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Abstract

Pulse EPR, >Mn-ENDOR and ELDOR-detected NMR experiments were performed on the S»-state of the
oxygen-evolving complex from spinach Photosystem II. The novel technique of random acquisition in
ENDOR was used to suppress heating artefacts. Our data unambiguously shows that four Mn ions have
significant hyperfine coupling constants. Numerical simulation of the *>Mn-ENDOR spectrum allowed the
determination of the principal values of the hyperfine interaction tensors for all four Mn ions of the oxygen-
evolving complex. The results of our >>Mn-ENDOR experiments are in good agreement with previously
published data [Peloquin JM et al. (2000) J Am Chem Soc 122: 10926-10942]. For the first time ELDOR-
detected NMR was applied to the S,-state and revealed a broad peak that can be simulated numerically
with the same parameters that were used for the simulation of the >>Mn-ENDOR spectrum. This provides
strong independent support for the assigned hyperfine parameters.

Abbreviations: CW — continuous wave; EDTA — ethylene-diamine-tetra-acetic acid; ELDOR - electron—
electron double resonance; ENDOR — electron—nuclear double resonance; EPR — electron paramagnetic
resonance; ESE — electron spin echo; ESEEM - electron spin echo envelope modulation; HFI — hyperfine
interaction; MLS — multiline signal; MW — microwave; NMR — nuclear magnetic resonance; NQI —
nuclear quadrupole interaction; OEC — oxygen-evolving complex; PPBQ — phenyl-para-benzoquinone; PS
IT — Photosystem II; RF — radiofrequency

Introduction

Photosynthetic water splitting is catalyzed by the
oxygen-evolving complex (OEC) of PS II, which
contains a Mn,O,Ca cluster. Despite numerous
attempts, its structure is not yet fully resolved
(Yachandra et al. 1993; Zouni et al. 2001; Kamiya
and Shen 2003; Biesiadka et al. 2004; Ferreira et al.
2004; Messinger 2004). During the catalytic cycle
(Kok cycle), the OEC passes through five different

redox states, the so-called S-states (Joliot and Kok
1975). Some of these S-states (S,, So) exhibit a
paramagnetic ground state with a total electron spin
of S = 1/2. The S,-state has the strongest EPR
multiline signal (MLS) and has thus been widely
studied in the past by CW EPR with the aim of
determining the Mn hyperfine interaction (HFI)
parameters (Dismukes and Siderer 1981; Zheng and
Dismukes 1996; Ahrling et al. 1998; Hasegawa et al.
1998; Lakshmi et al. 1999; Peloquin et al. 2000).
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Knowledge of these parameters will provide infor-
mation about the electronic structure of the OEC,
which is a prerequisite for the elucidation of the
mechanism of water splitting.

Unfortunately, CW EPR spectra of the OEC
are extremely difficult to simulate and interpret,
since the high complexity of the spin system results
in a large number of fitting parameters. Thus, CW
EPR data alone do not provide reliable hyperfine
interaction constants for the individual Mn ions.
The number of fitting parameters can be largely
reduced by measuring >>Mn-ENDOR of the
S,-state. Recently, Peloquin et al. (2000) reported
simulations of CW EPR and **Mn-ENDOR
spectra of the S,-state using a single set of princi-
pal g-values and Mn HFI parameters. However,
thus far no other laboratory was able to reproduce
these data. It has been discussed whether (i) low
sensitivity prevents the detection of ENDOR sig-
nals at high frequencies (250400 MHz) or (ii) the
spectra are affected by artefacts.

We therefore reinvestigated this question
employing the advanced technique of random
acquisition ENDOR, which suppresses heating
artefacts (Epel et al. 2003). In addition, we employ
a novel method, ELDOR-detected NMR, to
obtain independent information about the Mn
HFI parameters of the OEC (Schosseler et al.
1994; Mino and Ono 2003). In the version of the
method used here, the two-pulse echo is created by
the microwave pulse with a fixed frequency v;. The
pulse with the variable frequency v, is used to
excite the forbidden electron—nuclear transitions.
While v, is scanned, the intensity of the echo is
recorded as a function of the frequency difference
Av = vi — v,. A peak in this ELDOR-detected
NMR spectrum appears when Av is equal to the
frequency of the nuclear spin transition. Thus,
ELDOR-detected NMR is complementary to
ENDOR. The difference to ENDOR is that the
ELDOR-detected NMR spectrum usually has a
stronger intensity, but a substantially larger line-
width. This comes from the fact that the excitation
bandwidth of the microwave pulse is normally
much larger than that of the radio frequency pulse.
Thus, ELDOR-detected NMR is not the method
of choice for studying small HFI constants (pro-
tons, deuterons, nitrogens). However, large HFI
constants, which are often met in metal ions of
enzymes, can be easily accessed by this technique.
Previously, this method was applied to study

