illumination at 5 K in the presence of 5% (black spectrum) or 0.5%
(gray spectrum) methanol. The spectra shown are light-minus-dark
difference spectra. (B) The amplitude of the split EPR signal recorded
in samples with 0−5% methanol concentration. The amplitude was
measured at 3385G (indicated with a dashed line in panel A). EPR
conditions: Microwave frequency 9.28 GHz, microwave power 25
mW, field modulation frequency 100 kHz, modulation amplitude 10
G, temperature 5 K.
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Figure 4B shows the methanol-induced change of the signal
amplitude relative to the signal amplitude without methanol
(i.e., the multiline signal amplitude in the 0% methanol
sample). At the maximal amplitude change (set as 100%), the
multiline EPR signal was approximately double that of a sample
without methanol addition. This is depicted in Figure 4A,
where the multiline EPR signal from samples containing 5%
(Figure 4A, black spectrum) and 0% (Figure 4A, gray
spectrum) methanol is compared. The value of [MeOH]1/2
for the amplitude increase of the S2 multiline EPR signal was
0.20 ± 0.03% determined from a fitting of the data points using
a hyperbolic function (Figure 4B, solid line).
During the induction of both the visible and NIR-induced

split EPR signals, a reduction in the intensity of the S2 multiline
EPR signal was observed here. This has also been reported
previously.29,36 During visible light illumination in the presence
of methanol the intensity of the multiline EPR signal decreased

with approximately 25% (results not shown). During NIR
illumination in the absence of methanol, the intensity of the S2
multiline EPR signal decreased with 22% (results not shown).
However, as shown in Figure 5, even in the presence of 5%

methanol, where no NIR-induced split EPR signal was observed
(see Figure 3), the intensity of the multiline EPR signal
decreased during illumination at 10 K. This is easily observed
from the negative peaks of the multiline EPR spectrum after a
light-minus-dark subtraction (Figure 5). In this difference
spectrum, it can also be seen that no split EPR signal was
induced during NIR illumination in the presence of methanol.
The decrease in the intensity of the multiline EPR signal during
illumination was quantified to approximately 13% of the total
intensity. We did not observe any change in the width of the
hyperfine peaks during illumination that could account for this
decrease. This was verified by a simple normalization and
comparison of the spectra before and after illumination.
As shown previously in the absence of methanol, the S2

multiline EPR signal intensity (as well as the intensity of the
NIR induced split EPR signal) is stable in the dark after
illumination.36 This was also the observed behavior here in the
presence of 5% methanol; i.e., the intensity of the multiline
EPR signal did not recover during dark incubation at 10 K after
the illumination was stopped (results not shown).

Figure 3. Induction and methanol dependence of the split EPR signal
induced with NIR illumination of a sample in the S2 state at 10 K. (A)
Spectra representing the split EPR signal produced by illumination at
830 nm at 10 K in the absence of methanol (black spectrum) or in the
presence of 0.1% methanol (gray spectrum). The spectra are obtained
by subtracting the spectrum recorded in dark from the spectrum
recorded after 20 min continuous illumination. The inset shows the
amplitude of the split EPR signal during continuous illumination with
830 nm light and after the illumination was stopped (arrow). The
change in signal amplitude was measured at 3240 G (indicated with a
dashed line) (B) Methanol dependence of the NIR-induced split EPR
signal in samples with 0−5% methanol concentration. The split EPR
signal was induced by continuous 830 nm illumination for 20 min, and
the amplitude was measured at 3240 G. The maximum signal intensity,
measured at 0% methanol, was set as 100%. EPR conditions:
Microwave frequency 9.28 GHz, microwave power 25 mW, field
modulation frequency 100 kHz, modulation amplitude 10 G,
temperature 10 K.

Figure 4. Methanol dependence of the S2 state multiline EPR signal.
(A) The S2 multiline EPR signal recorded at 10 K in a sample
containing 0% (gray spectrum) or 5% (black spectrum) methanol. (B)
Methanol induced relative amplitude change of the S2 multiline EPR
signal. The methanol-induced change of the signal amplitude relative
to the signal amplitude in the sample with 0% methanol is shown. The
maximal amplitude change is set as set as 100%. The signal amplitude
is estimated at the field positions marked with asterisks in panel A.
EPR conditions: Microwave frequency 9.28 GHz, microwave power 10
mW, field modulation frequency 100 kHz, modulation amplitude 20
G, temperature 10 K.
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■ DISCUSSION
The Effect of Methanol in the S2 State. Two split EPR

signals induced from the S2 state are here used to characterize
S-state dependent methanol effects in photosystem II.
Interestingly, methanol affects the two signals differently; one
disappears in the presence of methanol (Figure 3), while the
other appears with the addition of methanol (Figure 2).
Without methanol, a split EPR signal is induced by

illumination with NIR light at 10 K. It has been suggested
that this signal originates from a S1YZ

