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Proton matrix ENDOR was performed to investigate the protons close to the manganese cluster in oriented
samples of photosystem II (PS II). Eight pairs of ENDOR signals were detected in oriented PS Il membranes.
At an angle of § = 0° between the membrane normal vector n and the external field Hp, five pairs of
ENDOR signals were exchangeable in D,0 medium and three pairs were not exchangeable in D,0 medium.
The hyperfine splitting of 3.60 MHz at 6 = 0° increased to 3.80 MHz at 6 = 90°. The non-exchangeable sig-
nals with 1.73 MHz hyperfine splitting at 6 = 0°, which were assigned to a proton in an amino acid residue,

llf?(;‘g)osg,d:{em 1 were not detected at & = 90° in oriented PS II or in non-oriented PS II. Highly resolved spectra show that only
Oxygen evolving limited numbers of protons were detected by CW-ENDOR spectra, although many protons were located near
Mn-cluster the CaMn4Os cluster. The detected exchangeable protons were proposed to arise from the protons belonging
EPR to the water molecules, labeled W1-W4 in the 1.9 A crystal structure, directly ligated to the CaMn,4Os cluster,
ENDOR

Photosynthesis

and nearby amino-acid residue.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In oxygenic photosynthesis, higher plants and cyanobacteria produce
molecular oxygen and carbohydrates. Oxygen evolution is catalyzed by a
Mn cluster in photosystem II (PS II). Through the absorption of one
photon, charge separation occurs in the reaction center of PS II; six
chlorophylls, two pheophytin multi-pigment assembly. The electron is
transferred to the acceptor quinones, Q and Qg. P680™, the primary
oxidant, abstracts an electron from the Mn cluster through tyrosine res-
idue Yz. The Mn cluster has five different redox states, labeled S, (n = 0-
4). The redox state advances to a higher state (S,, to S,.1) by the absorp-
tion of one photon. In the dark, the S; state is most stable. During each S
state transition, except S; to S, one or two protons are released. The Sy
state is yet unobserved as intermediate state. Molecular oxygen is
evolved during the transition from the Ss state to the Sy state [1-3].

Several groups have performed studies to reveal the structure of
PS Il by X-ray crystal structure analysis [4-6]. Recently, Umena et al.
have obtained an X-ray crystal structure of PSII with 1.9 A resolution
and have revealed the atoms that compose the Mn cluster and the
coordinated amino acids [7]. The Mn cluster consists of four Mn,
five O, and one Ca and is denoted as Mn4CaOs. The Mn4CaOs cluster

Abbreviations: CW, continuous wave; ENDOR, electron nuclear double resonance;
EPR, electron paramagnetic resonance; FM, frequency modulation; MES,
2-morpholinoethanesulfonic acid; OEC, oxygen-evolving complex; PS II, photosystem II;
RF, radio frequency; Yp, Tyr161 for higher plants (Tyr160 for cyanobacteria) of the D2
subunit in PS II; Yz, Tyr161 of the D1 subunit in PS II
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is arranged in a distorted chair form with 3 Mn atoms (Mn1-Mn3)
and 1 Ca atom connected by 4 oxygen atoms to form a distorted
cubic structure, and the 4th Mn, labeled Mn4, and 5th oxygen (04)
are connected outside of the cubane. It was revealed that two water
molecules, labeled W1 and W2, are ligated to the Mn ion (Mn4),
and other two water molecules, labeled W3 and W4, are ligated to
the Ca ion. The amino acid residues ligated to the Mn ions are
D1-H332, D1-D342 and D1-E189 for Mn1, D1-D342, D1-A344 and
CP43-E354 for Mn2, D1-E333 and CP43-E354 for Mn3 and D1-D170
and D1-E333 for Mn4. Although the proton network around the Mn
cluster was proposed, protons were not detected in the X-ray crystal
structure.

Despite the clarification of the fine crystal structure, the mecha-
nism of O, evolution is still unclear. Mass spectrometric measure-
ments employing rapid (ms) H1%0/H1%0 exchange demonstrate that
one substrate water molecule is bound to the OEC throughout the
Kok cycle, and the water molecule exchanges with an S, state-
dependent half-life that is on the order of seconds. Substrate water
that exchanged more quickly was detected in the S, and Ss states
[8-10]. Other techniques applied to study water or proton binding in-
clude FTIR [11] and NMR [12-14].

EPR is a powerful method to investigate electronic structure. EPR
signals were detected for the So-S3 states of the Mn cluster. The S,
multiline, which arises from four Mn ions of the OEC coupling together
creating a ground electronic state with one unpaired electron [15] and
has 19-21 peaks at a g =2 center with 60 mT, is the most
well-characterized EPR signal among these signals. >>Mn pulsed
ENDOR studies have revealed that the Mn cluster arises from a tetramer
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and resolved 4 sets of hyperfine interactions of the Mn atoms [16-18].
ESEEM studies have detected the interaction of nitrogen and protons
with the Mn cluster [19]. Pulsed EDNMR study primarily showed that
the terminal ligands of the Mn4 and at least one p-oxo bridge exchanges
rapidly (seconds timescale) with bulk solvent [20]. ESEEM (HYSCORE)
studies have detected the 2-5 sets of proton signals surrounded in the
Mn cluster [21-23].

