Article

Oxygen-evolving photosystem Il structures
during S,-S,-S; transitions

https://doi.org/10.1038/s41586-023-06987-5
Received: 29 June 2023

Accepted: 15 December 2023

Published online: 31 January 2024

Open access

M Check for updates

Hongijie Li"*?, Yoshiki Nakajima'??, Eriko Nango®?, Shigeki Owada*, Daichi Yamada®,

Kana Hashimoto', Fangjia Luo?, Rie Tanaka®®, Fusamichi Akita', Koji Kato', Jungmin Kang®,
Yasunori Saitoh’, Shunpei Kishi', Huaxin Yu', Naoki Matsubara', Hajime Fui;jii',

Michihiro Sugahara*, Mamoru Suzuki’, Tetsuya Masuda®, Tetsunari Kimura®, Tran Nguyen Thao',
Shinichiro Yonekura', Long-Jiang Yu"'°, Takehiko Tosha®, Kensuke Tono*, Yasumasa Joti®,
Takaki Hatsui*, Makina Yabashi®, Minoru Kubo®, So Iwata®®, Hiroshi Isobe', Kizashi Yamaguchi”,
Michihiro Suga'™ & Jian-Ren Shen™

Photosystem I (PSII) catalyses the oxidation of water through a four-step cycle of S;
states (i = 0-4) at the Mn,CaO; cluster, during which an extra oxygen (06) is
incorporated at the S, state to forma possible dioxygen*”. Structural changes of the
metal cluster and its environment during the S-state transitions have been studied
onthe microsecond timescale. Here we use pump-probe serial femtosecond
crystallography to reveal the structural dynamics of PSIl from nanoseconds to
milliseconds after illumination with one flash (1F) or two flashes (2F). Y,, atyrosine
residue that connects the reaction centre P680 and the Mn,CaO; cluster, showed
structural changes on ananosecond timescale, as did its surrounding amino acid
residues and water molecules, reflecting the fast transfer of electrons and protons
after flashillumination. Notably, one water molecule emerged in the vicinity of Glul89
of the D1subunit of PSII (D1-E189), and was bound to the Ca*" ion on a sub-microsecond
timescale after 2F illumination. This water molecule disappeared later with the
concomitant increase of 06, suggesting that it is the origin of 06. We also observed
concerted movements of water molecules in the O1, 04 and Cl-1channels and their
surrounding amino acid residues to complete the sequence of electron transfer,
proton release and substrate water delivery. These results provide crucial insights
into the structural dynamics of PSIl during S-state transitions as well as O-O bond

formation.

Photosystem Il (PSII) produces dioxygen by extracting electrons and
protons from water, which takes place at the oxygen-evolving complex
(OEC), an oxo-bridged Mn,CaO; cluster with a shape that resembles
a distorted chair®>*%, The Mn atoms in the OEC accumulate oxidative
power through afour-step cycle of S;states (i = 0-4) thatis initiated by
the light-driven excitation of P680, areaction centre thatis acomplex
of chlorophyllamolecules' (Extended DataFig.1a)". This is followed by
arapid charge separation that produces a pair of positive and negative
charges onP680"*/pheophytin™ (Pheo™) onapicosecond timescale™°.
Theelectronis transferred from Pheo™ to the primary and secondary
plastoquinones Q, and Q; (Extended Data Fig. 1b). The P680™ is then
reduced by atyrosineresidue (D1-Y161;Y,) located between P680 and
the OEC, whichis re-reduced by the OEC, pushing the OEC to a higher
S; state'. In conjunction with the oxidation of the OEC, protons are
released in a1:0:1:2 stoichiometry for the S,-S,, S;-S,, S,—S; and S;—
(S,)-S, transitions?™, and two water molecules are split to produce a

dioxygen in the S;—(S,)-S, transition, after which the OEC returns to
itsmost reduced S, state.

The water-splitting reaction requires a constant replenishment of
water from the lumen, as well as the prompt elimination of the gener-
ated protons into the lumen. There are extensive hydrogen-bonding
networks connecting the OEC with the lumen, and among these, the
01, 04 and Cl-1 channels are proposed to have essential roles in the
water-splitting reaction®>'® (Extended Data Fig. 1c). (Note that the
first 56 water molecules are named following a previous report®®, and
other water molecules are newly numbered; see Supplementary Table1
for corresponding numbersinother studies). The O1channelisawide
channel starting from a five-water cluster (W10, W20, W21, W22 and
W23) thatislocated near Ol of the OEC (OEC-O1). This channel travels
across a narrow area and ends at a giant cavity in which two glycerol
moleculesare foundin the crystal structure?® (Extended DataFig. 1c).
The wide O1 channel might give a high mobility of water withinit, and is
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therefore considered as a potential water inlet pathway®". By contrast,
the O4 channelis a shorter channel that starts at OEC-O4 and ends at
afour- or five-water cluster (Extended Data Fig. 1c). The Cl-1 channel
refers to a hydrogen-bonding network mediated by CI-1, which spans
from W1to W4, continues through D1-D61 and further extends to an
ionic gate comprising D1-E65, D1-R334 and D2-E312 (Extended Data
Fig.1c). Cl ions are essential for the progression of PSllbeyond the S,
state'?, and the Cl-1channel is thought to serve as a proton-release
pathway in the S,-S; transition'”?>%,

Pump-probe time-resolved femtosecond crystallography (TR-SFX)
has provided alot of information about the intermediate S-state struc-
tures of PSII (refs. 4-7,17,24,25). However, time-resolved structures at
shortertimescalesduring theS;-S,andS,-S; transitions arelacking, and
thusthe sequence of OEC oxidation, protonrelease, electron transfer
and water delivery before O6 incorporationis unclear. Here we inves-
tigate the structural dynamics during the S,-S, and S,-S; transitions
using the pump-probe TR-SFX method at delay times (At) of 20 ns to
5ms (Extended DataFig.1d). We identify structural changes associated
with electron transfer, proton release and water delivery at various
regions, including Q,—-Qg, Y, the OEC and the O1, 04 and Cl-1channels.
Notably, we observe the presence of a water molecule close to Ca at
initial stages of the S,-S; transition. This water molecule subsequently
disappears with the concomitant increase of the O6 electron density,
suggesting that it is the origin of 06. Our findings provide spatial and
time-resolved snapshots of the S,-S,-S; state transitions, which are
important for the mechanism of 0-O bond formation.

Data quality

We obtained 14 datasets at resolutions ranging from 2.15t0 2.30 A,
withredundancy values higher than100 even at the highest-resolution
shells, after 1F or 2F (Extended Data Table 1). For all datasets, we
calculated the F,,, (1F(At1)) - F . (Dark) and F, (2F(A£2)) - F,,(1F)
isomorphous-difference density maps at 2.3-A resolution. The R,
values between the intermediate and ground states ranged from 6%
to11% (Supplementary Table 2)—sufficiently low to allow the confident
detection of subtle structural changes during S;-state transitions. We
observed substantial difference densities in the Q,-Qz and OEC regions
andin the proton and water channels at the electron donor side; their
intensities are listed in Supplementary Table 3.

Structural changesinthe Q,-Fe-Q;area

Q4 and Qg are linked to the non-haem iron through hydrogen bonds
with D2-H214 and D1-H215, forming an iron-quinone complex. The
carbonyl oxygens of the Q, and Qg heads are also hydrogen-bonded
to D2-F261and to D1-F265/D1-S264, respectively (Fig. 1).

Large difference densities appear on the Q, side at At1=20 ns and
At1=200 ns, become weak at Atl1=1ps to Atl=200 ps and vanish at
At1=5ms (Fig. 1a and Supplementary Video 1). These changes corre-
spond to the formation of Q,, the oxidation of Q,” to Q, and the com-
pletion of Q,” oxidation, respectively. The formation of Q, causes the
counterclockwise rotation of its head group, concomitant with similar
rotations or movements of D2-F261, D2-W253 and D2-H214, which sur-
round Q, (Fig.1aand Supplementary Video1). The formation of Q, also
induces ashift of the non-haemiron by about 0.2 A towards Q,. The pair
of positive and negative difference densities around the non-haemiron
is strongest at Al =20 ns and A¢l1 =200 ns, which is much faster than
the time needed for the reduction of Fe* by Q,” (7 us in refs. 26,27),
indicating that the movement of the non-haem iron is caused not by
itsreduction butrather by the attraction of electropositive Fe* to Q, .
The diminishing difference densities around Q, and the non-haem
ironat Atl=1ps to Atl =200 ps suggest that the attraction between
thenon-haemironand Q, isdecreased and that the electronon Q,"is
transferred tothe non-haemiron (Fig.1aand Supplementary Video1).
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Fig.1|Structuraldynamicsinthe Q,-QgareaduringS,-S,-S; transitions.

a,b, Structures of PSllin the Q,—Qgareaare superposed with F,(1F) - F.,,(Dark)
(@) and F,,(2F) - F,,,(1F) (b) difference density maps contoured at +3.50 (green)
and-3.5 o (orange) from 20 nsto 5 ms. Ground-state models (darkinaand 1Fin b)
aredepictedingrey,and theDland D2 proteinsintheintermediate structures
areshowninyellowand cyan, respectively. Residues of D1and D2 are depicted
without and with underlines, respectively. Hydrogen bonds are shown by black
dotted lines.Black solid lineslink the cofactorsin PSIland their ligands. Black
arrowsindicate structural changesbased on the refined models. The ordered
and disordered atoms (non-haemironinthis figure and water moleculesinthe
other figures) in the intermediate structures are encircled by cyan-and red-
dottedlines, respectively. These nomenclature, hydrogen bonds, ligands of
cofactorsandblack arrows are used in the other figures, unless otherwise stated.