• state formed via an
electron transfer from YZ back to the S2 state induced by
excitation of Mn.31,36 In the presence of methanol however, the
split EPR signal from the S1YZ

• state is not observed upon NIR
illumination. There are two possible reasons for this; either the
NIR sensitivity of the CaMn4 cluster is lost in the presence of
methanol and the S1YZ

• state is not induced at all, or the S1YZ
•

state is formed but the interaction is not observable with EPR.
At this point, we favor the second explanation. This is
supported by the loss of multiline EPR signal intensity
independent of the presence of methanol (Figure 5).31,36 A
loss of multiline EPR signal intensity upon light illumination
can be accounted for by the NIR promoted reaction Mn*S2YZ
→ MnS1YZ

•, thus decreasing the S2 centers giving rise to the
multiline EPR signal.
The lack of an EPR detectable S1YZ

• split signal can instead
be explained by the changed electronic configuration of the
CaMn4 cluster in the presence of methanol. Methanol is
postulated to increase the Mn to Mn exchange coupling in the
cluster and thereby increase the ground to first excited state
energy-level difference.21,37−41 In the S1 state, the split EPR
signal has been attributed to the interaction between the first
excited state S = 1 of the CaMn4 cluster and the S = 1/2 of
YZ

•.22,42 In the presence of methanol, Su et al. suggested that
the excited spin would be moved out of thermal reach at 5−10
K,22 and consequently, even though YZ

• is formed by NIR
illumination, the split EPR signal is not observed.
In contrast to above, a split EPR signal is induced in the

presence of methanol when illuminating with visible light at 5
K. This signal has been assigned to a S2YZ

• state induced via the

reaction S2YZ P680
+QA

− → S2YZ
• P680QA

−.29 Following the
reasoning of Su et al.,22 the S2YZ

• split EPR signal is likely to
originate from the ground state S = 1/2 of the CaMn4 cluster
and not from an excited state. This is also supported by the
decrease of the S2 state multiline EPR signal observed here and
in ref 29 as it has been suggested that if the S = 1/2 of the
CaMn4 cluster is in a magnetic interaction with YZ

•, it would no
longer contribute to the intensity of the multiline EPR
signal.22,29

However, when illuminating with visible light in the absence
of methanol the S2YZ

• split EPR signal is not observed. This
contrasts the behavior of the split EPR signal induced with
visible light from the S0 state (“the split S0 EPR signal”)
reported in ref 22, also suggested to originate from the ground
state S = 1/2 of the CaMn4 cluster. This signal is observed
independently of the presence of methanol (though showing a
spectral change).
What is then the reason for the lack of S2YZ

• induction
without methanol? Previously, this has been associated with the
charge of the CaMn4 cluster in the S2 state.

13,29,36 At ambient
temperature, YZ has been suggested to function as an
electrostatic promoter,7,43−45 and YZ

• formation in the S2
state then causes a shift of pK values at the Mn cluster and
the concomitant release of one proton before Mn oxidation to
reach the S3 state.

7,46 At 5 K, this proton release is considered
to be blocked, and the resulting extra charge of the CaMn4
cluster hinders a stable formation of the YZ

• − D1-His190+ pair
(see discussion in ref 36). To observe the S2YZ

• state with EPR,
the charge of the cluster must first be lowered.a

Hence, the induction of the S2YZ
• signal in the presence of

methanol indicates that the YZ
• − D1-His190+ pair can be

stably formed in order for the EPR signal to be observed at 5 K.
This is interesting and implies that methanol either (i) lowers
the charge of the cluster when binding or (ii) promotes a
lowering of the charge upon illumination at 5 K. The second
point however entails a proton movement at the temperature of
split EPR signal induction. Regardless, the results presented
here show that methanol not only changes the apparent
electronic properties of the CaMn4 cluster but could also
invoke a indirect effect on the protonation state and/or the
hydrogen bond network within the OEC by its way of
coordinating to the cluster (e.g., by replacing a Mn ligand). The
remaining of this discussion will deal with the mode of
methanol binding and the possible binding sites in the OEC.

