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diffraction experiments were stored in the dark during

ABSTRACT: The oxygen-evolving complex (OEC) crystallization and during the diffraction intensity measure-
forms the heart of photosystem II (PSII) in photosyn- ments. The diffraction data set had been collected at an
thesis. The crystal structure of PSII from Thermosynecho: averaged X-ray dose of 0.43 MGy (0.85 MGy indicated in the
coccus vulcanus has been reported at a resolution of 1.9 A previous literature” was the final dose in total for one data
and at an averaged X-ray dose of 0.43 MGy. The OEC collection). Extended X-ray absorption fine structure (EXAFS)
structure is suggested to be partially reduced to Mn(1II) by studies suggested that the OEC structure in Native 0.43MGy
EXAFS and DFT computational studies. Recently, the was partially affected by X-ray reduction to Mn(II) atoms.” "
“radiation-damage-free” structures have been published at EXAFS and computational studies indicated that the structures
1.95 A resolution using XFEL, but reports continued to included the Sy-state in the Kok cycle or further reduced
appear that the OEC is reduced to the Sy-state of the Kok states.'”'* Recently, an X-ray free-electron laser (XFEL) was
cycle. To elucidate much more precise structure of the used to collect diffraction data from PSII crystals and the
OEC, in this study two structures were determined at “radiation-damage-free” structures were published (the struc-
extremely low X-ray doses of 0.03 and 0.12 MGy using tures of PDB-IDs, 4UB6 and 4UBS, are referred as XFEL-1 and
conventional synchrotron radiation source. The results XFEL-2 in this paper),ls but reports continued to appear that
indicated that the X-ray reduction effects on the OEC were the OEC is reduced to the So-state.16’17 In fact, some abnormal
very small in the low dose region below 0.12 MGy, that is, characters were found on the temperature factors of calcium
a threshold existed for the OEC structural changes caused (Ca) atoms in the OEC of the XFEL structures (see later). On
by X-ray exposure. The OEC structures of the two the other hand, the EXAFS study by Glockner et al.'" at a low
identical monomers in the crystal were clearly different dose (5% Mn reduction) showed that the EXAFS data of the
under the threshold of the radiation dose, although the So*-state induced by X-ray exposure did not match with that for
surrounding polypeptide frameworks of PSII were the the physiologically relevant Sy-state. In order to obtain much
same. The assumption that the OECs in the crystal were in more precise information for the intact structure of the OEC, in
the dark-stable S;-state of the Kok cycle should be re- this study two structures (LowDose-1 and LowDose-2) were
evaluated. determined with highly reliable diffraction data sets of 1.87 and

1.85 A resolutions, collected at 100 K using the conventional
synchrotron radiation source at extremely low X-ray doses, one
hotosystem II (PSII) is a multisubunit protein complex each at 0.03 and 0.12 MGy. The value of 0.03 MGy (less than

embedded in the thylakoid membrane and splits water 1% Mn reduction) is only 1.5 times larger than the X-ray dose
molecules, producing electrons, protons and molecular oxygen used to measure the intact absorption edge spectra at 10 K in
in photosynthesis."” Crystal structures of PSII from Thermo- the previous EXAFS studies.” Furthermore, the absorption edge
synechococcus elongatus and Thermosynechococcus vulcanus have profile of the PSII crystals used in this study was measured at an
been reported,” " which are highly informative for under- X-ray dose of 0.01 MGy (see Supporting Information and
standing how PSII conducts energy transfer, light-induced Figure S2). The profile of the crystal sample and the energy
charge separation, electron transfer, and oxygen-evolving shift of the profile from 10 mM MnCl, solution were almost
reactions, including proton transfer. PSII exists in the the same, with the results presented for the intact PSII crystal in
asymmetric unit of the crystal as a homodimer, and each Figure 1 of the 1iterature.9 Thus, the two PSII structures
monomer is defined as the A- and B-monomer, respectively reported here (PDB-IDs; SBSE and SB66) are expected to
(see the Supporting Information and Figure S1). The oxygen- show the intact or nearly intact OEC structures, which will be
evolving complex (OEC) in PSII acts as a catalyst according to very important in order to discuss the oxygen-evolving
the Kok’s S;-state model (i = 0—4)," and the OEC structure was mechanism of PSIL
determined precisely by X-ray crystallography at a resolution of The averaged X-ray dose was reduced in this study by using