Proton matrix ENDOR is a powerful method to detect the proton
signals that surround the Mn cluster. CW-ENDOR strongly depends
on the measurement conditions and the nuclear and electron relaxa-
tion processes (Tiy, T1e, Tx1 and Tyz) [24]. In contrast, pulsed ENDOR,
which can be measured under the conditions used to detect spin ech-
oes, does not depend on the relaxation processes. Although the spec-
tral resolution in pulsed ENDOR is relatively low, signals with broader
lineshapes are easier to detect. Small hyperfine couplings, such as ma-
trix lines, that are produced by the effects of “distant protons” have
low intensity in pulsed ENDOR [25,26]. Changes of peak intensities
in pulsed ENDOR are not necessarily only caused by deuterium ex-
change of the observed protons. CW-ENDOR is free from the
so-called blind spot problem in ESEEM and HYSCORE, which make it
difficult to interpret the spectra. The CW, pulsed ENDOR and ESEEM
techniques give complementary information.

Several CW-ENDOR studies have been performed [27,28].
Kawamori et al. reported that there were six pairs of CW-ENDOR
peaks in the S, multiline signal [28]. Some of these signals, 2.0 and
4.0 MHz hyperfine separations, were exchangeable in D,0 solution
[28]. The ENDOR signals with 4.0 MHz hyperfine splitting have been
assigned to the closest proton, which is a distance of 2.7 A from the
Mn cluster, based on the point-dipole approximation. These signals
were also detected in a recent pulsed ENDOR study [20]. Yamada et
al. reported the multiline CW-ENDOR signals of the S, state [29].
The ENDOR spectrum of the Sy state is very similar to that of the S,
state, except for the slightly different peak separations [29,30]. This
similarity suggests that the spin distributions of the Mn ions are sim-
ilar in the Sg and S, states for the detected protons. The protons with
4.0 MHz hyperfine splitting show different D,O exchange rates in the
Sp and S; states. The proton exchange rate was fast in the Sy state,
however, it became very slow (longer than 3 h) in the S; state. It is
important to assign the ENDOR signals arising from protons close to
the Mn cluster because characterization of the protons surrounding
the Mn cluster is a key to elucidating the mechanism of O, evolution.
In this study, we performed proton matrix ENDOR by using oriented
membranes to assign the ENDOR signals to the protons that, based
on the X-ray crystal structure, are close to the Mn cluster.

2. Materials and methods
2.1. Sample preparation

Oxygen-evolving PS Il membranes were prepared from market
spinach according to the method described previously [31,32]. The
obtained PS Il membranes were suspended in a medium containing
400 mM sucrose, 20 mM NaCl and 20 mM Mes/NaOH buffer (pH
6.5) and were stored in liquid N,. The PS Il membranes were washed
before use with the same medium containing 0.5 mM EDTA-2Na.

For the D,O exchange treatments, the PS Il membranes were
washed three times with D,0O buffer containing the same species as
the H,0 medium and were incubated for 24 h at 6 °C.

To orient the membranes, the spinach PS Il was dried on plastic
sheets under humid nitrogen gas flow for 15 h at 4 °C. The sheets
were cut into 2.5 x 25 mm? pieces, were put into an EPR tube and
were frozen immediately. The bottom of the EPR tube was covered
with glycerol, which was used to conduct heat during the measure-
ments. To ensure enrichment of the S; state, the PS Il membranes
were dark-adapted for 2-3 h after preillumination. The S, state was
formed by white light illumination (500 W tungsten lamp) for

5 min at 200 K. All treatments were performed under dim green
light at 4 °C.

2.2. EPR measurements

The EPR measurements were performed using a Bruker ESP 300E
ESR spectrometer with a gas flow temperature control system
(CF935, Oxford Instruments, Oxford, GB). For the ENDOR measure-
ments, the effective linewidth of the FM modulation was measured
with a spectral analyzer (R3361C, Advantest, Japan). A 300 mW
radio wave from an RF power amplifier (A-300, ENI) was fed to 12
lines of ENDOR coils in the TEqg;; cavity and were terminated with a
50 O dummy load [29], which gives good quality for weak couplings
at frozen low temperature.

2.3. ENDOR simulations

The ENDOR separation of one unpaired electron and one proton
can be described by the hyperfine interaction A between the electron
spin and the proton nuclear spin:

Venpor = [Vo £A/2] (1
with

<1 —3C0529>
A= Aiso + Adip = Aiso + ngan T (2)

where A, is an isotropic Fermi constant that is proportional to the
electron spin density that corresponds to the nucleus, Agjp, is an aniso-
tropic hyperfine interaction determined by space dipole interaction,
Vo is the Zeeman frequency of the free proton, g and g, are the
g-values of the electron and proton, respectively, and 3 and 3, are
the Bohr magnetons of the electron and proton, respectively. r is the
vector between the proton nuclear spin and the electron spin, and 6
is the angle between r and the external static magnetic field Hp.