By At1=>5 ms, these difference densities disappear entirely, indicating
the completion of the electron transfer together with the restoration
of Q, and the non-haem iron.

The distances from two carbonyl oxygens of bicarbonate (BCT;
BCT-O1and BCT-02) to the non-haem iron increase from 2.16 A and
2.28 Ainthe dark state to 2.43 A and 2.44 A after 5 ms of IF (Fig. 1a,
Extended Data Table 2 and Supplementary Video 1). These increases
most likely reflect changes in the binding environment of BCT owing
to the reduction of the non-haemiron. At At1=5ms, a large positive
difference density appears between BCT and D1-Y246 (Fig.1aand Sup-
plementary Video 1), consistent with our previous discovery®, and



the distance between D1-Y246 and BCT-O1 decreases from 3.21 A to
2.82 A. At At1=200 ps to Atl =5 ms, the Qg head shifts slightly, which
might be a result of the movement of BCT or the partial reduction of
Qg by Q, (ref. 28).

From At2 =20 ns to At2 =30 ps, the Q, head rotated in a counter-
clockwise direction, and this was accompanied by a movement of the
non-haemirontowards Q,—structural changes similar to those observed
after IF. However, the difference densities associated with these struc-
tural changes were much weaker after 2F (Fig.1and Supplementary
Video 2). The non-haem iron remains Fe** at 5 ms after photoreduc-
tion by 1F, because its re-oxidation by ferricyanide takes 20 s (ref. 27)
(Extended Data Fig. 1d). For this reason, the electron of Q,” does not
travel to the non-haem ron, but rather travels directly to Q; after 2F,
resulting in the absence of difference density on BCT and the appear-
ance of positive difference density on the Qz head at A2 =5 ms (ref. 4)
(Fig.1band Supplementary Video 2). The non-haemiron becomes dis-
orderedat At2 =200 psbutordered by At2 =5 ms, whichis presumably
related to electron transfer from Q, to Qg during this time.

Structural changes around Y,

D1-V157,D1-F186,D1-1192 and D1-1290 lie between Y, and Py,; (P680 at the
D1side) (Extended Data Figs. 1b and 2), and Y, is connected to the O1
channel through W4 and D1-Q165, to the Cl-1channel through W7 and
tothe OEC through W3, W4 and W7 (Extended Data Fig.1c). Y, formsa
short (low-barrier) hydrogen bond with D1-H190 (2.44 Ain the Protein
DataBank (PDB) under accession code 3WU2; ref.2), through which the
phenolic proton of Y, migrates to D1-H190, forming Y,'-D1-H190" dur-
ing the S;-state transitions™* !, At At1 = 20 ns, two negative difference
densities first appear adjacent to D1-Q165 and Y, and at A¢1 =200 ns,
pairs of positive and negative difference densities appear over D1-Q165,
Y, and D1-F186, indicating their correlated movements towards P680
(Fig. 2a and Extended Data Fig. 2a,b). These movements might be in
preparation for the subsequent electron transfer from Y, to P680.
Simultaneously with these movements, a positive difference density
appears on the Mg atom of P, (Fig. 2a and Supplementary Table 3),
which might reflect the re-reduction of P680* by Y.

D1-H190 moves away from Y, at Atl = 200 ns, which, together with the
movement of Y, toward P680, causes the elongation of the hydrogen
bond between Y, and D1-H190 from 2.51 A t0 2.80 A at At1=200 ns
(Fig. 2a, Extended Data Fig. 3 and Supplementary Video 3). These
changes suggest that Y, is first oxidized by P680"" and subsequently
deprotonated, formingaY,/D1-H190" species, with the time constant
of Y, oxidation consistent with that reported for P680™ reductionin
theS,-S, transition®*?, At At1 =1 ps and Atl = 30 ps, difference densities
onD1-Q165, Y;and D1-H190 decrease, indicating that they have moved
to their original locations. In addition, a strong negative difference
density appears on W7, suggesting that W7 is disordered during this
period (Fig. 2a and Supplementary Video 3). By A¢l1 =200 ps, all dif-
ference densities vanish at the Y, area, indicating the restoration of
all residues and water, and the Y,-D1-H190 distance returns to 2.53 A
(Fig. 2a, Extended DataFig. 3, Extended Data Table 2 and Supplemen-
taryVideo 3). The trajectoriesof the Y,areaat At1=1psand Atl1=30 ps
correspond to the re-reduction and re-protonation of Y, to Y,, which
completes by At1 =200 ps, consistent with the 55-85-ps half-life of Y,
re-reduction by the OEC in the S,-S, transition®?*,

After 2F, difference densities start to appear only after At2 =200 ns
(Fig. 2b and Supplementary Movie 4). These lagged difference densi-
ties likely correspond to the slower and biphasic 50-ns and 280-ns
components of the P680" decay in the S,-S, transition®2, This delay
might arise fromthe reduced rate of electron transfer to P680™ owing
to the accumulation of a positive charge on the OEC. Difference den-
sities on Y, and D1-Q165 increase at Af2 =1 s, and the Y,-D1-H190
distance increases slightly from A¢2 =0 to At2 =1 ps (Extended Data
Fig. 3, Extended Data Table 2 and Supplementary Video 4). These
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Fig.2|Structuraldynamicsinthe Y, areaduringS,-S,-S; transitions.

a,b, Structures of PSIlinthe Y, areaare superposed with F . (1F) - F,,(Dark)

(a) and F,,,(2F) - F,(1F) (b) difference density maps contoured at +4.0c0 (green)
and -4.00 (orange), with delay times from 20 ns to 5 ms. Water molecules at
ground and intermediate states are depicted by red and cyan spheres,
respectively. The Mg atomin Py, is shown asagrey sphere for the ground
structureand avioletsphere for the intermediate structure. 06* and O6 (in the
other figures) are depicted in magenta, and the Caion of the OECisin blue. The
same colour schemeisusedin other figures, unless otherwise stated.

findings suggest the oxidation of Y; and a potential proton transfer
from Y, to D1-H190 at A2 =1ps, which is similar to that observed
at Atl =20 ns-200 ns. At At2 =30 ps, difference densities on Y, and
D1-Q165 decrease, indicating the re-reduction of Y, by the OEC. The
difference density on Y, becomes even weaker at At2 =200 ps, but
is still present (Fig. 2b and Supplementary Video 4), indicating that
the reduction of Y, is not yet complete, which is compatible with the
half-life of 140-90 ps of Y, reduction®?*. Y, reductionis completed by
5ms, and difference densities disappear at the Y,areaand all residues
and water molecules are restored (Fig.2b and Supplementary Video 4).
Thetime-resolved redox states of Y, after 1F and 2F that are described
above are summarized in Extended Data Fig. 2c.

Oxidation of the OEC during the S,-S, transition

Notable positive difference densities first appear on Mn4 and subse-
quently cover all four Mn and one Caions at A¢1 =20 ns-200 ns before
OEC oxidation (Fig. 3a and Supplementary Video 3). Nevertheless,
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metal-metal distances remain largely unchanged (Extended Data Fig. 3
and Extended Data Table 2), suggesting a possible charge rearrangement
onthe OEC triggered by the electrostatic effect of the oxidized Y, /Y. At
At1=1ps, difference densities onMn1-Mn3 and Cavanish, whereas that
onMn4 continues (Fig. 3aand Supplementary Video 3). At At1=30 ps,
paired negative and positive difference densities appear ontwo sides of
Ca, indicating that Mn4 and Ca move outwards from the OEC, causing an
increasein the Mn4-Cadistance from3.83 Aat Af1 =200 nst03.96 Aat
At1=30 ps. By Atl1 =200 ps, the difference densitiesinthe Y, area van-
ish completely, whereas those surrounding Mn4 and Ca increase, and
the Mn4-Ca distance further extends to 4.10 A (Fig. 3a, Extended Data
Fig.3, Extended Data Table 2 and Supplementary Video 3). The results
suggest that Mn4(Ill) of the OEC donates one electronto Y, at Atl =1 s
to Atl =200 ps. At the completion of Mn4 oxidation by At1=200 ps, a
negative difference density emerges on O5, suggesting its instability,
whichissubsequently stabilized at A¢t1=5 ms. Inaddition, at At1=5ms,
apositive difference density appears near Mnl but outside of the OEC,
suggesting the movement of Mnl away from the OEC. These structural
changes might stabilize the positive charge on the OEC.