1.9 A7 (the structure of PDB-ID: 3WU2, partially revised from many PSII crystals highly isomorphous (see Supporting
the initial 3ARC, is named as Native 0.43MGy in this paper)
on the assumption that the OECs in the crystal were in the Received: September 19, 2016
dark-stable S,-state, because the PSII crystals used for the Published: January 19, 2017
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Information). The quality of the structure determination is
indicated in Figure la by showing electron density distributions
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Figure 1. Structures of the oxygen-evolving complex in photosystem
IL (a) Stereodrawing of the OEC model in the A-monomer obtained
using a data set of LowDose-1 at 0.03 MGy and the 2IF,| — IF|
electron density map at the 1.00 level. (b) Structure models of the A-
monomer of LowDose-1 are superposed on those of LowDose-2 at
0.12 MGy (faded colors). (c) Structure models of the B-monomer of
LowDose-1 are drawn on those of LowDose-2 in the same manner to
(b). Root-mean-squares deviations are calculated as 0.08 A for both of
the Mn,CaOj clusters in panels b and c. Broken lines in black and blue
indicate the valence bonds and the hydrogen bonds, respectively.

around the OEC of the A-monomer in the LowDose-1
structure (see Figure S3 for the B-monomer). Due to the
higher qualities of the data sets (Table S1) compared to
Native_0.43MGy, clear electron density distributions are
observed as shown in Figure S4 around the oxo-bridging
oxygen atoms (O1—0S5) and the water molecules directly
ligated to the metal ions (W1—W4). The restrained least-
squares refinements were completed with reasonable statistics
(see Supporting Information and Table S2) and the overall
polypeptide frameworks of PSII are very similar to each other
and with Native 0.43MGy. We superposed the two corre-
sponding monomers from the LowDose-1 and LowDose-2
structures using the polypeptide Ca atoms of D1 (Phel7-
Ser222 and Ser268-A344) and D2 (Gly34-Thr221 and Thr243-
Leu352) subunits, as shown in Figures 1b,c. Both of the two
superposed OEC structures were very similar, despite the
different X-ray doses (0.03 and 0.12 MGy).

The atomic distances between two metal ions and those
between each of the metal ions and its ligand atoms in the
OECs are compared in Figures S5 and S6, respectively, and
their numerical values are listed in Tables S3 and S4 including
the two structures of XFEL-1 and XFEL-2 resolved using
XFEL." The atomic distances in the OEC of Native _0.43MGy
tended to be longer than those of the LowDose-1 and
LowDose-2 structures, indicative of structural changes in the
OEC caused by X-ray reduction, whereas the distances in the
two structures at low doses were highly similar. Furthermore,
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the metal—metal distances were also similar to the XFEL
“radiation-damage-free” structures, with an error range of 0.1 A
except having significantly small temperature factors of Ca, W3,
and W4 directly ligated to the Ca atom, and W35 nearest to the
Ca atom, compared with XFEL-1 and XFEL-2 (Table SS). If
the Mn atoms in the OECs of the two XFEL structures were
reduced by X-ray exposure, the temperature factors of the four
Mn atoms should be increased. But they were similar to the
values of LowDose-1 and LowDose-2 as listed in Table S5. On
the basis of the fact, we concluded that the OEC structures of
XFEL-1 and XFEL-2 were not affected by the X-ray reduction.
Generally, the temperature factors of atoms in the Mn,CaOjq
clusters defined as one group in the restrained least-squares
refinement are similar to each other as the case of side changes
of amino acid residues, which are also defined as the groups in
the restrained least-squares refinement. One exception is that
the amino acid side chains have highly disordered structures, in
which the temperature factors of atoms increase dramatically
toward the ends of the side chains. In the A-monomers of the
two XFEL structures, W Ss (HOH601/A of XFEL-1 and
HOHG602/A of XFEL-2) are located at similar positions with
those in LowDose-1 and LowDose-2, but in the B-monomers
the water molecules (HOHS61/a of XFEL-1 and HOHS560/a
of XFEL-2) exist at different sites. The distances between the
new sites and W 4s are 2.61 and 2.41 A in the two XFEL
structures and 3.59 and 3.45 A in LowDose-1 and LowDose-2,
respectively. Furthermore, the distances between the new sites
and O 1s are 2.43 and 2.45 A in the XFEL structures. The
corresponding distances are 2.74 A in LowDose-1 and 2.69 A in
LowDose-2, which are within the range of hydrogen bonds.
Because the very short distances found around the new sites in
the XFEL structures resemble to the Ca—water distances, not
to the water—water ones, it can be speculated that the Ca atoms
in the OECs are disordered at the initial site and at the new site
assigned as the water molecules (HOHS61/a and HOHS60/a)
in the XFEL structures.