Actually, the electron spin is distributed over the whole Mn clus-
ter. The ENDOR spectrum is found by integrating the hyperfine inter-
actions between the delocalized electron spin and the nuclei.
Assuming that electron spins are delocalized on only four Mn ions,
the dipole interaction is expressed as:

A =Aio + 2_ PiBdipi 3)
1

(sz *3"1'2) /ri5 *3xiJ’i/ri5 *3Xizi/ri‘s I
Adipi = 8B&nBy(1,m, n) —3xy,/1; (rl'2_3yi2)/ri5 —3yiz/1} (m)

n

=3z =y (F-34)m
(1 —3cos? @,»)

= 8P8nPn rig (4)

i

where p; is the spin projection at the i-th (i = 1-4) Mn atom of the
Mn cluster, r; (x;, ¥;, z;) is the distance vector between the i-th Mn
atom and the proton, and 6; is the angle between r; and the external
magnetic field, and (I, m, n) is the direction cosine of Hy vector. 0; is
expressed as

oli (5)

When Hp is expressed as (Hpsingcosn Hosingsinn Hocos¢ ), the
ENDOR signal amplitude I'(v) is a function of v(¢, 17). ENDOR spec-
trum I(v) is given by integrating I'(v) over all directions of Hp. In
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oriented PS Il samples, the ENDOR intensities I(v) are given by:
1w) = [JTw(&M)GO—¢)singdédn (6)

with

G(0—=¢)

2
G 5)} @

= —76X
V21A p{ 2

where 0 is the angle between the membrane normal vector n and the
external magnetic field for the observation, G(0—¢) is the mosaic
spread function, which is assumed to be Gaussian, and A is the distri-
bution angle of the mosaic spread. The z-axis was set parallel to the
membrane normal vector n, as was the pseudo C, symmetric axis of
PS 1L

The ENDOR pattern depends on the position of the proton relative
to that of the electron. Fig. 1 shows the ENDOR patterns for the dipole
interaction between one proton and one electron at 4 A, where the
proton is directed from the electron toward (a) the membrane nor-
mal n (6o = 0°) and (b) the membrane plane (6, = 90°) and is
detected at an angle between the membrane normal n and the exter-
nal magnetic field Hp of 6 = 0° and 90°, respectively. Trace (c) shows
the powder pattern. In the case of (a) 6, = 0°, only the A, and A,
components are detected at 6 = 0° and 90°, respectively. In the case
of (b) 6y = 90° the A, components are detected at # = 0°, and
both the A/, and A, components are detected at 6 = 90°. The spectral
pattern changes at 6, = 54.7°, the so-called magic angle, at which the
dipole interaction is lost. This is the general ENDOR pattern for the
oriented membranes. In the presence of the electron spin density dis-
tribution, ENDOR spectra show rhombic pattern.

In ENDOR simulations, the spin density distribution p on each Mn
atom should be considered. The spin density distribution is expressed
by the vector projection of the local spin S; to the total spin Sy by the
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Fig. 1. Simulated ENDOR spectra for a single proton located 4 A from an electron using
(a, b) oriented samples and (c) non-oriented samples. Protons are located in the (a)
membrane normal direction and (b) membrane plane.

following equation:

(S;®S7)

T S(Sr+ 1) ®

The spin projections were experimentally estimated as the ratio of
the hyperfine splitting of each Mn in the CaMn,40s5 cluster to that of
monomeric Mn. Although some differences have been reported in dif-
ferent models, the absolute values of the spin projections on the Mn1,
as Mn(Ill), and on the Mn2-4, as Mn(IV), atoms may be estimated to
be approximately 2 and 1, respectively. ESEEM results suggested that
Mn1, labeled in the 1.9 A resolution crystal structure, is Mn(IIl) with a
spin projection of 2 [19]. Through DFT calculations, Ames et al. have
reported the isotropic components of the spin projections to be
1.65, —0.97, —0.94 and 1.27 for Mn1-4, respectively [33]. Based on
a PELDOR study, Asada et al. have assigned the isotropic components
of the spin projections to be 1.97, —1.20, 1.19 and — 0.96 for Mn1-4,
respectively [34].

3. Results
3.1. EPR signals in oriented PS Il membranes

Fig. 2 shows the EPR signals in the oriented PS II membranes.
Panel A shows the angular dependence of the YP signals in the S;