partly reconstituted Mn-depleted PS II samples
(Mino and Ono 2003). In this work, it is applied
for the first time to functional PS II in the S,-state.
The results provide additional confirmation for
Mn HFI parameters derived from >>Mn-ENDOR
of the S,-state.

Materials and methods
Sample preparation

Photosystem II membranes were prepared using
Triton X-100 according to (Berthold et al. 1981)
and then washed three times to minimize the
starch content. For storage, the preparations were
resuspended to a chlorophyll concentration of
about 6 mg/ml in a sucrose buffer (0.4 M sucrose,
15 mM NacCl, 5 mM MgCl,, 5 mM CaCl,, 50 mM
Mes, pH 6.0), frozen as droplets in liquid N, and
kept at =70 °C until use. The samples were then
thawed in the dark on ice and supplemented with
1 mM EDTA, 250 uM phenyl-p-benzoquinone
(PPBQ) and 3% methanol. Five-hundred microli-
tres of this suspension was transferred into each
4 mm X-band EPR tube. Then the EPR tubes
were centrifuged at 4 °C for 1 h at about 6000g in
home built adapters. This led to an approximately
3-fold concentration of the sample. The superna-
tant was removed in dim green light and the
samples were frozen in liquid N,. Shortly before
the EPR experiments, the samples were advanced
to the S,-state by a 10 min illumination in an
ethanol/dry ice bath using two 250 W halogen
lamps from which the IR and UV contributions
were largely removed by the following filters: 8 cm
water, 2 cm CuSO,4 (250 mM), Schott GG 455
(2 mm) and Schott KG 3 (2 mm). The final light
intensity at sample level was ~0.5 W/cm®.

EPR measurements

Pulse EPR experiments were performed on a
Bruker ESP-380E spectrometer equipped with a
dielectric ring resonator. The temperature was
controlled by an Oxford ITC liquid helium flow
system. In all experiments, the temperature was
4.2 K. The microwave frequency v, was 9.71 GHz.
The length of /2 and 7 pulses was 16 and 32 ns,
respectively, and the delay t between /2 and =«
pulses 200 ns. The echo was integrated with a time



window of 80 ns. The shot repetition rate was
1 ms in the two-pulse echo-detected EPR experi-
ments and 3 ms in the >Mn-ENDOR and
ELDOR-detected NMR experiments.

In the >>Mn-ENDOR experiments, the Davies-
ENDOR pulse sequence was used with a delay
between the first and the second pulse of
T = 10 ps (see scheme in Figure 2). The length of
the radiofrequency pulse was 5 ps. It was synthe-
sized by an Agilent 4420 generator and amplified
by an ENI 5100L amplifier with 100 W output
power. The recently introduced random acquisi-
tion technique was used for the *>Mn-ENDOR
measurement (Epel et al. 2003). In such experi-
ment, the RF is not swept sequentially, but is
randomly varied in the desired range. Since in this
case, the history of each point acquisition is always
different, the RF-induced heat effect is averaged
over the whole spectral range. This in turn
decreases heating artefacts, which otherwise can
manifest themselves as strong distortions of the
ENDOR spectra.

For the ELDOR-detected NMR experiments, a
signal generator from Rode & Schwarz, SMR40,
was used as a low-power CW source for the
microwave frequency v,. Its output was fed into
the second microwave channel of the Bruker
microwave bridge where it was gated and then
amplified by a traveling wave tube with 1 kW
output power. The length of the v, microwave
pulse was 9 ps. The ENDOR and ELDOR-detec-
ted NMR experiments were performed using the
‘SpecMan’ software (Epel et al. 2003).

In all experiments, both the illuminated (S,)
and the dark (S;) samples were measured. Then
the light-minus-dark spectrum was calculated to
obtain a pure S,-state spectrum, if the dark spec-
trum had non-zero intensity.