In correlation with the outward movement of Ca from A¢1=30 ps
to Atl = 5ms, one of the carboxyl oxygens of D1-E189 located close to
Casshifts slightly away from Ca. Because the movement of Cais larger
than that of D1-E189, the Ca-D1-E189 distance decreases from 3.02 A
(Atl1=1ps)t02.86 A (Atl=5ms) (Fig. 3a, Extended DataFig. 3, Extended
Data Table 2 and Supplementary Video 3). In addition, W10, which is
located in the proximity of D1-E189, becomes disordered in the same
time range, and this correlates with the motion of Ca and D1-E189.

Insertion of 06 in the S,-S; transition

No difference density appears on the OEC at At2 <200 ns, suggesting
that no structural changes to the OEC occur in this time range (Fig. 3b
and Supplementary Video4). One notable positive difference density—
designated as 06*—emerges approximately 2.2 A away from Ca dur-
ing At2 =1ps to At2 =200 ps, and disappears by At2 =5 ms, with the
concomitantincrease ofthe 06 density from At2 =200 psto Af2=5ms
(Fig.3b, Extended DataFig. 4a, Supplementary Table 3 and Supplemen-
tary Video 4). These observations suggest that 06* is the origin of 06,
andthat O6*bindsto Caat At2 =1psto At2 =30 ps, translocatesto 06
at A2 =200 ps and completes its translocation by At2 =5 ms.

At A2 <1ps, thereare no difference densities among the neighbour-
ing water molecules of 06*,indicating that 06* does not originate from
any stable water molecules nearby. Instead, it is likely to be derived
from an aqueous water—specifically, W10—located 2.5 A away from
0O6*intheS, state, and becomes disordered at A¢1 =30 ps-5 ms (Fig. 3
and Supplementary Video 3). The 2.2-A distance between 06* and Ca
indicates that O6* could be a hydroxide ion (OH") rather than a water
molecule, because water molecules W3 and W4 bind to Caat distances
ranging from 2.4 to 2.6 A. Indeed, theoretical calculations indicate
that an OH  ion positioned close to O6*in the S, state (Extended Data
Fig.5a,b) exhibits low energy and high stability, whereas the placement
of awater molecule is not feasible. The deprotonation of water most
likely occurs at A2 =200 ns-1 s, during which time the simultaneous
existence of Y,'/Y; and OEC" might collectively promote the deproto-
nation of the 06* precursor. Consequently, the resulting OH ion binds
to Ca, neutralizing the positively charged OEC*. The achievement of a
neutral OEC s crucial for the donation of an electron from the OEC to
Y, becauseitis energetically unfavourable for the OEC" to continuously
lose one more electronto Y,and transforminto OEC*. The subsequent
transfer of one electron from the OEC to Y, occurring at At2=30 ps
and At2 =200 ps, leads to adecrease in the difference densities at the
Y, region and a simultaneous increase in the difference densities on
the OEC (Fig. 3b, Supplementary Table 3 and Supplementary Video 4).
The presence of paired positive and negative difference densities on
both sides of Mnland Mn4 indicates outward movements of Mnl and
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Fig.3|Structuraldynamics of the OEC duringS,-S,-S; transitions.

a,b, Structures of PSIlin the OEC areaare superposed with F,,,(1F) - F,,(Dark)
(@) and F,,(2F) - F,,,(1F) (b) difference density maps contoured at +4.00 (green)
and -4.00 (orange), with delay times from 20 nsto 5 ms. Residues of CP43
(asubunit of PSII) are shown in magenta and encircled by rectangles. The oxo-
oxygeninthe OECand ligand waters are linked to the metal ions by black solid
lines. The colour scheme used for other residues and atomsis the same asin
Figs.1and2.

Mn4 in the OEC (Fig. 3b and Supplementary Video 4), which results
in an increase in the Mn1-Mn4 distance from 4.94 A (A2 =30 ps) to
5.22 A (Af2=200 ps), as well as an increase in the Mn1-Mn3 distance
from3.16 A (A2 =30 ps) to 3.38 A (A2 = 200 ps) (Extended Data Fig. 3
and Extended Data Table 2). In addition, the single negative difference
density on Casuggests the disorder of Ca (Fig. 3b and Supplementary
Video 4). Of note, at At2 =200 ps, while 06* is still present, a positive
difference density emerges in the location of 06, indicating that 06
isincorporated into the OEC. The structural changes to the OEC at
At2 =30 psand At2 =200 ps canbe explained as follows: Mnlundergoes
oxidation from Mn1(lll) to Mn1(IV), thereby attracting the negatively
charged 06* resultingin its translocation to the O6 position and the
disorder of Ca. Simultaneously, Mnland Mn4 move outwards to create



room for 06 (the outward movement of Mnl might also be triggered by
its own oxidation). At At2 =200 ps, the translocation of 06* is not yet
complete, resulting in simultaneous observations of both 06* and 06.

We observed no apparent difference density on W3 atall time points
(Fig. 3b, Supplementary Table 3 and Supplementary Video 4), which
isinconsistent with arole of W3 as the entry point for the origin of 06
(refs. 7,35,36). W4 also seems an unlikely candidate for an entry point
owing to spatial constraints, because W4 needs to pass through W3 to
reachthe 06 position (Extended DataFig. 4b). The remaining potential
pathway is a direct translocation of 06* to the 06 site (Extended Data
Fig. 4b). Although the 3.08-A distance between D1-E189 and Ca might
not allow the passage of 06*, this distance represents the average dis-
tance observed bothin PSIlmolecules that have successfully completed
the O6*translocationand in those that have not, but notin PSIlin which
06* is being translocated. Therefore, this distance might transiently
extend when O6*is passing. Furthermore, an OH ionis smaller thana
water molecule, sothe direct translocation of 06* (OH") is possible. By
At2 =5ms, thetranslocationis completed, and 06 becomesthe eighth
ligand to Ca and the sixth ligand to Mn1 (Fig. 3b and Supplementary
Video4). The negative difference density near Caindicates the inward
movement of Ca towards the centre of the OEC. By contrast, Mnl and
Mn4 move further outwards from the OEC, which further opens the
OEC (Fig. 3b, Extended Data Fig. 3, Extended Data Table 2 and Sup-
plementary Video 4).

Determining the accurate positions of 05and O6 using electron den-
sity alone at the current 2.25-A resolution is challenging, owing to the
influence of mixed populations of different S; states and the presence
of neighbouring electron-rich metal ions. To refine the structures of
OECatAf2=200 psand At2 =5 ms, we chose three 05-06 distances of
1.9A,2.4 Aand2.2 A, respectively, corresponding to oxyl/oxo, hydroxyl/
oxo and deprotonated hydroxyl/oxo coupling species”. The optimal
positions of O5 and 06 were determined with the smallest residual
densities in the mF,-DF_ map, which showed an O5-06 distance of
1.9 Aat Ar2 =200 ps, whereas the residual densities at At2 = 5 ms were
almost comparable for the 05-06 distances of 1.9-2.4 A (Extended
Data Fig. 6). This suggests the existence of a mixed species at room
temperature—different from what is observed at low temperature®.
To maintain consistency, we set the 05-06 distance at 1.9 A for both
At2 =200 psand A2 =5 ms. We note that the OECat At2 = 5 msis more
openas compared with the structure predicted by theoretical calcula-
tions and the OEC structure solved at cryo-temperature®¥, as evidenced
by the lengthened Mn1-Mn3 distance of 3.5 A observed here. This might
leave some room for a hydroxyl/oxo coupling mechanism, and there
is a crystallographic debate regarding the existence of 06/0x in the
S, structure® (Supplementary Fig. 1and Supplementary Discussion).