state. These signals are observed at angles of (a) 6 = 0°, (b) 30°, (c)
60° and (d) 90° between the external field vector Hy and the
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Fig. 2. CW-EPR spectra of oriented PS [l membranes observed at an angle 6 between the
membrane normal n and external magnetic field Ho of (a) 0°, (b) 30°, (c) 60° and (d)
90°, respectively. The Y§ signals (Panel A) were observed in the S; state. Panel B was
observed in the S, state. Experimental conditions: microwave frequency, 9.44 GHz;
microwave power, 0.2 mW; modulation frequency, 100 kHz; modulation amplitude,
(A) 0.4 mT and (B) 0.8 mT; temperature, (A) 165 K and (B) 5.5 K.
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membrane normal vector n. The signals (panel B) centered at g = 2
in the range of 260-430 mT arise from the S, state of the Mn cluster
and are called the S, multiline. To suppress the FeQa signal, the sam-
ple was incubated at 77 K in the dark after illumination for 1 week
[35]. The angular dependence of the multiline signal in panel B is al-
most the same as observed in previous studies [36]. The other S,
state EPR signals are observed around g = 4 with a width of 50 mT
and show angular dependence [37]. The signal observed at 220-
240 mT arises from the g, components of Cyt. bsse, which are used
to monitor the mosaic spread angles of the membrane orientation
[36]. The angular dependence of the signal intensities were fitted by
the Gaussian function defined in Eq. (5); the mosaic spread angle
was estimated to be 17° [34]. The ordering condition is higher than
in previous reports [36].

3.2. ENDOR spectra of the S, multiline signal in oriented PS Il membranes

Fig. 3 shows the CW-ENDOR spectra of the S, multiline signal in
(a, b) oriented PS II membranes and (c) non-oriented PS Il mem-
branes. Traces (a) and (b) are observed at angles of (a) 6 = 0° and
(b) 90° between the external magnetic field vector Hy and the mem-
brane normal vector n, respectively. Trace (c) is consistent with pre-
vious reports, in which 6 pairs of ENDOR signals, labeled aa’-ff, are
observed [28,29]. The ee’ peaks, which were broad and were previ-
ously supposed to be a single pair of signals, are composed of two
overlapping signals; the inner and outer peaks have hyperfine con-
stants of 2.0 and 3.0 MHz, labeled e;e;’ and e,e;’, respectively. Previ-
ous reports showed that the ee’ and ff’ signals were exchangeable in
D,0 [28,29]. The spectrum of the oriented membranes observed at
0 = 90° (trace b) is similar to that of the non-oriented membrane
(trace c) because the angle 0, which is between the dipole vector R
and the external magnetic field vector Hp, involves various geome-
tries in the membrane plane observed at § = 90°. The spectrum in
the oriented membranes observed at # = 0° (trace a) is highly re-
solved because the angle 0 is equal to 6y and is uniquely determined,
in the extent of the orientation distribution, when observed at § = 0°.
In addition, the new peaks, separated by 1.73 MHz and labeled gg’,
were detected at 6 = 0° (trace a) and were not detected in the ori-
ented membrane at # = 90° (trace b) or in the non-oriented sample
(trace c). Through comparison with the typical ENDOR pattern in
the oriented membrane shown in Fig. 1, the gg’ signals can be easily

Signal Intensity
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Fig. 3. ENDOR spectra of the S, multiline signal in oriented PS Il membranes at an angle
of (a) 0° and (b) 90° and (c) in the non-oriented PS Il membranes. Experimental con-
ditions: microwave frequency, 9.44 GHz; microwave power, 0.8 mW; FM depth,
199.95 kHz; temperature, 5.5 K; magnetic field, 327.7 mT.

assigned to the A, hyperfine components, which are approximately
directed to the membrane normal vector n from the electron on Mn
cluster. Although the resolution in the spectrum at 6 = 0° (trace a)
is very high, the positions of the aa’-ee’ peaks do not change signifi-
cantly. However, the ff’ peaks show angular dependence; the separa-
tion is 3.6 MHz at # = 0° (trace a) and 3.8 MHz at 6§ = 90° (trace b).
These hyperfine splittings are listed in Table 1.

Fig. 4 shows the CW-ENDOR spectra observed at 6 = 0° of the ori-
ented PS Il in (a) H,0 buffer and (b) D,0 buffer. The bb’, dd’, e1ey’,
exe;’ and ff peaks disappeared in the D,O buffer, and the peaks
were ascribed to the exchangeable protons. However, the cc’ and gg’
peaks did not disappear in the D,0O medium. Therefore, it was con-
cluded that the gg’ peaks arose from the protons of the amino acids
close to the Mn cluster. Fig. 5 shows the ENDOR spectra observed at
0 = 90° of the oriented PS II in (a) H,O buffer and (b) D,0 buffer.
As shown in Fig. 4, the bb’, eje¢’, ese,” and ff' peaks disappeared in
the D,O buffer. However, the dd’ peaks were not exchangeable.
Therefore, it was concluded that the dd’ peaks in the non-oriented
membranes are composed of overlapping exchangeable and
non-exchangeable protons. The dd’ peaks observed at 6 = 0°
(Fig. 4a) are ascribed to the A, hyperfine components of an ex-
changeable proton, which is directed to the membrane normal n
from the electron on the Mn cluster. The dd’ peaks observed at 6 =
0° (Fig. 4a) can be combined with the bb’ peaks at 6 = 90° (Fig. 5a)
as the A, hyperfine components. The dd’ peaks observed at 6 = 90°
(Fig. 5b) are ascribed to the A, components of a non-exchangeable
proton, which is directed toward the membrane plane from the elec-
tron on the Mn cluster. In this case, the A, components can be as-
cribed to the bb’ peaks at 6 = 90° (Fig. 5b) and 6 = 0° (Fig. 4b).