One or Two Sites for Methanol Binding at the CaMn4
Cluster. There are numerous investigations of methanol effects
on PSII properties like O2 evolution,

18,23,47 miss factors,47 EPR
signals (Table 1), ENDOR and ESEEM spectra.18,19,21,35 In
cases where the concentration dependence has been studied,
the effect has been possible to explain by invoking one binding
site for methanol. However, by reviewing the literature (Table
1), it can be noted that while the [MeOH]1/2 values reported
for the EPR signals originating from the S1 state of the CaMn4
cluster are always low, ranging from 0.10 to 0.12%, the EPR
signals originating from the S2 state range from 0.20 to 0.35%.
In the S0 and S3 states, the [MeOH]1/2 was even higher. Such
differences might indicate the existence of multiple sites for
methanol, having different binding affinities (reported as
[MeOH]1/2 in Table 1).
The possibility of multiple sites was first addressed in our

earlier compilation of methanol binding data that was
combined with a computer modeling approach to analyze
channels and binding sites to the OEC.20,22 In that work, where

Figure 5. Decrease of the intensity of the S2 state multiline EPR signal
during NIR illumination. The S2 multiline EPR signal in a sample with
5% methanol was recorded before (black spectrum) and during (gray
spectrum) illumination with NIR light at 10 K. The change in
multiline EPR signal intensity is highlighted by the light-minus-dark
difference spectrum at the top in the panel (L-D; light-minus-dark).
EPR conditions: Microwave frequency 9.28 GHz, microwave power 10
mW, field modulation frequency 100 kHz, modulation amplitude 20
G, temperature 10 K.
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the structural analysis was based on the medium-resolution X-
ray structure of PSII,50 two of the Mn ions (MnA and MnB in
Figure 6) were implicated to be potential methanol binding
sites. It was also pointed out that methanol could access D1-
Glu189 that coordinates both Ca and MnD (Figure 6). Despite
this, the methanol binding was interpreted with a model where
methanol coordinates to one Mn ion, and different affinities in
the various S states were rationalized20,22 by the structural
changes in the CaMn4 cluster that occur during the S2 → S3 →
S0 transitions.

51,52

In light of our present data, this interpretation seems
oversimplified, keeping in mind that no structural changes are
considered to be involved in the S1 → S2 transition. From our
determined values of [MeOH]1/2, we find evidence for two
binding sites of methanol, at least in the S2 state (see further
below). At low methanol concentrations ([MeOH]1/2 =
0.10%), the S1YZ

• EPR signal disappears when induced by
NIR illumination at 10 K. Since methanol will not bind or
unbind at 10 K, the observed [MeOH]1/2 reflects binding to a
site that must exist in the S2 state. We denote this the high
affinity site. From earlier work, it also seems clear that the same
site exists also in the S1 state since the S1YZ

• EPR signal
decreases with the same methanol dependence when the S1
state is illuminated with visible light at 10 K (Table 1). Thus,
methanol in this high affinity site influences EPR signals from
the S1 state in the same way, irrespective of whether S1 was
formed by dark incubation of PSII at room temperature or by
NIR illumination of the S2 state at ultralow temperature (10 K).
However, methanol also binds to a site with a higher

[MeOH]1/2. This is observed here as the appearance of the
S2YZ

• EPR signal ([MeOH]1/2 = 0.28%) and the increased
intensity of the S2 multiline EPR signal ([MeOH]1/2 = 0.20%).
In fact, methanol in this site affects all EPR signals that reflect
the CaMn4 cluster being in the S2 state (Table 1). We denote
this the low affinity site. Importantly, at concentrations when
methanol is bound at the low affinity site (affecting the S2 state

EPR signals), it is also bound to the high affinity site. It is
probable that this has implications for earlier interpretations of
ESEEM spectra18,19 in the presence of methanol (discussed
below).
Further, available data indicate that the low affinity site also

exists in the S1 state. This can be concluded since methanol
exerts the same effect on the spectral shape of the S2 state
multiline EPR signal irrespective if this is formed by 1 flash (ref
23 and the present work) or by illumination of a S1 state sample
at 200 K.19,35 It is furthermore probable that this site also exists
in the S0 state where the studied probes, the split S0 EPR signal
and the S0 state multiline EPR signal both show elevated
[MeOH]1/2 values (0.54% and 0.40% respectively; Table 1). As
earlier proposed by Åhrling et al.,19 the increase in the S0
multiline EPR signal with increasing methanol concentration
probably has the same mechanistic origin as the increase in the
S2 multiline EPR signal indicating binding to the same Mn ion.
However, in the S0 state (as well as in the S3 state) structural
changes possibly also influence the apparent binding affinities
as compared to the S1 and S2 states.
Taken together, the results indicate the presence of two