Water inlet from the O1channel

We observed previously that 1F leads to the disorder of two water mol-
ecules—one in the O1 channel and the other in the 04 channel®®. The
current study reveals the dynamic behaviour of the water molecules
inthese channels. At A1 =30 psto 5 ms, disorder of W10 and the con-
comitant movement of D1-D342 were observed, consistent with the
previously solved structure of the S, state” (Extended Data Fig. 7a).
At At1<200 ps, dynamic difference densities appear in the O1 chan-
nel. These span from a five-water cluster located near the OEC to the
PsbU-K104-D2-R348 (PsbU is a subunit of PSII) salt bridge near the
lumen (Extended Data Fig. 7a). Difference densities appear at A1 =20 ns
on W20, W22 and the nearby D1-D342 main chain; these arelikely tobe
induced by correlated movements of the neighbouring Y, and D1-Q165
(Extended Data Fig. 7a). As Y; and D1-Q165 move to a greater extent
at At1=200 ns and Atl1 =1ps, the positive electron density on W22
increases and spreads to cover W21 and W22. Subsequently, Y, and
D1-Q165 move backwards at At1 =30 ps to Atl =5 ms, and the difference
densities vanish (Extended DataFig. 7a; see Fig. 3afor a closer view). By

contrast, the difference densities near the main chain of D1-D342 persist
from A¢1=20 nsto Atl = 5 ms, indicating its shift throughout the S-S,
transition. Furthermore, during A¢1 =20 nsto At1=200 ps, movement
ofthe D1-D342 main chaininduces disorders or shifts of W20, W24, W52
and D1-E329, which are connected to D1-D342 by hydrogen bonds. At
At1=30-200 ps, anegative difference density arises on W53/, whichis
locatedin the cavity surrounded by OEC-01, D1-E189, D1-E329, D1-H332
and D1-D342 (Extended Data Fig. 7a), indicating that W53’ becomes
further disordered. Here, W53 in the S, state is only observable under
cryo-temperature conditions (PDB codes: 3WU2 (ref. 2) and 4UB6
(ref. 3)) but is not detectable at room temperature (PDB codes: 5WS5
(ref. 4) and 7CJI (ref. 25)). Therefore, we denote this invisible water as
W53’ (Extended Data Fig. 1c and Extended Data Fig. 7a).

A negative difference density appears on the PsbU-K104 carboxy
terminal at the Ol-channel entrance during Atl =200 ns-200 ps and
subsequently disappears by A¢l =5 ms (Extended Data Fig. 7a). The
PsbU-K104-D2-R348 salt bridge might function as a gate for the O1
channel, and the PsbU-K104 disorderimplies the breakage or loosening
of the salt bridge (Extended Data Fig. 7a), resulting in the opening of
the gate and the entry of water into the giant cavity that houses Goll,
W55, W56, W59, W6l and W62 (Extended Data Fig. 7a).

AtAr2=20nstoAt2=200 ns, thereis no difference density inthe O1
channel (Extended DataFig.7b). At At2 =1 ps, the most noticeable dif-
ference density occurs on O6* (Fig. 4b). When O6*is being prepared and
translocated to 06 at At2 =30 ps to A2 = 200 ps, negative difference
densities appear on the main chains of D1-D342, D1-E329, W24, W52,
W55and Gol2, indicating that they are disordered during the 06* trans-
location. At At2 =5 ms, the disordered components become ordered
again after the completion of the O6* translocation. Inaddition, paired
positive and negative difference densities appeared around CP43-V410
(CP43 is a subunit of PSII), suggesting a rotation of the CP43-V410
side chain by 120° rather than a mere shift as proposed previously®
(Extended Data Fig. 7b). In conjunction with the CP43-V410 rotation,
apartially occupied water designated as W74 emerges in the proximity
ofthe pre-rotation conformation of CP43-V410 (Extended Data Figs. 5¢
and 7b). Furthermore, two small positive densities appear near Goll and
PsbU-K104 at A¢2 = 5 ms, which suggests that two new water molecules
become ordered at the end of the O1 channel after O6 translocation,
similar to the findings of a previous study® (Extended Data Fig. 5c).

Structural changesin the 04 channel

W16 is the second water in the O4 channel and is disordered after 1F
(Fig. 4a). This disorder is maintained after 2F, until returning to a sta-
ble state after 3F (refs. 5-7). Disorder of W16 initiates at At1=20 ns,
increases progressively, and reaches amaximumat A¢1 = 200 ps (Fig.4a
and Supplementary Table 3). The W16 disorder is expected to be influ-
enced by the chargerearrangement thatoccursat Atl1=20-200 ns, the
oxidation of Mn4 at At1=1-30 psand the stabilization of the remaining
positive charge on the OEC at A¢1 =200 ps-5 ms (Fig. 3a). One poten-
tial explanation is that the alternation of Mn4 charge influences W11
through 04, leading to the disruption of the hydrogen bond between
W11and W16 and the W16 disorder. The W16 disorder further affects
the hydrogen-bonding network at the 04 channel, leading to shifts
of W18, W31, W33 and W34 from Atl = 20 ns to At1 =5 ms (Fig. 4a). In
addition, whenthe difference densitiesin the 04 channel are strongest
at At1=200 ps, the main chains of D1-R334-N335-A336 showed slight
shifts towards the OEC. Movement of D1-D61 towards the OEC is also
observed at At1 =30 ps-5 ms (Fig. 4a).

Nonoticeable difference densities are observed in the 04 channel at
At2=20ns-1ps. At At2 =30 ps, negative difference densities emerge on
W11, CP43-E354 and D1-D61 (Fig. 4b), indicating their instability during
this period. The nearby CP43-M356 appears to move toward this region
(Fig. 4b), possibly to fill the space. At At2 =200 ps, W1l maintains its
disorder, whereas CP43-E354, D1-D61and CP43-M356 arerestabilized
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Fig.4|Structuraldynamicsat the 04 and Cl-1channels duringS,-S,-S;
transitions. a,b, Structures of PSll at the O4 and Cl-1channels are superposed
with F(1F) - F,p(Dark) (@) and F,,(2F) - F,,(1F) (b) difference density maps
contoured at +3.50 (green) and -3.50 (orange) with delay times from 20 ns to

(Fig.4b).CP43-R357, whichislocated at ahydrogen-bonding distance
to 04, becomes disordered at At2 =200 ps. All of these residues and
water moleculesbecome ordered at At2 =5 ms (Fig.4b). The oxidation
of the OEC that takes place at At2 =30-200 ps could potentially con-
tribute to the structural changes on W11, CP43-E354 and CP43-R357;
all are directly connected to the OEC.

Roles of CI-1in the S-state transitions

Difference densities near Cl-1are observed at A¢t1 =20 ns-5 ms; however,
they fluctuate over time, in contrast to the nearly continuously grow-
ing difference densities observed on W16 (Fig. 4a and Supplementary
Table 3). The difference densities near Cl-1arise at A1 =20 ns, reach
amaximum at Atl1 =200 ns, decline at At1=1-30 ps, increase again at
At1=200 psandfinally decrease at At1 = 5 ms. Considering the dynam-
icsoftheY,areaandthe OEC at At1=20 ns-5 ms, we hypothesize that
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5ms.Theintermediate structures of D1,D2, CP43 and PsbO proteins are depicted
inyellow, cyan, magenta and orange, respectively, and the colours of other atoms
arethesameasthoseinFigs.1land 2.

the electrostatic effect of Y, and the OEC influences CI-1, causing the
fluctuation of the difference densities (Figs. 2a, 3a and 4aand Supple-
mentary Table 3). The difference densities near Cl-1are observed when
Y, is oxidized to Y, at At1=20 ns (Figs. 2a and 4a). These difference
densities reach their peakswhen Y, *loses one proton, resultingin the
formation of more oxidized Y, at At1 =200 ns (Figs. 2aand 4a). Subse-
quently, difference densities near Cl-1decrease during the reduction of
Y, at Atl=1psand A¢1=30 ps. Thedisruption of the hydrogen-bonding
network between Y, and Cl-1 could also contribute to the decreased
signals (Figs. 2a and 4a). As the reduction of Y, is completed and the
OEC is oxidized to OEC" at At1 =200 ps, the difference densities near
Cl-lincrease again (Figs. 3aand 4a). The subsequently decreased differ-
encedensity at Atl =5 ms could be attributable to astabilization effect
of the positive charge on the OEC. On the basis of these observations,
Cl-1 might actively contribute to stabilizing the positively charged Y,
and OEC during the S;-S, transition.
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YZ is oxidized to Y,"*, the precursor of
06* releases H* and O6* binds to Ca.

Mn1 transfers one electron to Y,* and O6*
translocates to 0O6. H* transfers to
D1-D61, D1-E65 first releases a H* and
then accepts a H* from D1-D61.

Mn1 oxidation and Y, re-reduction
complete, the OEC incorporates O6.