Results and discussion
Pulse EPR

Figure 1 shows the echo-detected EPR spectra for
the 200 K illuminated (a, ‘S,-state’), dark-adapted
(b, S;-state) and their difference (c, pure S,-state
signal) of spinach PS II membranes containing 3%
methanol. It is seen that the intensity of ESE in the
dark sample is significant. Most probably it comes
from cytochrome bsso and Cu (Astashkin et al.
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Figure 1. Echo-detected EPR spectra of the PS II membranes
containing 3% methanol: (a) 200 K illuminated sample; (b)
dark sample; (c) light-minus-dark difference (pure S,-state
spectrum). Microwave frequency v; = 9.71 GHz, © = 200 ns,
temperature 4.2 K. The arrow indicates the spectral position
By = 360 mT) where all ENDOR and ELDOR-detected NMR
experiments were performed. The microwave pulse sequence
used in the echo-detected EPR experiment is given in the insert.

1997; Mino et al. 2000; Evans et al. 2004). The
intense line at 350 mT belongs to the tyrosine
radical Yp,. The light minus dark difference spec-
trum is approximately 170 mT wide and represents
the pure S,-state two-pulse ESE-spectrum. In its
low-field part step-like features with separations of
about 8.5 mT can be seen, which are characteristic
for the S,-state MLS of the OEC and thereby
confirm this assignment. The absence of the step-
like features in the high-field part of the spectrum
may be due to (i) an insufficiently high signal-
to-noise ratio or (il) nuclear ESEEM, which is
known to distort the echo-detected EPR spectrum.
The arrow indicates the position in the spectrum
(By = 360 mT) where all ENDOR and ELDOR-
detected NMR experiments were performed. This
position was selected, because it has the highest
intensity of the S,-state ESE signal and relatively
low contributions of the dark ESE signal.

S Mn-ENDOR

Figure 2 shows the dependence of the >Mn-EN-
DOR amplitude of the illuminated sample on the
length of the RF pulse (Rabi nutations) at a
radiofrequency vgr = 120 MHz. This amplitude
is proportional to the fraction of the nuclear spins
inverted by the RF pulse. The dark sample showed
no ENDOR effect in the Rabi nutation experiment
(data not shown). The shape of the curve in
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Figure 2. Rabi nutation curve (dependence of the ENDOR
signal intensity on the duration of the RF pulse) for the illu-
minated PS II sample (S,-state), taken at By = 360 mT and
vrr = 120 MHz. The dashed line is drawn to guide the eye.
The Davies-ENDOR pulse sequence used is shown in the insert.

Figure 2 is characteristic for the ENDOR effect:
the initial rise is followed by a low-amplitude
oscillation. This confirms that the observed signal
is caused by the nutation of the nuclear spin of Mn
ions. The position of the maximum (approxi-
mately 3 ps) corresponds to the duration of the
RF m-pulse. It should be noted, however, that this
position was different for other RF values, which
reflects the frequency dependence of the effective
magnetic field B.g, experienced by the nuclear spin
during the RF pulse. This value depends on many
factors, the most important one is the strength of
the RF magnetic field B,. It is determined by the
geometry of the resonator and of the RF coils. Its
influence on the ENDOR signal will be discussed
below.

In Figure 3, the solid lines show the >Mn-
ENDOR spectra for the illuminated sample (a,
S,-state) and for the dark sample (b, S;-state). No
features are seen in the dark spectrum. This sug-
gests that the species producing the dark ESE
spectrum does not contain nuclei with large HFI
constants, or that they produce a very small
ENDOR effect. A remarkably flat baseline was
achieved in our *Mn-ENDOR experiments, as
compared with the previous measurements (Pelo-
quin et al. 2000). This is a result of the random
acquisition in ENDOR. It is important to note
that no spectral features were present in the high-
frequency region (250-400 MHz) for both the S,
and the S; samples (data not shown). The spec-
trum of the illuminated sample shows three max-
ima in the range between 75 and 175 MHz. The