binding sites for methanol in the OEC. We find the alternative,
that methanol can recoordinate leading to the observation of
different binding affinities at the temperature of the experi-
ments (5−10 K), unlikely. Furthermore, the results indicate
that the low affinity site is available in all S states. In contrast,
the high affinity site has so far only been observed in the S1 and
S2 states. At present, this site has not been studied in the S3 and
S0 states due to lack of experimental probes.

Table 1. Methanol Dependence of the Different EPR Signals
from the OEC

[MeOH]1/2

starting
S state EPR signal % (v/v) mM

effect on
EPR signal ref

S1 S1YZ
•a

(split S1)
0.12 ± 0.05 30 decreases 22

S1 g ∼ 4.9 nrd decreases 37
S2 S1YZ

•b 0.10 ± 0.01 25 decreases this
work

S2YZ
•a 0.28 ± 0.03 69 increases this

work
S2 multiline 0.20 ± 0.03;

0.35 ± 0.08
49;
86

increases this
work23

S2 g ∼ 4.1 0.20 ± 0.08 49 decreases 23
S3 S2′YZ

•c

(split S3)
0.57 ± 0.05 141 decreases

S3 g ∼ 8, 12 nrd decreases 48, 49
S0 S0YZ

•a

(split S0)
0.54 ± 0.05 133 modified/

increases
22

S0 multiline 0.40 ± 0.07 99 increases 23
aInduced at 5 K with visible light illumination. bInduced at 10 K with
830 nm light from a sample poised in the S2 state. A reduction of the
CaMn4 cluster upon NIR illumination is suggested to yield a S1 state.
cInduced at 5 K with 830 nm light from a sample poised in the S3 state.
NIR illumination is suggested to yield a S2′ state, the prime indicates a
possibly modified, deprotonated S2 state

dNot reported.

Figure 6. Illustration of the two suggested methanol binding sites in
the OEC from the 1.9 Å resolution structure.4 The low affinity site for
methanol is located at MnD where the carboxyl group of D1-Glu189 is
displaced. The high affinity site is located at MnA where methanol
probably dislocates one of the OH ligands. Water positions found in
the structure are indicated with blue balls, and the four water
molecules that coordinate to the CaMn4 cluster are labeled W1−W4.
The Mn ions A, B, C, and D (our nomenclature) correspond to Mn4,
Mn3, Mn2, and Mn1, respectively, as labeled in ref 4. The figure was
prepared from PDB ID: 3ARC.

Biochemistry Article

dx.doi.org/10.1021/bi400144e | Biochemistry 2013, 52, 3669−36773674



Nature of the Two Binding Sites. Where are these sites
located in the CaMn4 cluster and which Mn ions are involved?
The best studied and most discussed site is the low affinity site
that affects the S2 multiline EPR signal. Here, direct binding of
methanol to Mn has been proven by spectroscopic studies
using isotope labeled methanol. Very detailed suggestions about
this site were made by Åhrling et al.19,35 On the basis of
ESEEM and EPR studies, it was concluded that methanol was
bound to a Mn(III) ion in the S2 state. This Mn ion was
probably 5-coordinated in the absence of methanol, although it
was not excluded that methanol in fact displaced a protein
ligand to the Mn ion. Presently, it is believed that there is only
one Mn(III) ion in the S2 state,

53 and it has been suggested to
be MnD in Figure 6.54−56

The methanol binding to the S2 state was recently revisited
by Su et al.21 where the ESEEM data from refs 18 and 19 were
used together with the structural model for the CaMn4 cluster
in the S2 state derived by Siegbahn.57 The authors argued that
MnD was one of four possible binding sites for methanol.21 It
was pointed out that methanol was unlikely to bind to the
vacant site on the 5-coordinated MnD. Rather, the data from
Åhrling et al.19 instead were interpreted to favor displacement
of the carboxyl-group of the D1-Glu189 ligand (Figure 6)
which bridges MnD and the Ca ion (see discussion in ref 21).
Methanol binding to this site would be coherent with the
channel modeling work,20 which indicated that methanol could
have easy access to both the Ca ion and D1-Glu189.
However, it can be argued that displacement of a critical

ligand like D1-Glu189 would have severe effects on the OEC.
Still, exchange of D1-Glu189 for Gln, Lys, Arg, Leu, or Ile, that
all will be unable to coordinate both Mn and Ca, give PSII
centers with 40−80% of the oxygen evolution in the wildtype.58