Fig.5|Schematic of events occurring during S,-S,-S; transitions at the
electrondonor side. The small orange spheres correspond to O1-O5and are
numbered1to5inthe OEC. 06*and 06 are shown as magenta spheres. The
larger green, purpleand grey spheres represent Mn1-Mn4 with labels1to 4.
Specifically, the green spheres correspond to Mn(lll), the purple spheres
correspond toMn(IV) and the grey sphere represents either Mn(IIl) or Mn(1V).
Aredouterringof the spheres signifies that the Mnionis undergoing oxidation.
The CI-1,04 and Ol channels are depicted in yellow, light greenand cyan
backgrounds, respectively. Water molecules are depicted as cyan spheres,

Although paired positive and negative difference densities surround-
ingthe two sides of Cl-1were observed at Atl1 = 20 ns-5 ms (some nega-
tive densities are weaker, which cannot be visible at the contour level
+3.50), asingle negative difference density was observed overlaying Cl-1
at A2 =30psand At2 =200 ps (Fig.4b and Supplementary Table 3). This
indicates the disorder of Cl-1during this time period after 2F (Fig.4b),
whichis apparently different from the movements of Cl-1observed after
1F. These differences show that Cl-1has different rolesin the S,-S, and
S,-S; transitions, and the instability of Cl-1after 2F might reflect the
proton transfer along the Cl-1channel as described below.

Proton transfer through the Cl-1channel

After 2F, structural changesin the Cl-1channel are relatively small com-
pared with those at other sites, and take place mainly between At2 =1 ps
and At2 =200 ps (Fig. 4b and Extended Data Fig. 8a). At At2 =1 s, W2
and D1-D61 become unstable, as indicated by the negative difference
densities onthem (Extended Data Fig. 8a), whichmight be attributable
totherelease of aprotonfromthe precursor of 06* during this period.

with their corresponding numberslabelled. Disordered water molecules and
other disordered atoms are depicted with arched lines, and an orange outer
ring of the water molecules indicate that they become ordered. The red arrows
indicate the movements of residues and atoms; the length of the arrows roughly
represents the travelled distance for Y,and CI-1. The purple-and green-dotted
arrows indicate the movements of electrons and protons, respectively. The
protontransfer fromY,to D1-H190 takes place between 2F (1 us) and 2F (30 ps),
which was depicted at 2F (1 us) owing to the absence of time points between
lpsand30 ps.

Concomitantly, W44 becomes transiently stable, probably as a result
ofthe movement of D1-E65,whichis connected to W44 (Extended Data
Fig.8a). Another structural change occurring at At2 =1 psis the move-
ment of the D1-H332 to D1-A336 backbones towards the OEC, which
probably occurs owingto structural changesinthe OEC. At A2 =30 s,
alarger number of water moleculesin the hydrogen-bonding network
becomeunstable (W1, W3-W7 and W11), and Cl-1also starts tobecome
unstable (Extended Data Fig. 8a). These structural changes imply
that the protonis transferred to D1-D61 (Extended Data Fig. 8b). The
movement of the D1-H332 to D1-A336 backbonesiis transmitted to the
D1-R334 and D1-N335sside chains, leading to ashift of D1-R334 towards
the OEC. This results in an instability of W14, and could potentially
influence the gate between D1-E65, D2-E312 and D1-R334 (refs. 8,17). At
At2 =200 ps, water moleculesin the bulk region (W37, W70 and W73)
alsobecomeunstable, in addition to the unstable water molecules near
the OEC and CI-1(W1, W3-W5, W7-W9, W1l and W14) (Extended Data
Fig.8a), suggesting a possible proton transfer to the lumen. The instabil-
ity of Cl-1further increases at At2 = 200 ps, and D1-R334 also exhibits
instability (Extended Data Fig. 8a), presumably reflecting the pass of
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the proton®**°, By Af2 = 5 ms, the structural changes in the gate area, as
well as the high mobilities of water molecules observed at At2 =200 ps,
disappear entirely, and Cl-1becomes ordered and returns toits original
position (Extended Data Fig. 8). This indicates that the Cl-1channel has
beenrestored and reset to the subsequent S-state transition.

In conclusion, our time-resolved SFX experiments reveal theimpor-
tant roles of protein structural dynamics in electron transfer, water
insertion, protonrelease and O-O bond formation in PSII. We summa-
rize our resultsinamodel presented in Fig. 5, and a detailed discussion
is provided in the Supplementary Information.
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Methods

Sample preparation

Samples of the PSIlmicrocrystals were prepared asinthe previous SFX
studies conducted at room temperature*?, with a few minor adjust-
ments. In brief, cells of the thermophilic cyanobacterium Thermosyn-
echococcusvulcanuswere grown in a previously described medium*-**
in eight 5-1bottles, to a density of OD,;,, = 2.5-3.0, and collected as
described previously***. The cells were resuspended in a buffer of
40 mM KH,PO,-KOH (pH 6.8) and 0.4 M mannitol, and treated with
1.21 g1 lysozyme (FUJIFILM Wako Pure Chemical Corporation) at 37 °C
for 90 min with constant shaking. The treated cells were pelleted by
centrifugation at13,700g for 15 min, suspendedin 25% (w/v) glycerol,
20 mM HEPES-NaOH (pH 7.0) and 10 mM MgCl, (buffer A), and stored
at-80 °C until use.

Thefrozen cells were thawed, to which ten folds of abuffer containing
30 mMHEPES-NaOH (pH 7.0) and 10 mM MgCl, were added to disrupt
the cells by freeze-thawing and osmotic shock. After centrifugation
at13,700g for 15 min, pelleted thylakoids were suspended in 5% (w/v)
glycerol, 20 mM HEPES-NaOH (pH 7.0) and 10 mM MgCl,. Crude PSII
particles were obtained from the thylakoids by a two-step solubili-
zation with a detergent N,N-dimethyldodecylamine N-oxide (LDAO)
(Sigma-Aldrich, 40236-250ML). In the first step, the thylakoids were
treated with 0.16% (w/v) LDAO for 5 min on ice, and centrifuged at
43,200g for 60 min. The pellet obtained was suspended in buffer A,
and treated with 0.27% (w/v) LDAO for 5 min again. The mixture was
centrifuged at 100,000g for 1 h, and the supernatant was recovered.
After the addition of 50 (w/v) polyethylene glycol (PEG) 1450 to afinal
concentration of 15%, crude PSll particles were recovered by centrifuga-
tion at 100,000g for 30 min, and resuspended in buffer A**,

The PSII crude particles were treated with 1.0% n-dodecyl-p3-D-
maltoside (3-DDM) (FUJIFILM Wako Pure Chemical Corporation, D316)
for 5 min, and loaded onto a Q-Sepharose high-performance column
(Cytiva) pre-equilibrated with 5% (w/v) glycerol, 30 mM MES-NaOH
(pH 6.0),3 mM CaCl,and 0.03% 3-DDM (buffer B) in acooled chamber
at 6 °C. The column was washed with eight to ten folds of the column
volume of buffer B containing 170 mM NacCl, and eluted with a liner
gradient of 12.5 folds of the column volume of 170-300 mM NaCl in
buffer B. Elution peaks first appeared for PSIl monomer, followed by
PSIl dimer and PSImonomer, among which PSIldimers were collected.
The PSIl dimers collected were diluted threefold by buffer B without
DDM, and PEG 1450 was added to a final concentration of 13%. The
PSII dimers were centrifuged at 100,000g for 30 min, and the pellet
was suspended in buffer Bwithout DDM and stored inliquid nitrogen
until use* .

To make microcrystals of the PSIl dimer, the sample was diluted with
20 mM MES-NaOH (pH 6.0), 40 mM MgS0O,, 20 mM NaCl and 10 mM
CacCl,, followed by additions of n-heptyl-B-D-thioglucopyranoside
(HTG) (FUJIFILM Wako Pure Chemical Corporation, HO15) and PEG
1450 to final concentrations of 0.85% (w/v) and around 5.50-5.75%
(w/v), respectively, at a final concentration of 2.25 mg chlorophyll
per ml (refs. 4,6). Microcrystals were grown in a 2.0-ml glass vial (J.G.
Finneran Associates, 9800-1232), and 150 pl PSIl dimer sample was
putinto each vial. After standing for 20-30 min at 20 °C, the solution
was mixed gently and left to stand for another 10-30 min to allow the
microcrystals to grow. In cases in which microcrystals did not appear or
appearedinsmallnumbers, the mixing-and-standing step was repeated
until enough microcrystals appeared.

After the microcrystals appeared, they were allowed to grow to a
maximum size of 100 pmin length for several hours to overnight, fol-
lowing which 150 pl of a crystal storage buffer containing 7% (w/v)
PEG 1450,20 mM MES-NaOH (pH 6.0), 20 mM NacCl, 10 mM CacCl, and
0.85% (w/v) HTG was added to stop the growth of the microcrystals.
After collection of the microcrystals, the supernatant was discarded,
and the microcrystals were stored in the crystal storage buffer at 20 °C

until the X-ray free electron laser (XFEL) experiments. It isimportant
to store the microcrystals in the crystal storage buffer for more than
24 htoensure highresolution, and they are stable inthe crystal storage
buffer for at least three days but not more than seven days*®.