ENDOR intensity, a.u.
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Figure 3. *>Mn-ENDOR spectrum of the PS II membranes
containing 3% methanol: (a) 200 K illuminated sample
(S,-state); (b) dark sample. v; = 9.71 GHz, B, = 360 mT,
t = 200ns, T = 10 ps, RF pulse duration Az = 5 ps, tem-
perature 4.2 K. The numerical simulation of the S,-state >>Mn-
ENDOR spectrum with the parameters listed in Table 1 is given
as dashed line. The DaviessENDOR pulse sequence used is
shown in the insert.

overall shape is very similar to the >>Mn-ENDOR
spectrum of the S,-state measured earlier by the
Britt laboratory (Peloquin et al. 2000). The main
differences are (i) an improved S/N ratio due to the
better baseline and (ii) some variations of the rel-
ative intensities of the three peaks. It should be
noted that Rabi nutation measurements at differ-
ent positions of the ENDOR spectrum show that
the apparent splitting of the third peak in our
spectrum (dip at 143 MHz) is of instrumental
origin. It corresponds to a slowing of the initial
rise in the Rabi nutation pattern, from which an
about 2-fold decrease of the RF magnetic field at
143 MHz can be estimated, as compared with the
‘normal level’ at 138 and 148 MHz. We are cur-
rently improving the experimental setup to avoid
this ‘quasi-resonance’ feature.

For the simulation of the obtained S,-state
3Mn-ENDOR spectrum, it is important to know
how many Mn nuclei contribute to this signal.
Although it is clear that the OEC contains four
Mn ions, the precise structure of the Mn,O,Ca
cluster is unknown and therefore the number N of
magnetically coupled Mn nuclei constituting the
S,-state EPR MLS may lie between two and four.
This important question can be answered by a
simple calculation using the properties of EPR and
>*Mn-ENDOR spectra of the OEC. First, it should
be noted that due to the absence of significant
orientation selectivity the mean >Mn-ENDOR
frequency approximately equals one half of the



absolute value of the isotropic Mn HFI constant,
averaged over all Mn nuclei, <|A|> /2. Using this
good approximation (tests with models give results
of less than 1% error), we determine from the
experimental °Mn-ENDOR  spectrum that
<|A|> = 235 MHz. If we assume that the Mn
HFTI tensors are nearly isotropic, the contribution
of Mn HFI to the width of the EPR spectrum is
Wurr = SN<|A|>, where N is the number of Mn
nuclei and the factor 5 results from the nuclear
spin of the Mn ions, I = 5/2. Any anisotropy of
Mn HFI would lead to a slight increase of Wygr.
We can now compare the total width of the
experimental S,-state EPR spectrum, which is
Wt = 4760 MHz in frequency units (the width of
the EPR spectrum in mT is multiplied by the
electron gyromagnetic ratio, g = 2 is assumed),
with the calculated width assuming various num-
bers of Mn nuclei N. With N = 4, a spectral width
of Wypr = 4700 MHz is calculated. The differ-
ence between Wy and W can be explained by a
g-tensor anisotropy of Ag =~ 0.02. Due to the
approximate character of this calculation, the
precision of this value should not be overesti-
mated. However, this calculation allows to safely
reject the possibility of N = 2, since this would
imply unrealistically large Ag values or different
sources for the broadening of the EPR spectrum,
which are not expected. The same arguments
exclude N = 3.

The dashed line in Figure 3 shows the numer-
ical simulation of the *>Mn-ENDOR spectrum of
the S,-state with N = 4. This simulation is based
on second-order perturbation theory. To reduce
the number of fitting parameters axial g-, HFI-
and NQI-tensors were used with the symmetry axis
coinciding for all tensors. Furthermore, a gaussian
linewidth of 4 MHz was used. The parameter set
of our simulation (Table 1) coincides with that
used in the previous work for the methanol-treated
S,-state (Peloquin et al. 2000), because no clear
indications exist to change these values. It should
be noted, however, that variations of the Mn HFI
values within a range of approximately 10 MHz
result in almost the same degree of visual coinci-
dence between the experimental and the simulated
spectra, because the changes can be largely com-
pensated for by changes in the NQI parameters,
which may even change sign. Thus we conclude
that in contrast to the Mn HFI parameters at
present the precision of the Mn NQI parameters
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Table 1. Parameters used in the simulation of **Mn-ENDOR
and ELDOR-detected NMR spectra of the S,-state of PS I, in
MHz

5SMn nucleus A, A P
Mny -232 =270 -3
Mng 200 250 -3
Mnc =311 =270 8
Mnp 180 240 1

A, and A are the principal values of the Mn HFI in perpen-
dicular and parallel direction, respectively, and P is the major
Mn quadrupole coupling parameter. The principal values
g, = 1.97 and g = 1.99 were used for the g-tensor. The
gaussian linewidth is 4 MHz for ENDOR and 25 MHz for
ELDOR-detected NMR.

for the S,-state is low, and only the order of their
magnitude is reliable. A further improvement of
these parameters can be obtained by >>Mn-EN-
DOR measurements at different frequencies such
as Q-band.

