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PRIXILF—ZHALTITD, KFFOHFREBEADKEL KHBRRIE) THD. CORIGE PSII ADEEE
Z4EAE (OEC) (&> THEESh, S-state 4 V ILERTEL I LNHMONTLS (Fig. 128B), kDBRIE
DOBISIRREICAHY T2 S, JREED PSIT OEE M LU X BEBHEFL —+— (XFEL) (C&VY, 2A 28
ZNMEETEWITE N, OEC DEEN MnCa0; ¥ T RY —TH5 &1 TR <, OEC AIC&T 3 ERBRETHIE
BENBALMCEINT WD, LL, KOBREOHABERECHYTI/HEEEL, BEFLNILOSBEETEBT
ENTHELT, THWIZRBEEANDOERERCEEREORESEES LUZN D (CRE L ZERTE O AW
HMELRENASDHERICBEEINT W oo FLTEESIPSII OBMNMERZRNT, ZBXBHICLYRREET
PSII DR GG S; REEZ TR L, XFELZRW oo V7L 7z L MIRSBITECIY, COBE£2358 5
REETRE LT BETTRER S; RELOFBET— ) IBFREY Y 7LV, AEICL > TRIZEEE
{tEBFHSEA EBESEAOmBETHREL], £YbF, OECOADT, 7Ot 0lRb&IVINETEED
BREEENTWAFYBEO—DTH D 05 MA~NDFHL WK F 06 DFBANHER I NIz, TNHDEEEILIC
&£V S-state 4 7 JLEBEDO YO b HEBORE, RU05 L0601 0=0#ES5E2FRTIREEEZREL /.
NS DRERIFKDBOMBREOERREEZHOMC LT TERL, KPBOATIMEAKOHDORIRKE
HRBRYEZELHEFEIND,

AR I (PSID) (12 X0 il ST %, PSITE 2018

1. BUBIC DRAVINZEY T2y b ESRTOMRETF ORI

KA FEOBBNTD, KEXEFIHL T
COy ERDPOEHEWZ D ALERIGTH D, ZOREIE
WThAHBFESTFEONDONABEESOHER EOFXTD
HFEHEYOEFZ I I 2 TW5D, T2, BERICL-T
KGO T IV F—EHED OILF T IV F — DI
I, IR EAEYOEFITHELR TIVF—THE L T
%o HEBIZEWTRANICE C 5D H T RIVF—DR
N, —#HOETFIEE, KBRILTHY, ThbDORIGIE

n, Y7 /NI FYTTIEEBAREIVEL, B TEN
T0HIC S REERGEZ v\ B GHRE L THEIEL C
W%, PSILOWEFERAE G 1& (Oxygen-evolving com-
plex, OEC) TRRIEBETH LKy FHMh%E, oV, &
FANEGRIN, 5T IRBERP B S A KGRI,

S-state & FEIEN 5 5 DOBLIRREA T THLE XN TW5
(Fig. 1), S-state ®i (i=0~4) T OECIZER I
7B bE A FL T, PSP TR L RIS~
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Fig. 1 (Color online) S-state cycle (Kok-cycle).
Si-state cycle of the water-oxidation reaction of OEC. hv,
photons.
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DREELAIC & L7\, OECOFLALF TH 5 Aspbl,
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8. kR EEFEREDRICHE
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B bk~ % (Fig. 4 &2RB), W665 OBEIM OB INC LD

Fig. 2 (Color online) Light-induced structural changes around the QB binding site (a), and around OEC (b). The ar-
rows indicate the light induced structural changes. The structure in the S; state is shown with faded colors. Light
dark balls labeled 2—4 represent Mn ions; green and magenta balls labeled 1-6 represent oxygen atoms. Modified

from Nature 543, 131-135 (2017).
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W665 & W567 DRIOKFEREGNELS 72D, W67 1dd S
—HTAREREELTWDHO04LANL0.1-02A85<K, 2O
& & W567 & 04 ORI 2 > PSIL &k F4#T2.3
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Hah/iz7B b voliiali B thd s, &k, 07
O VERHEBRIEGBTECE > T TFRSIATE
NI, SEOFERER & KT T—]T 5,

Fig. 3 (Color online) Structure of the Mn,CaOg cluster after 2F il-
lumination (a), and position of the newly inserted oxygen
atom O6 relative to its nearby atoms (b). Light dark balls la-
beled 1-4 represent Mn ions; red and cyan balls labeled 1-6
represent oxygen atoms. Modified from Nature 543, 131-135
(2017).

»
o~ [proton patn o

s169=0-00°

W665
é. 4 /% -O—(O N=—

,@f?\"“-N‘(

Fig. 4 Possible mechanism of O=0 bond formation and proton
transfer pathways from OEC. The dotted circle indicates dis-
placement of the water molecule (W665) next to the water
(W567) H bonded to O4. Possible pathways for proton
transfer and the possible site of O =0 bond formation are
represented by the dashed circles. Modified from Nature 543,
131-135 (2017)
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Intermediate structure and oxygen-evolving
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Abstract Photosynthesis converts light energy into biologically useful chemical energy vital to life on Earth.
The initial reaction of photosynthesis takes place in photosystem Il (PSIl), a 700 kDa dimeric
membrane protein complex that catalyzes photo-oxidation of water into dioxygen through an S-
state cycle of the oxygen evolving complex (OEC). The structure of PSIl has been analyzed at
resolutions higher than 2.0 A by using X-ray diffraction (XRD) as well as X-ray free-electron lasers
(XFEL), which revealed that the OEC is a Mn,CaOs cluster with its accurately determined inter-
atomic distances. The mechanism of O=0 bond formation, however, remains obscure owing to
the lack of intermediate-state structures determined at atomic resolution, thereby has been dis-
cussed extensively from the results of theoretical calculations based on the S, state structure and
spectroscopic analyses. We prepared PSIl in the S; state by providing two-flash illumination into
micro-sized crystals at room temperature and determined the structure at 2.35 A resolution by us-
ing time-resolved serial femtosecond crystallography with an XFEL. An isomorphous difference
Fourier map between the two-flash-illuminated and dark-adapted states revealed apparent struc-
tural changes in both regions around the electron donor and acceptor. Among them, the insertion
of a new oxygen atom O6 close to the putative substrate oxo-bridge O5, and structural changes
related with possible proton release around OEC were observed. These structural changes al-
lowed us to propose the proton exit path used when the S-state advances and the mechanism of
0=0 bond formation between O5 and 06. These findings provide a structural basis for the
mechanism of oxygen evolution, and we expect that the structure will provide a blueprint for the
design of artificial catalysts for water oxidation.
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