In addition, the S2 state multiline EPR signal was similar in the
wildtype and the Gln mutant. It thus seems clear that D1-
Glu189 can be displaced from its site without major inhibitory
effects of either activity or spectral properties.
The existence of the high affinity site for methanol is here

proposed for the first time. Consequently, there are few
discussions dealing with this site in the literature. However,
both in the channel study by Ho and Styring20 and in the
spectroscopic analysis by Su et al.21 methanol access to several
Mn ions was discussed, mainly in structural terms. In both
studies, MnA was discussed as a methanol binding site (Figure
6). Su et al. (Figure 8 in ref 21) pointed out that MnA has three
potential coordination sites for methanol in the Siegbahn
structure, the two OH-ligands and the D1-Asp170 ligand, and
indicated that the ESEEM data from Force et al.18 favored
displacement of an OH ligand.b Potentially this could be the
high affinity site.
If the above analysis is correct, the different ESEEM data sets

from Åhrling et al.19,35 and Force et al.18 reflect methanol
binding to different Mn ions. This can be rationalized following
a discussion by Åhrling et al.35 where it was concluded that the
methanol binding studied in refs 19 and 35 involved a so-called
narrow form of the S2 state multiline EPR signal, while the
methanol binding studied in ref 18 involved a broader form.
Methanol binding to the low affinity site leads to the narrow
form of the S2 multiline EPR signal which we studied here
(Figure 4). This we assign to methanol binding at MnD
(affecting the S2YZ

• EPR signal). In contrast, according to ref
35, the overall shape of the multiline EPR signal is not affected
by methanol binding to the site studied by ESEEM in ref 18.
This would then be the case when methanol binds to the high

affinity site (affecting the S1YZ
• EPR signal), and it is thus

tempting to suggest that this site involves coordination to an
OH site on MnA.

■ CONCLUSIONS

We have described methanol binding data to PSII in the S2
state of the OEC. The data indicate the existence of two
binding sites for methanol, one high and one low affinity site.
The high affinity site is observable at least in the S1 and S2 states
(so far not observed in the S3 and S0 states), while the low
affinity site seems to be available in all S-states. The two sites
are tentatively assigned to different Mn ions in the CaMn4
cluster. We propose that the high affinity site reflects methanol
displacement of an OH ligand to MnA ,while the low affinity
site involves methanol displacement of the carboxy-group from
D1-Glu189.
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■ ABBREVATIONS

Car, carotenoid; Chl, chlorophyll; Cytb559, cytochrome b559; D1
and D2, the core protein subunits in PSII; DMSO,
dimethylsulfoxide; EPR, electron paramagnetic resonance;
D1-His190, histidine 190 on the D1 protein that participates
in hydrogen bonding to YZ; MES, 2-[N-morpholino]
ethanesulfonic acid; NIR, near-infrared (here 830 nm); OEC,
oxygen evolving complex consisting of the CaMn4 cluster and
surrounding amino acid ligands including YZ; P680, primary
electron donor chlorophylls in PSII; PpBQ, phenyl-p-
benzoquinone; PSII, photosystem II; Pheo, pheo-phytin
acceptor in PSII; QA and QB, primary and secondary
plastoquinone acceptors of PSII; S states, intermediates in the
cyclic turnover of the OEC; YZ, tyrosine 161 on the D1 protein

■ ADDITIONAL NOTES
aIt has been suggested that this can be done by utilizing a pre-
illumination at higher temperature (>77 K) to relocate a proton
before the induction of the split S2YZ

• signal.29,36 Note here
also that a backward electron transfer to produce the S1YZ

•

state is nevertheless possible since the reduction of the CaMn4
cluster upon YZ oxidation lowers its charge, making the YZ

• −
D1-His190+ pair stably formed.36
bOne cannot completely rule out the option of methanol
displacing the MnA ligand D1-Asp170. This amino acid can, in
analogy to D1-Glu189, be replaced by, e.g., Arg, Ile, Leu, and
Val without completely losing the O2 evolving capacity.59,60

However, in the analysis by Su et al.,21 displacement of D1-
Asp170 was favored by neither the Force et al.18 nor the
Åhrling et al.19 ESEEM data.
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