Before conducting the diffraction experiment, al0 mM potassium
ferricyanide solution was added to the PSIImicrocrystal solution under
dim green light, and one pre-flash was given at 20 °C with a laser at a
wavelength of 532 nm and an energy of 52 mJ cm™. The microcrystals
were subsequently transferred to 7% (w/v) PEG1450,20 mM MES-NaOH
(pH 6.0),20 mM NacCl, 10 mM CacCl,, 0.85% (w/v) HTG, 2% dimethyl sul-
foxide (DMSO) and 10 mM potassium ferricyanide, and incubated for
10 min at 20 °C. The solution was finally replaced by a cryoprotectant
solution containing 10% (w/v) PEG 1450, 10% (w/v) PEG monomethyl
ether 5000, 23% (w/v) glycerol,20 mM NaCl, 10 mM CaCl,, 0.85% (w/v)
HTG, 2% DMSO and 10 mM potassium ferricyanide for six steps, with
each step for10 min at 20 °C (refs. 4,6).

Afterreplacement of the solution with the cryoprotectant solution,
PSIImicrocrystals were gently mixed witha vacuum grease of anuclear
power grade (Super Lube, 42150)*. The ratio of grease to microcrystals
was 200 pl to 50 pl (obtained from 4-5 mg chlorophyll), and to avoid
physical damage to the microcrystals, the mixing was conducted gently
for 2 min. The mixture was exposed toair at 20 °C for around 30-60 min
todehydrate further, before being used for the diffraction experiments
atroom temperature in darkness*. The total time from cryoprotectant
replacement to XFEL experiments was one to two hours.

Diffraction experiment

The dark and IF data, as well as the 1F and 2F time-delayed data, were
collected in two independent experiments, resulting in a total of 14
experimental datasets (Extended Data Table1). Unless otherwise stated,
the experimental set-ups were identical for both beamtimes. Diffrac-
tion images were obtained using single-shot XFELs collected at the
BL2 beamline in the SPring-8 Angstrom Compact Free Electron Laser
(SACLA)*¢. The parameters of the XFEL pulses were as follows: pulse
duration 10 fs, energy 10 keV, beam size 3.0 pm (H) x 3.0 pm (W) and
repetitionrate 10 Hz (ref. 4). The PSII microcrystals were excited using
pump lasers with the following parameters: pulse duration 6 ns (FWHM,
Gaussian), energy 42 mJ cm, focused spot size 240 pm (top-hat), wave-
length 532 nm and frequency rate 10 Hz (ref. 4). To ensure efficient
excitation, one laser beam was split into two beams that focused on
the same point of the sample from two different directions separated
by an angle of 160° (ref. 4).

Theinjector containing the mixture of PSIImicrocrystals and grease
was carefully inserted into asample chamber, in which the mixture was
ejected from the injector using liquid pressure, ultimately forming a
micrometre-sized liquid stream**%,

The sample flow rate is regulated by adjusting the fluid pressure in
theinjector. For the ‘dark’ sample, the flow rate is 1.99 pl min™, whereas
for the ‘light’ samples, it is 7.80 pl min™. As described previously, by
maintaining this flow rate, contamination from the prior lasersiis effec-
tively avoided®. The dark dataset was obtained by directly exposing the
sample stream to XFELs, whereas the 1F and 2F datasets were acquired
by illuminating the sample stream with the pump laser first, followed
by exposure to the XFELs after a specified delay time At. The values
of Atl and At2 were set to 20 ns, 200 ns, 1 s, 30 ps, 200 ps and 5ms,
respectively (Extended Data Fig. 1d). In addition, in the 2F time-delay
experiment, the time interval between the first and second flash was
setto5 ms (Extended Data Fig.1d), whichis enough to fully transform
the S, state to the S, state after 1F. The focal centres of the lasers and
XFELs were the same for data with a At of 20 ns-200 ps, but for data
with a At of 5 ms, the focal centres of lasers were set 60 um higher than
those of the XFELs to prevent the light-excited microcrystals from
escaping the XFEL irradiations after a At of 5 ms. Diffraction spots were
recorded using a Rayonix MX300-HS detector, which was positioned
240 mm from the sample.
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Data processing

During the beamtime, we used Cheetah* (https://github.com/keit-
aroyam/cheetah) and CrystFEL (v.0.6.3)°*% to observe and analyse
the diffraction images. The analyses provide hit rates, the number of
indexed images and approximate resolutions for each dataset, which
greatly aided us in devising an effective data-collection strategy. For
the processing of diffraction images at the beamline, we at first used
approximately 10,000 indexed diffraction images from lysozyme
crystals to determine the beam centre and camera length accurately.
These parameters were then supplied to CrytFEL for processing the
PSll diffractionimages. The PSIl diffractionimages wereindexed with
‘indexamajig’, using the Dirax***' indexing method with unit-cell param-
etersof a=124.7A,b=229.89 A, c=285.5A, a ==y =90° adopted
from PDB code SWS5 (ref. 4). The resulting individual intensities were
merged using ‘process_hkl’ and the reflection data were evaluated using
‘compare_hkl’ (refs. 50,51).

After datacollection, ‘cctbx.xfel’ was used for the indexing and inte-
gration of diffraction images, as well as for merging reflections®>*>,
The accuracy of the beam centre and camera length obtained from
CrystFEL were verified by using the program ‘cspad.cbf metrology’
(refs.52,53). The PSll diffractionimages were indexed and integrated
using ‘dials.stills_process’ (ref. 54), incorporating the determined
detector information and targeted unit-cell parameters mentioned
above. Individual reflections were merged by the program ‘cxi.merge’
(refs.52,53) with the post-refinement rs2 algorithm, and afilter based
on the value of I/sigma was not applied so as to include weak signals
at high resolutions. The average unit cell, calculated from all of the
datasets collected in the same experiment, was used to merge each
individual dataset once again. All datasets were processed to aresolu-
tion 0f 2.15-2.30 A on the basis of the criteria of CC,/, of around 50%
(Extended Data Table 1).

Structural refinement for the dark and 1F datasets

Molecular replacement for the dark data was performed using
Phaser-MR from PHENIX® with the PSII structure solved at 2.35-A
resolution and at room temperature (PDB code: SWS5) as the search
model, in which water molecules and the OEC were removed®. Next,
rigid body refinement was applied to the resultant model for one cycle.
Subsequently, the B factor was set to 20 for all atoms in the model,
and the atomic coordinates and temperature factors of atoms were
refined by ‘Phenix.refine’ in the resolution range of 2.15-20.0 A, in
conjunction with manual modifications by Coot®. Weiteratively carried
out reciprocal space refinement using ‘Phenix.refine’ and real-space
refinement using Coot until the structures of residues and cofactors
were confined. Then, the OEC and water molecules were added to the
model. Geometric restraints of the OEC are based on the Mn,CaO;
cluster solved at 2.15 A using microcrystals at cryo-temperature (PDB
code: 6JL))%, with aloose distance restraint of o= 0.06 AonMn-0 and
Ca-0 distances, whereas no restraints were provided for the Mn-Mn
and Mn-Ca distances. Any pre-existing water molecules exhibiting
negative mF,-DF_signals or lacking 2mF,-DF_signals were removed from
the model. New water molecules were constructed at the positions of
positive spherical mF,-DF_signals over 40, and these water molecules
were examined after subsequent rounds of reciprocal and real-space
refinements to confirm. Finally, a TLS refinement was applied.

For therefinement of the 1IF model in the two-flash time-delay experi-
ments, we assigned a single conformation to the OEC and ligands, con-
sidering that the geometry of the OEC does not differ much betweenS,
and S, states. During the refinement process, the Mn-Mn and Mn-Ca
distances were not restrained, whereas the distances of Mn-O and
Ca-Owererestrained to the values observed in the 1IF model solved at
2.15A (PDB code: 6JLK)¢, and refined with a loose restraint (0= 0.06 A).
W16 was removed from the model owing to the emergence of a nega-
tive mF,-DF_signal when W16 was present, even at low occupancy.

Conversely, W10 was retained because its deletion resulted in a sig-
nificant positive mF,-DF_signal at the corresponding location.