As mentioned above, X-ray reductions of the Mn atoms in
the OEC at doses above 0.43 MGy (12% Mn reduction) result
in elongation of the atomic distances in the OEC. Contrary, the
X-ray reduction induces very small differences at doses below
0.12 MGy. The OEC structures in LowDose-1 at 0.03 MGy
(less than 1% Mn reduction) and in LowDose-2 at 0.12 MGy
(3.5% Mn reduction) have possibilities to be a mixture of the
S;- and Sy-states, and that of the S;-state and the Sy*-state
reduced by X-ray exposure (5% Mn reduction)."’ The
structural changes in the OEC between the S;- and Sy-states
or between the S;- and Sj*-states may be smaller than the
distance error of 0.1 A estimated in this study (see Supporting
Information).

When the OECs of the two monomers in the LowDose-1
structure were superposed, as shown in Figure 2, differences in
the OEC structures of the two monomers were clearly evident.
Many bond shortenings and elongations were observed (Tables
S3 and S4), and here the two hydrogen bonds between O3 and
D1-His337 and between O4 and W6 were noteworthy. The
hydrogen-bond distance between O3 and DI1-His337 was
shortened from 2.75 A in the B-monomer to 2.46 A in the A-
monomer. The shortening of 029 A (reliability-1:97.2%,
calculated with the error value of 0.1 A as the standard
deviation, the 1o level) was synchronized with an elongation of
0.31 A at the O3—Mn3 bond from 1.96 to 2.27 A. In contrast,
the hydrogen-bond distance between O4 and W6 was
elongated from 2.44 A in the B-monomer to 2.66 A in the A-
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Figure 2. Superposition of structures around the OECs in the A- and
B-monomers obtained using a data set of LowDose-1 at 0.03 MGy.
The structures for the B-monomer are represented with faded colors.
The root-mean-square deviation is calculated as 021 A for the
Mn,CaOj cluster. Broken lines in black and blue indicate the valence
bonds and the hydrogen bonds, respectively.

monomer. The elongation of 0.22 A (reliability-2:88.0%) was
accompanied by the 0.20 A shortening of the O4—Mn4 bond
from 2.07 to1.87 A. The two values of reliability-1 and -2 were
not extremely high comparing with 99.7% of the 3o level
Because the shortening and elongation of the hydrogen bonds
occurred simultaneously in one OEC, the joint reliability
(defined as reliability-1 + reliability-2 — reliability-1 X
reliability-2) for the two distance changes was calculated to
be over 99.7%, and was sufficiently high to judge that the two
OEC structures in the PSII crystal were different.

The two identical monomers (A and B) in the asymmetric
unit in the crystal exhibited two structures of the OEC with the
different hydrogen-bonding patterns as mentioned above. The
OEC structures may be affected by differences in the packing
environments around the two monomers in the crystal. The
packing effects would be very small because the OECs are
buried deep inside PSII (the minimum distances from the OEC
in the A-monomer to the surfaces of PsbO, PsbU, and PsbV
subunits contacting in the lumenal side to the adjacent PSII
dimer in the crystal packing are around 45, 45, and 35 A,
respectively, and those in the B-monomer to the surfaces of
PsbO and PsbU are 45 and 45 A, respectively), but may be
sufficient to change the OEC structures. This might be
reflecting the highly fragile nature of the OEC. On the other
hand, it should be pointed out that the temperature factors of
the OECs tended to be slightly larger in the B-monomer than
those in the A-monomer as listed in Table SS. This may be
relating to the packing difference of the two monomers in the
asymmetric unit. Nevertheless, the two different structures
forced us to reconsider the assumption that the two monomers
in the crystal exist in the same S -state of the Kok cycle.
Hereafter, we assume two cases that the two monomers are (1)
in the same S-state or (2) in different S-states. The S-state
valences of the OECs are not restricted to integers in the
crystals of PSII, because there remains a possibility that the
OECs for the two monomers are the mixtures of S;- and S,
states to some extents. In general, the dark-stable PSII sample
has been discussed as a mixture of 75% of S;-state and 25% of
So-state assuming that the Sy-, S;-, S,-, and S;-states in the Kok
cycle possess equal populations (the transient S,-state is
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expected to have a very small population) and the S,- and S;-
states return rapidly to the S;-state. The S;:S, ratio of 3:1 in the
OECs will be changed if the populations of the four states from
So to S; are determined experimentally in the Kok cycle.
Furthermore, because the PSII crystals are grown in the long
incubation over 1 week at 12 °C (see Supporting Information),
the S;:S, ratio of the A- and B-monomers in the crystal might
be altered through a very slow electron transfer reaction
between the two monomers.