4. Discussion
4.1. CW-ENDOR detection of protons close to the Mn cluster

Recent structural analysis of PS Il with a resolution of 1.9 A
revealed not only the locations of the individual metal ions but
also the presence of the oxo-bridges connecting the metal ions
and gave rise to a chemical formula of CaMn,40s for the OEC. How-
ever, the X-ray structure does not show the positions of protons.
ENDOR is able to detect protons within 6-7 A of the CaMn,40s5 clus-
ter. Fig. 6 shows the CaMn40s cluster and the nearby oxygen atoms,
which attach exchangeable water molecules. Because the X-ray
crystal structure does not give the location of protons, we assumed
that the length of the covalent O—H bond is 1.0 A and, based on the
crystal structure, that the water molecules have a hydrogen bond
to another oxygen atom. Twelve water molecules within 5 A of
the Mn cluster, labeled W1, W2, W3, W4, W428, W446, W538,
W539, W542, W543, W548 and W923 in PDB3ARC, were candi-
dates for matrix ENDOR. Two water molecules, labeled W1 and
W2, are directly ligated to Mn4. W3 and W4 are directly ligated
to Ca. W1 has hydrogen bonds to Asp61 and Ser169. W2 connects
to W446 and W428 by hydrogen bonds. Other water molecules
do not directly connect to the CaMn40s cluster. Although many
proton signals could overlap in the spectra, the ENDOR region
within 2 MHz is fairly well-resolved in oriented PS Il membranes
observed at & = 0°. The observed linewidth A,p,s was approximately
100 kHz for peaks aa’-dd’ and gg’, 130 kHz for peaks e e’ and e,e;’,
and 350 kHz for peaks ff. The linewidth A,ps can be estimated from
the equation AZy, = A + AZ., where A is the intrinsic
linewidth and A; is the instrumental linewidth Aj,s. The linewidth
Ainst Was 50 kHz, measured with the spectral analyzer. Therefore, the
intrinsic linewidth A, was calculated to be Ajy ~85 kHz for peaks
aa’-gg’, 120 kHz for e e;’/ese,’ and 345 kHz for ff', respectively. The
intrinsic linewidths Aj,; are the sum of the intrinsic linewidths
caused by the relaxation process 1/T;, and the distributions of the
dipole interactions. If we neglect the linewidth of 1/Ty,, then based
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Table 1
Peak separations of the ENDOR measurement in the oriented and non-oriented PS Il membranes.
Peaks aa’ bb’ cc dd’ gg’ elel’ e2e2’ ff
Peak separation at § = 0° 0.32 0.70 1.06 1.36 1.73 2.13 2.81 3.60
(in MHz)
Exchange - O/x X (@] X (@] (@] (@]
Candidates Distant ~ W4(A,)/His332(A,) - WA4(A)) Asp170(A;) WI1(A,) WI1(A ) W3(A,)  W2(A,)
Peak separation at 6 = 90° 0.32 0.70 0.61 (in D,0 buffer) 1.06 1.36 n.d. 223 2.85 3.80
(in MHz)
Exchange - O/x X X - (@) (@] O
Candidates W3(A,) WA4(A,)/His332(A,) Asp170(A,) His332(A)) - WI1(A, ) W3(A)) WI(A)) W2(A,)
Distant
Non-oriented (in MHz) 0.32 0.70 1.06 1.36 n.d. 2.14 290 4.00
Exchange - O/x X O/x (@) (@] (@]
Candidates W3(A,) W4(A,)/His332(A,) Asp170(A,) WA4(A))MHis332(A)) - WI1(A)W3(A,)) WI(A)W3(A,)) W2(A))
Distant
Britt et al. [39] 1.24 1.95 3.97
Rapatskiy et al. [20]" 2
Fiege et al. [27] 0.6 1.1 23 42
Ahrling et al. [21]* 13 2.5 42
Martinez et al. [22]¢ 2.3 3.7
Milikisiyants et al. [23]¢ (in MHz) 0.7 (Hm) 1.0 (wv) 2.1 (Hy) 2.6 (Hy) 4.0 (Hy)

2 The values were derived from 2H hyperfine (A.).

b The value (A,) was derived from the A, component.
¢ The values were derived from (A, or A, components).
4" The numbering of the protons are based on ref. [23].

on Eq. (3), we can estimate the approximate distribution of the di-
pole interaction by:

9)

where Ar and AA are the distance distribution and the line broaden-
ing, respectively. A distribution of 0.08 A at a distance of 4 A causes a
line broadening of A;,; approximately 74 kHz. The estimate shows
that the observed CW-ENDOR signals arise from protons that are
tightly fixed relative to the CaMn4Os cluster. Assuming a distance
distribution of 0.2 A, the linewidth becomes 185 kHz, which would
be difficult to detect in CW-ENDOR within 3 MHz separation because
of other overlapping signals. For the ff peaks, a distance of 2.7 A was
estimated by the point-dipole approximation, and a distribution of
0.08 A gives a line broadening of 360 kHz, which is in good agree-
ment with the experiment. The estimate indicates that not all the
protons near the CaMn4Os cluster can be detected in the

\ 0°
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Fig. 4. ENDOR spectra of the S, multiline signal in (a) H>0- and (b) D,O-treated oriented
PS Il membranes observed at the angle of & = 0°. Experimental conditions are the same
as in Fig. 3.