Difference-map calculations and structural refinement of
intermediates
The phases obtained from the well-refined dark and 1F models were
used to calculate isomorphous-difference Fourier maps between dark
and 1F time-delayed data, and between 1F and 2F time-delayed data,
respectively. Substantial difference densities were detected in the
Q4—Qg, P680, Y;and OEC channel regions at each time point, with their
locations dynamically varying over time (Figs. 1-4 and Extended Data
Fig.7). Torefine the dynamic intermediate structures conveniently and
effectively, we devised double conformations for all residues, water
molecules and ligands within a spherical range of 20 A centred on the
Ca of the OEC and the non-haem iron, with A and B conformations
corresponding to structures of the ground state and intermediate
state, respectively. Inthis case, unstable water molecules and residues
in the intermediate state were also built into the structures. Whether
to preserve or delete these water molecules is decided by examining
the mF-DF_signal. For example, in the case of W16, which became
very unstable after 1F, building two conformations resulted in a strong
negative signal on W16. Therefore, we deleted the B conformation of
W16. On the other hand, for other unstable water molecules, such as
W7 and W10, building two conformations did not result in a particu-
larly strong negative mf-DF_ signal, so their B conformations were
preserved. Populations of S;state in PSIl crystals were estimated to be
0.4/0.6 for S,/S, after 1F and 0.49/0.51for S,/S; after 2F, on the basis of
flash-induced Fourier transforminfrared (FTIR) measurements**~.On
the basis of these ratios, we constructed the 1F structure by adopting
two conformations for those atoms or residues that showed structural
changes between S, and S,. The S,-state structure was refined against
the density map, whereas the S;-state structure was taken from the dark
structure solved inthe present study. Onthe other hand, inthe 2F data,
the structure of PSll that does not advance to the S; state is a mixture of
S;andS,. Owing to the small structural changes between S, and S,, we
fixed the structure to the S, state for PSIl that does not advance to the
S, state after 2F, and refined the S,-state structure against the density
map. These assignments do not pose major problems for modelling
the structures according to the densities obtained. We refined the xyz
coordinates of the B conformation, followed by refining the B factors of
boththe Aandthe B conformation, and applied TLS refinement at last.
06* was modelled as a water molecule with an occupancy of 0.51,
without imposing artificial constraints onits distance to Ca and the
nearby water molecules. The structures of the OEC containing O6 at
At2 =200 ps and A2 =5 ms were investigated using three different
05-06 distances: 1.9 A, 2.2 A and 2.4 A, as indicated by theoretical
calculations®*®, The optimal distance was determined by assessing
the magnitude of the adjacent mF,-DF_signals (Extended Data Fig. 6).
We need to point out that, although the XFEL data collected in the
present study have a high quality, and the resolutions obtained are
high, uncertainties exist with regard to the subtle structural changes
that occur duringS,-S,-S; transitions, and itisimportant not to over-
interpret the crystallographic data presented in this study.

Estimation of errors ininter-atomic distances

Toestimate theerrorsintheinter-atomic distances, we used the resam-
pling method, creating ten substructures with reduced data multiplic-
ity. Subsequently, we calculated the standard deviations of atom-atom
distances within these ten substructures. We resampled our XFEL data
by the jackknifing method*’. We began with a dataset consisting of
100% images and created ten sub-datasets by merging 75% randomly
selected images. Subsequently, we refined ten substructures against
these sub-datasets. Toinitiate the refinement of the substructures, we
used the well-refined structure derived from the 100% image dataset
as our starting model, resetting the temperature factors of all atoms
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to 20 A>and applying simulated annealing. After this, we performed
refinements on therigid body, atom position coordinates, temperature
factorsand TLS. The standard deviations of atom-atom distances were
calculated across the tensubstructures, which were used as estimates
oftheerrorsassociated with the corresponding atom-atomdistances
inthe determined structures (Extended Data Fig. 3).

Density functional theory calculations

An OEC model of the S, state for density functional theory (DFT)
calculations was constructed from the XFEL model (monomer A) of
PSII (PDB code: 6JLL)®. This model comprises 408 atoms, including
the inorganic Mn,CaO; cluster, 4 terminal aqua/hydroxo ligands at
Caand Mn4, 15 crystal waters along with one extra hydroxide anion
referred to as 06* one chloride anion, and the following amino acid
residues: D1-D61, D1-N87, Yz, D1-Q165, D1-S169, D1-D170, D1-N181,
D1-V185, D1-F182 (backbone only), D1-E189, D1-H190, D1-N296, D1-N298
(fragment), D2-K317 (fragment), D1-H332, D1-E333, D1-A336, D1-H337,
D1-D342, D1-A344 (C terminus), CP43-E354, CP43-R357, CP43-L401,
CP43-V410 and CP43-A411. The revision made to the previous com-
putational model®* involves augmenting it with the incorporation
of five water molecules next to 06*, called a ‘water wheel’, along with
four supporting amino acid residues (D1-N296, CP43-1L401, CP43-V410
and CP43-A411). Geometric optimizations for the hydroxo form of 06*
bound to the Casite of (Mn");Mn"'CaO; were carried out at multiplic-
ity 14 (Ms=13/2) using the B3LYP hybrid functional®® augmented with
the D3 version of Grimme’s empirical dispersion correction and the
Becke-Johnson damping function®#? in combination with the Los Ala-
mos (LANL2DZ) pseudopotential basis set for Caand Mn and 6-31G(d)
for all other atoms®~%¢, A crucial requirement for the production of
meta-stable Ca®*-bound hydroxo form of 06*, as displayed in Extended
DataFig.5a,b, isthe absence ofa Y, radical (Tyr,~O"..."HN-His190), as
the pK, value of Ca*-bound water (around 12.7 inaqueous solution)®”8
mightbe much higher thanthat of the histidine residue (6.0) (ref. 69),
even within the protein environment.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The atomic coordinates and structure factors have been deposited in
the PDB under the following accession codes: 8IRS for OF (dark, ground
state for the Atlstructures), 8IR6 for Al =20 ns, 8IR7 for At1=200 ns,
8IR8 for At1=1ps, 8IR9 for Atl1 =30 ps, 8IRA for At1=200 ps, S8IRB
for Atl1=5ms, 8IRC for 1F (ground state for the A¢2 structures), 8IRD
for At2 =20 ns, 8IRE for At2 =200 ns, 8IRF for At2 =1ps, 8IRG for
At2 =30 ps, 8IRH for At2 =200 ps and 8IRI for At2 =5 ms. All other
datawithaPDB code used in this study are from the PDB data bank.

41. Shen, J.-R. & Inoue, Y. Binding and functional properties of two new extrinsic components,
cytochrome ¢-550 and a 12-kDa protein, in cyanobacterial photosystem II. Biochemistry
32,1825-1832 (1993).

42. Shen, J.-R. & Kamiya, N. Crystallization and the crystal properties of the oxygen-evolving
photosystem Il from Synechococcus vulcanus. Biochemistry 39, 14739-14744 (2000).

43. Shen, J.-R., Kawakami, K. & Koike H. in Photosynthesis Research Protocols (ed. Carpentier,
R.) 41-51 (Humana Press, 2011).

44. Kawakami, K. & Shen, J.-R. in Enzymes of Energy Technology (ed. Armstrong, F.) 1-16
(Academic Press, 2018).

45. Sugahara, M. et al. Grease matrix as a versatile carrier of proteins for serial crystallography.
Nat. Methods 12, 61-63 (2015).

46. Ishikawa, T. et al. A compact X-ray free-electron laser emitting in the sub-angstréom region.
Nat. Photonics 6, 540-544 (2012).

47. Tono, K. et al. Diverse application platform for hard X-ray diffraction in SACLA (DAPHNIS):
application to serial protein crystallography using an X-ray free-electron laser. J. Synchrotron
Radiat. 22, 532-537 (2015).

48. Kubo, M. et al. Nanosecond pump-probe device for time-resolved serial femtosecond
crystallography developed at SACLA. J. Synchrotron Radiat. 24,1086-1091 (2017).

49. Nakane, T. et al. Data processing pipeline for serial femtosecond crystallography at
SACLA. J. Appl. Crystallogr. 49,1035-1041(2016).

50. White, T. A. et al. CrystFEL: a software suite for snapshot serial crystallography. J. Appl.
Crystallogr. 45, 335-341(2012).

51.  White, T. A. et al. Recent developments in CrystFEL. J. Appl. Crystallogr. 49, 680-689
(2016).

52. Sauter, N.K., Hattne, J., Grosse-Kunstleve, R. W. & Echols, N. New Python-based methods
for data processing. Acta Crystallogr. D 69, 1274-1282 (2013).

53. Sauter, N. K. XFEL diffraction: developing processing methods to optimize data quality.
J. Synchrotron Radiat. 22, 239-248 (2015).

54. Brewster, A. S. et al. Improving signal strength in serial crystallography with DIALS
geometry refinement. Acta Crystallogr. D 74, 877-894 (2018).

55. Adams, P.D. et al. PHENIX: a comprehensive Python-based system for macromolecular
structure solution. Acta Crystallogr. D 66, 213-221(2010).

56. Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics. Acta Crystallogr.
D 60, 2126-2132 (2004).

57. Kato, Y. et al. Fourier transform infrared analysis of the S-state cycle of water oxidation in
the microcrystals of photosystem II. J. Phys. Chem. Lett. 9, 2121-2126 (2018).