ELDOR-detected NMR

Figure 4 shows the ELDOR-detected NMR spec-
tra for the illuminated sample (a), dark sample (b)
and their difference (c). The dark spectrum
(S;-state) has a small but non-zero intensity. Its
negative amplitude is probably due to a signal
from species with high electron spin (S > 1/2) that
can produce negative ESE intensity. The low-fre-
quency peak (Av < 70 MHz) in the light-minus-
dark difference spectrum (c) is caused by the
excitation of the allowed transitions by the v,
pulse. The broad peak with the maximum at
110 MHz represents the >>Mn-ELDOR-detected
NMR signal from the S,-state. The different
shape compared to the *>Mn-ENDOR spectrum in
Figure 3 is mainly due to the increased linewidth.
The dashed line in Figure 4 shows the numerical
simulation of the ELDOR-detected NMR spec-
trum. It is calculated using the same method and
parameters as for the >>Mn-ENDOR spectrum
(Table 1). As explained earlier, the only exception
to this is the linewidth, which is 25 MHz in the
case of ELDOR-detected NMR compared to
4 MHz in ENDOR. Due to this rather large line-
width ELDOR-detected NMR alone can hardly be
used for extraction of the individual HFI and NQI
parameters of the four Mn nuclei. However, the
rather good agreement of the experimental and
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Figure 4. ELDOR-detected NMR spectra of the PS II mem-
branes containing 3% methanol: (a) 200 K illuminated sample;
(b) dark sample; (c) light-minus-dark difference (pure S,-state
spectrum). The numerical simulation of the S,-state >>Mn-EL-
DOR-detected NMR spectrum with the parameters listed in
Table 1 is given as dashed line. The ELDOR-detected NMR
pulse sequence is given in the insert.

theoretical spectra in Figure 4 provides additional
support for the parameter set derived from >>Mn-
ENDOR.

Conclusions

The pulse EPR and >>Mn-ENDOR spectra of the
OEC in the S,-state presented in this paper con-
firm previously published data by the Britt labo-
ratory (Peloquin et al. 2000). This is important,
since their derived effective hyperfine parameters
differ significantly from all previously published
once (Zheng and Dismukes 1996; Ahrling et al.
1998; Hasegawa et al. 1998). Our new data add
additional trust to these HFI parameters, because
the new method of random acquisition was
employed to collect the *>Mn-ENDOR data in
order to suppress heating artefacts. As a conse-
quence, a remarkably flat baseline was obtained
for the S; control sample over the entire frequency
range, which makes a subtraction procedure for
the S,-state unnecessary. A careful analysis of
Rabi nutations also ensures that true ENDOR
signals are observed.

For the first time also ELDOR-detected NMR
spectra of the S,-state are presented. These data
strongly support the HFI parameters derived from
the X-band Mn-ENDOR experiments, because
an excellent agreement between the experimental
data and a simulation using the ENDOR derived
parameter set is obtained. Additional support

comes from our recent >>Mn-ENDOR spectra,
recorded at a different microwave frequency
(Q-band), which can be simulated well with very
similar HFI parameters, but somewhat different
NQI parameters (Kulik et al. 2005).

The ultimate goal of these experiments is to
derive the electronic and geometric structure of the
OEC. For this, the effective HFI parameters need
to be deconvoluted into the intrinsic HFI param-
eters. This work is beyond the scope of this present
communication but will be completed in due
course. At present, we are not able to further
comment on possible structures of the OEC or the
oxidation states of the four Mn ions in the S,-state.
However, on the basis of (i) simple considerations
(vide supra) and (ii) the absence of any ENDOR
signals in the range between 200 and 400 MHz, we
can already safely exclude all models proposing
two magnetically uncoupled dimers as structural
elements of the OEC in the S,-state.
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