CW-ENDOR spectra; this effect is caused by the line-broadening of
the distance distribution. In contrast, pulsed ENDOR studies have
shown unresolved proton signals in the matrix region [20,30], and
all the proton signals in this region were D,0 exchangeable [30];
these results are inconsistent with the CW-ENDOR results. Therefore,
it may be concluded that pulsed ENDOR has detected more protons
than CW-ENDOR and that the signals for non-exchangeable protons
are too small to detect with pulsed ENDOR.

4.2. Exchangeable protons bb’, e;e;’, exe;” and ff

In addition to W1-W4, which are directly ligated to CaMn40s clus-
ter, eight water molecules, labeled W428, W446, W538, W539, W542,
W543, W548 and W923, can be detected by ENDOR in the matrix re-
gion. These proton signals overlap within 3 MHz splitting and might
be detected in pulsed ENDOR as background signals. Therefore, we as-
sumed that the detected proton signals in CW-ENDOR are only caused
by the protons of W1-W4 because these water molecules are directly

b o
y 90

Signal Intensity
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Fig. 5. ENDOR spectra of the S, multiline signal in (a) H,0- and (b) D,O-treated oriented
PS Il membranes observed at the angle of § = 90°. Experimental conditions are the
same as in Fig. 3.
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Fig. 6. The structure of the Mn cluster and nearby species determined by X-ray crystal
structure analysis (PDB:3ARC). The atom coloring is as follows: Mn, purple; Ca, green;
O (water), orange; O (others), red; N, blue; C, gray; H, light blue.

ligated to the Mn cluster and immobilized positions relative to the
CaMn40s cluster are expected.

Fig. 7 shows the experimental and simulated ENDOR spectra for
(a, b) W1, (c,d) W2, (e, f) W3 and (g, h) W4 in oriented PS Il mem-
branes at 6 = 0°. The spin projections for Mn ions in ref. [34] were
used. The peak separations for the two W1 protons connected to
Ser169 and Asp61 were estimated to be (a) 2.6 and (b) 3.4 MHz,

6=0°

Signal intensity
P
9

-3 -2 o 1 2 3
Radio frequency (MHz)

Fig. 7. Comparison between (a) experimental and (b-j) simulated ENDOR spectra in
oriented PS I membranes observed at 6 = 0°. Trace a is the same as trace a in Fig. 4.
Each proton belongs to (a, b) W1; (c, d); W2; (e, f), W3; (g, h) W4, respectively. The
locations of these protons are shown in Fig. 6.

respectively. The peak separation for the W2 proton connected to
W446 was estimated to be (c) 4.3 MHz. Another W2 proton
connected to W428 was undetectable in this region at 6 = 0° (trace
d). The peak separations for the W3 protons, connected to (e)
W428 and (f) W542, were 2.7 MHz. The peak separations for the
W4 protons, connected to (g) GIn165 and (h) Y, were estimated to
be 0.80 and 1.54 MHz, respectively. By comparison with the experi-
mental spectrum, the W1-W4 protons are good candidates for the
exchangeable ENDOR peaks, bb’, dd’, e;eq’, e;e;’ and ff'. These protons
are candidates for the ff’ peaks with 3.6 MHz separation and the eye;’
peaks with 3.0 MHz hyperfine splitting. The W4 protons are candi-
dates for the bb’ and/or dd’ peaks.

Fig. 8 shows the orientational dependence of each CW-ENDOR spec-
tra shown in Fig. 7. The dotted and bold lines show the spectraat6 = 0°
and 90°, respectively. The peak separations of the W1 protons became
small at 6 = 90° (a, b). On the other hand, the peak separations of
one of the W2 protons became larger at § = 90° (c). Therefore, we
assigned the ff’ peaks to the W2 proton. The peak’s positions were qual-
itatively in agreement with the experimental results. The angular de-
pendence of the W2 proton is in good agreement with the ff' peaks in
the experimental ENDOR spectra. The ff' peaks have shifts of 3.6 and
3.8 MHz at 6 = 0° and 0 = 90°, whereas the peaks in the simulation
(trace c) have shifts of 4.3 and 4.6 MHz at® = 0° and 6 = 90°. Isotropic
hyperfine constants of approximately 0.7 MHz could be included in the
fitting process [20,30]. However, the splitting is very sensitive to the
proton location and spin projections on the Mn ions, therefore, small
differences may not be essential in the present simple model.

There is the other possibility that ff' protons are arising from
W543, which is close to the Mn1 and geometrically similar to W2 rel-
ative to Mn cluster in the oriented membrane. Although W543 pro-
tons are bulk water molecule and slightly far from Mn atoms, the
larger spin projection on Mn1 (p ~ 2) could give them large 4 MHz
dipole interaction. It may remain ambiguous. However, the exchange
rate of ff' proton is slow (hours) and show S-state dependence [29].
These properties are not suitable for bulky W543.