On the assumption (1), the OECs will be stabilized in the
different structures, as shown in Figure 2. Mechanisms for
oxygen evolution by the OEC have been proposed so far based
on EXAFS studies,'"'® XFEL structural analyses,15 EPR
studies,'”*” and DFT computational calculations.””** Most of
the proposed mechanisms are based on the assumption that
each of the S;-, S;-, S-4, and Sj-states in the Kok cycle has a
single structure. The exceptions are the mechanism proposed
recently in which two components are included in the S,- and
S,-states” or in the Sy-, S;-, S,-, and S;-states.””

On the assumption (2), the S-state valences for the OECs of
the A- and B-monomers are different, for example that the
OEC:s are near to the S;-state in the A-monomer and to Sj-state
in the B-monomer, respectively. Saito et al.'” have proposed a
proton transfer mechanism from O4 to the lumenal bulk water
region in the S-S, transition of the Kok cycle, based on the
short hydrogen-bond distance between O4 and W6 in the
crystal structure of 3ARC.” They suggested the low-barrier or
single-well hydrogen bond between O4 and W6 in the S-state
from theoretical calculations. The short length of the hydrogen
bond between 04 and W6 in the B-monomer (2.44 A), found
in this study, can be explained by W6 being protonated as
H;0" and O4 being pulled strongly via electrostatic
interactions. The corresponding O4—W6 distance in the A-
monomer (2.66 A) is normal as the usual hydrogen bonds,
indicating that the proton on W6 is already released to the bulk
water region. In our case, we should explain independently the
hydrogen-bond distances between O3 and D1-His337 in the A-
monomer (2.46 A) and in the B-monomer (2.75 A). D1-
His337 can be speculated to be protonated as the positive His-
H"* residue in the A-monomer and be deprotonated as the
neutral His residue in the B-monomer. The protonation of D1-
His337 has been previously assumed in the computational
study,"” and another mechanism of proton transfer might be
possible in the S;—S, transition from O3 to a hydrogen-bond
network of water molecules via D1-His337, although there is no
crystal structure information for the S,-state. The hydrogen-
bond network includes C172, one of two chloride ions near the
OEC (see Figure 4c in the previous report’). D1-His337
possibly transfers a proton to the hydrogen-bond network in
cooperation with a quick rotation of the imidazole moiety
around the Ca—Cp bond, and CI™2 works as a proton acceptor.
In this case, however, the proton reaching CI™2 would not be
released to the lumenal bulk region because no release of
protons is observed from PSII in the S;—S, transition. If this
kind of proton transfer mechanism is real, the hydrogen-bond
network will act as a temporary storage of proton in the S,—S,
transition. Finally, if the valence number for the OEC could be
different by two for the same S-state, the different structures of
the OECs elucidated in this study might relate to dlscrepanaes
between the high- and low-oxidation state paradigms.*

In conclusion, X-ray reduction effects on the OEC structure
have a threshold at a radiation dose below 0.12 MGy. The OEC
structures determined in this study are slightly different from
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the XFEL “radiation-damage-free” structures especially at the
temperature factors of Ca atoms. The two monomers in the
asymmetric unit in the PSII crystal exhibited two different
structures of the OEC. There remain at present two
possibilities for the S-state valences of the OECs in the two
monomers in the asymmetric unit of the crystal, which are the
same or different. The oxygen-evolving mechanism of PSII will
be proposed on the structural information reported here. The
real valences for the Mn atoms in the OECs in the PSII crystal
should be elucidated by further studies in the near future.
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