The separation of the W3 protons is approximately 2.7 MHz at
0 = 0° (e, f), which is assigned to the A, component. One W3 proton,
connected to W428, has 0.24 MHz separation at 6§ = 90° (trace e).
The other W3 proton, connecting with W542, exhibits two pairs of
peaks with 0.84 and 2.0 MHz separation at # = 90° (trace f). There-
fore, we assigned the aa’ peaks with 0.32 MHz separation to the W3
proton that is connected to W428, and the ee;’ peaks and bb’ peaks
to the W3 proton that is connected to W542. All experimental peak
separations and candidate protons were listed in Table 1.

4.3. Non-exchangeable protons bb’, cc’, dd’ and gg’

There are some non-exchangeable protons labeled aa’, bb’, cc’ and
gg’, which were observed at 6 = 0°, and labeled aa’, bb’, cc’ and dd’,
which were observed at 6 = 90°. In this paper, we do not discuss
the angular dependence of the aa’ peaks because it is difficult to inter-
pret. The gg’ peaks were only observed at 6 = 0°. These protons can
be ascribed to the protons of an amino acid residue. The narrow
linewidth of the gg’ peaks may be caused by protons that are tightly
immobilized relative to the CaMn4Os5 cluster. However, it is difficult
to uniquely specify the protons responsible for these peaks. Tenta-
tively, we assigned the dd’ peaks to the Cs proton of His332 and the
gg’ peaks to the C,, proton of Asp170, which may be relatively immo-
bile. Fig. 9 shows the ENDOR simulations of these protons. Although
there are slight differences between the Cg; and Cg, protons, only
one of the protons was shown.

4.4. Comparison with previous EPR works

Up to date, many EPR works, such as CW-, Pulsed ENDOR and
ESEEM (HYSCORE), have been performed to obtain information for
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Fig. 8. Angular dependence of the protons belonging to the water molecules ligated to Mn cluster. Each proton belongs to (a, b) W1; (c, d); W2; (e, f), W3; (g, h) W4, respectively.

See the text for details.

protons surrounding Mn-cluster [20-23,28-30,38]. These techniques
give detail information around Mn-cluster, however, it is difficult to
obtain the resolved spectra. By using ESEEM measurements, Ahring
et al. have reported 4 sets of hyperfine signals for exchangeable pro-
tons surrounded in Mn-cluster, which corresponded to peaks dd’, ee’
and ff’ signals in CW ENDOR [21]. Martinez et al. have reported 2 sets

AL AL
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Fig. 9. Angular dependence of the (i) Cj proton of His332 and the (j) C, proton of
ASP170. The locations of these protons are shown in Fig. 7. See the text for details.

of hyperfine signals for protons that surrounded in Mn-cluster, which
corresponded to peaks ee’ and ff' signals in CW ENDOR [22]. Recently,
HYSCORE measurements showed the well-resolved spectra for pro-
ton signals [23]. The obtained hyperfine separations are very similar
to our CW-ENDOR spectra [28,29], where isolated five proton signals,
2.6, 4, 0.7, 2.1, 1 MHz, labeled H,.y, correspondence to A;, peaks, la-
beled aa’-ff’ peaks in CW-ENDOR. Milikisiyants et al. have discussed
the assignments of the proton signals with 1.9 A crystal structure [23].
They have assigned H; protons to W1(W2), Hy protons to D1-His332
or W34, Hy; protons to W1(W2), Hyy protons to D1-His337 or Arg357,
respectively [23]. As for H; protons, isotropic hyperfine constants
have been used for simulation, where A, =10.6 MHz, A, =
2.6 MHz. It is qualitatively consistent with recent pulsed ENDOR re-
sults, where the fast exchangeable protons have been detected with
hyperfine splittings of A, = 10-12 MHz, A, =1-2 MHz [20,30,39].
The signals were assigned to W1(W2) water protons [20,23]. The sig-
nals corresponded to the ee’ peaks in CW ENDOR, which is consistent
with the results that the exchange rates of the ee’ protons are fast,
which supports that the ee’ peaks arise from W1 protons. Although
we evaluated only dipole interaction in this paper, it would be possi-
ble to include these parameters by slight modification of the proton
positions or spin projection on Mn atoms. As for Hy protons,
D1-His332 protons are non-exchangeable and the orientation depen-
dence for D1-His332 protons does not fit with exchangeable protons,
and W3,4 are actually far from Mn ions [23]. We estimated the dipole
interaction between Mn ions and W3,4 are within 2 MHz for A, com-
ponents (e-g in Fig. 8). We assigned the ff' signals to W2 proton.
EDNMR spectroscopy has detected three classified fast exchangeable
170 signal, assigned to W1-4 and p-oxo water [20]. However, the
slow exchange rate of the ff’ signals shows that the protons are not di-
rectly related to water molecule detected by EDNMR signals. As for
Hyy;, the peaks were assigned to W1(W2) protons [23]. We observed
the overlapping of the two signals on bb’ (Hy;) peaks. These signals
are difficult to separate in powder HYSCORE spectrum. Besides,
HYSCORE should be checked carefully the artifact arising from
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Fig. 10. The model for deprotonation during the transition from the S, state to the S; state. The atom coloring is the same as in Fig. 7. See the text for details.

blind-spot. We tentatively assigned the peaks to the overlapping of
W4 and His332 (bb’ and dd’). Further study using different samples
slightly modified by biochemical treatments would help precisely
assign the ENDOR signals.

4.5. Properties of the ff protons

The valences of the Mn ions in the CaMn,40s cluster are proposed
to be 3Mn(III)1Mn(IV) for Sy state, 2Mn(III)2Mn(IV) for S; state and
1Mn(III)3Mn(IV) for S, state[1-3]. Yamada et al. have previously
reported that the exchange rate of the ff proton is very slow in S;
state but is fast in the Sy state [29]. The oxidation of the Mn attached
to the ff’ proton has been proposed. In this paper, we assigned the ff’
peaks to the W2 proton ligated to Mn4. Therefore, the lowering of the
exchange rate might be caused by the deprotonation of W2. Based on
the ENDOR simulations, a W2 proton connected to W446 was
assigned to the ff proton, so the other W2 proton connected to
W428 could be released. This proposal supports the experimental re-
sult that the exchange rate of the W1 protons, which are connected to
Mn4, is still fast in S; state. Fig. 10 shows the model for the transition
from the Sy to S; states. Recent DFT calculations have proposed the
OH™ ligand to Mn4 in S; state [33,40-42], and deprotonation for
the transition from Sy to S; states [41,42]. In Mn model complexes
the exchange rate of terminal water/hyrdoxo ligands of Mnlll com-
plexes with bulk water is as yet unresolved [43,44]. Hiller and
Wydrzynski have shown that the exchange rate of water oxygen li-
gating to metal M"*! is 10* times slower than that to metal M" [9].
Therefore, the slow exchange rate is preferable to be caused by not
only deprotonating, but also oxidation of the ligating Mn atom.
Ames et al.'s DFT model has reported that Mn4 is not oxidized in
the transition of So/S; states [33]. It is consistent with the Sigbahn's
DFT model and FTIR results, where Mn4 is insensitive to the replace-
ment of Asp170 [45]. It is consistent with Rapatskiy et al.'s assign-
ments, where they assigned fast exchangeable water as W2 based
on DFT model. On the other hand, Yamaguchi et al. have recently
reported that the Mn4 is oxidized from Mn(IIl) to Mn(IV) in the tran-
sition of Sp/S; states[46,47]. This model supports the behavior of the
slow exchange rate of the protons nearby Mn4. Besides, as it does
not completely exclude the possibility that exchange rate depends
on the species or extrinsic proteins, it is worth measuring the same
experiments by using cyanobacteria in the future.

This ENDOR study revealed that the exchange rate of ff protons is
slower than that of the substrate water molecules in S state. All other
water molecules, labeled W1, W3 and W4, that are ligated to the Mn
cluster, have fast exchange rates in the Sg and S; state. The difference
of the Ajs, for W1 and W2 protons is ascribed to the relative locations
of the Mn1-Mn3 and the spin projections. W1 and W2 protons are
the closest protons to Mn atoms, and therefore magnitudes are very
sensitive to the positions of the protons. Although the orientation

dependences of these protons were explained based on the crystal
structure in S; state and spin projections, Aqgip changes 3-5 MHz for
the difference of 0.2 A. For fitting the exact position of the spectral
peaks, the information of the protons' location and A;s, should be re-
quired. Pulsed ENDOR results show that A, are estimated as 2 MHz
for W1 protons [20]. Supposing W2 is deprotonated in S; state, A,
for W2 might be expected as the comparable or larger value to that
for W1. If A5, value for W2 was fixed, the precise coordination of
W2 proton would be also fixed. However, at present such a detail
fitting would be not so much informative in the view of the crystal
resolution and DFT calculations.

In this paper, we showed that the CW-ENDOR spectra can be
explained only by the directly ligated water protons of W1-W4 and
by the protons of some amino acids. The ENDOR simulations involve
some ambiguity in the spin projections and proton positions used.
Rapatskiy et al. have reported the hyperfine parameters of these pro-
tons from DFT calculations [20], whereas we used the proton posi-
tions obtained without DFT modeling and an a3 spin topology
model for the four Mn atoms [34]. Although different models are
used in the simulation, the hyperfine separations obtained in our cal-
culation are in qualitatively good agreement with Rapatskiy et al.'s re-
port. This agreement is because the Mn2-Mn4 contribution is almost
equivalent to the absolute value of the spin projections, i.e. 2:1:1:1 for
Mn1-Mn4. However, the different spin topologies and proton posi-
tions around the oxygen atom may influence the orientational depen-
dence of the ENDOR spectra.

In summary, highly resolved proton matrix CW-ENDOR signals of
the S, multiline signal for oriented PS Il membranes were detected,
based on the X-ray crystal structure, and were assigned to protons.
Assuming that these signals arose from the W1-W4 water protons,
the ENDOR peaks were assigned to the protons. These results give a
clue to the mechanism of water oxidation.
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