58. Yamaguchi, K. et al. Geometric, electronic and spin structures of the CaMn,O; catalyst for
water oxidation in oxygen-evolving photosystem Il. Interplay between experiments and
theoretical computations. Coord. Chem. Rev. 471, 214742 (2022).

59. Nass, K. et al. Structural dynamics in proteins induced by and probed with X-ray
free-electron laser pulses. Nat. Commun. 11,1814 (2020).

60. Beeke, A. D. Density-functional thermochemistry. lll. the role of exact exchange. J. Chem.
Phys. 98, 5648-5646 (1993).

61. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and accurate ab initio
parametrization of density functional dispersion correction (DFT-D) for the 94 elements
H-Pu. J. Chem. Phys. 132, 154104 (2010).

62. Grimme, S., Ehrlich, S. & Goerigk, L. Effect of the damping function in dispersion
corrected density functional theory. J. Comput. Chem. 32, 1456-1465 (2011).

63. Hay, P.J. & Wadt, W. R. Ab initio effective core potentials for molecular calculations.
Potentials for the transition metal atoms Sc to Hg. J. Chem. Phys. 82, 270-283 (1985).

64. Wadt, W.R. &Hay, P. J. Ab initio effective core potentials for molecular calculations.
Potentials for main group elements Na to Bi. J. Comput. Chem. 82, 284-298 (1985).

65. Hay, P. J. & Wadt, W. R. Ab initio effective core potentials for molecular calculations.
Potentials for K to Au including the outermost core orbitals. J. Chem. Phys. 82, 299-310
(1985).

66. Frisch, M. J. et al. Gaussian 09, Revision E. 01 (Gaussian, 2013).

67. Hawkes, S. J. All positive ions give acid solutions in water. J. Chem. Educ. 73, 516 (1996).

68. Grzybkowski, W. Nature and properties of metal cations in agueous solutions. Pol. J.
Environ. Stud. 15, 655-663 (2006).

69. Nelson, D. L., Lehninger, A. L. & Cox, M. M. Lehninger Principles of Biochemistry 8th edn
(W. H. Freeman, 2021).

Acknowledgements We thank T. Nakane and K. Yamashita for their assistance in data
processing and structural analysis. The XFEL experiments were performed at SACLA approved
by the Japan Synchrotron Radiation Research Institute (JASRI) (proposals 2018A8037,
2018A8010, 2018B8029, 2018B8055, 2019A8019, 2019A8032, 2019B8020, 201988028,
2020A8003, 2020A8059, 2021A8003, 2021B8012 and 2022A8007), and we thank the staff at
SACLA for their help. The best condition for the collection of diffraction data was determined
at beamlines 41XU and 44XU in SPring-8 (proposals 2018B2530, 2019A2559, 2019B2559,
2020A2550, 2021A2550, 2021A2741, 2021B2741, 2021B6618, 2022A2728 and 2022B2728). This
research was supported by MEXT KAKENHI JP17H06434 (J.-R.S.) and JP22H04916 (J.-R.S., F.A.,
KY.and M. Suga), JP23H02450, JP22H04754, JP20H03226, JP20H05446 and JST PREST grant
JPMJPR18G8 (M. Suga), JP19H05784 (M.K.); a Platform Project for Supporting Drug Discovery
and Life Science Research (Basis for Supporting Innovative Drug Discovery and Life Science
Research (BINDS)) from AMED under grant number JP21am0101070; and MEXT KAKENHI
JP19HO5777 (S.1.).

Author contributions J.-R.S. conceived the project. Y.N., F.A., S.K., N.M. and S.Y. made the
samples. H.L., Y.N,, E.N., KH., F.L.,RT, FA, KK, JK., Y.S. S.K, HY., N.M., H.F., M. Sugahara,

M. Suziki, TM., TK., TNT, SY., L.-JY., TT., M. Suga and J.-R.S. participated in the data collection.
KT, Y.J., TH., E.N., S.I.and M.Y. developed the data-collection set-up. S.O., DY. and M.K.
developed the laser set-up. H.L., K.H. and M. Suga processed the diffraction data and analysed
the structure. H.I. and K. performed theoretical calculations. H.L., M. Suga and J.-R.S. wrote
the manuscript, and all authors contributed to the discussion and improvement of the
manuscript.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-023-06987-5.

Correspondence and requests for materials should be addressed to Michihiro Suga or
Jian-Ren Shen.

Peer review information Nature thanks Richard Debus, Petra Fromme and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer reviewer
reports are available.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.2210/pdb6JLL/pdb
http://doi.org/10.2210/pdb8IR5/pdb
http://doi.org/10.2210/pdb8IR6/pdb
http://doi.org/10.2210/pdb8IR7/pdb
http://doi.org/10.2210/pdb8IR8/pdb
http://doi.org/10.2210/pdb8IR9/pdb
http://doi.org/10.2210/pdb8IRA/pdb
http://doi.org/10.2210/pdb8IRB/pdb
http://doi.org/10.2210/pdb8IRC/pdb
http://doi.org/10.2210/pdb8IRD/pdb
http://doi.org/10.2210/pdb8IRE/pdb
http://doi.org/10.2210/pdb8IRF/pdb
http://doi.org/10.2210/pdb8IRG/pdb
http://doi.org/10.2210/pdb8IRH/pdb
http://doi.org/10.2210/pdb8IRI/pdb
https://doi.org/10.1038/s41586-023-06987-5
http://www.nature.com/reprints

Article

a
e’ 1 1
1 1
4F/ Sy e,
1 ’ 1
So \ |
“\ H* : i
0o, 1 :
o .
/_‘ Lumerjal side Sz :
1 1
H* 1 kHJf/ 1
1 1
Y 2
Sy K : 2) \‘e :
1 1
1 1
1 1
1 1
( 3F |__S_3____________:
Stromal side
!
c “WPo:
v —~  Cl-1-channel
D1-H190 2

A8
D1-Q165\W{\4}'*7;' 9 @
@ _" (&
. @

@
CP43-T412_ 3010

o - /7D1-N181
R W
CP43-V41N Q N61

. 7"D1-E329, 16

A

Stromal side

QA% _—

v

At1

At1
| | | Time

| & 7DD g, |45 N P1-E6S g f At AR A1 A2 Time
Sol2/ (@ DIESSS et 4 (8 s
*n,.gon 59D2-R348 18 . 3840 = Pump lasers m—— XFELs
60 -~ ¥ ’68
O1-channel ,®' \74'"“65;\ s A0 B2 EHETE :: 1F: At1= 20 ns, 200 ns, 1 ps, 30 ps, 200 ps, and 5 ms
N 66 R 34 | 71 69 2F: At2=20 ns, 200 ns, 1 s, 30 ys, 200 ps, and 5 ms
PsbU-K104  { \ 64 32

N

Extended DataFig.1| The Kok cycle and schematic of the present study.
a, The Kok cycle. Arectangular box circled by red, dotted lines highlights the
major objective of this study. b, Electron transfer pathway in PSIl. Red arrows
indicate the path of the electron. ¢, Water channels connecting the OEC with
the lumenal surface. Blue arrows indicate the exits of water channels. 53’

indicates awater molecule not visiblein the current model. d, Schematic of the
pump-probe TR-SFX using one (1F) or two flashes (2F) with delay times ranging
from20 nsto 5 ms. Inthe 2F experiment, the interval between the first and
second flashis 5 ms.
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after 1F (left) and 2F (right). The mean values for the error bars are obtained 75% randomly selected indexed images (see Methods for more details).

withthe structures derived from100%indexed images. The error bars are
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D1-E189 D1-E189
Extended DataFig.4|Translocation of 06*to 06. a, Polder omit maps absentor weak during that specific time point. b, Translocation pathway of

contoured at +3.00 (blue mesh) of 06* and 06 are superposed with OECmodels ~ 06* Numbers represent the inter-atomic distances in angstrom (A). The red
after 2F. Thered dashed circles indicate positions where 06 or O6*is either line represents the potential translocation pathway for 06*.
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modelled by DFT calculations, and the rotation of CP43-V410 and appearance
of one new water molecule. a,b, 06*is modelled as a hydroxide anion bound to
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06*isassumed tobe awater molecule. Hydrogen atoms bonded to carbon
atoms are omitted for clarity. ¢, Polder omit maps on W20 and W74 contoured
at+3.50 (blue mesh) superimposed with PSlI structures of 1F state (grey sticks
andred spheres) and 2F (5 ms) (magenta sticks for CP43 and yellow sticks for D1,
aswellascyan spheres for water molecules).
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Extended DataFig. 6 | Examinations of the oxyl/oxo and hydroxyl/oxo oxo, bottom) and 2.2 A (mixture of the two coupling species, middle) are
speciesbetween O5and 06. The mF,-DF, maps contoured at +2.50 (cyan) and examined. On the basis of the residual densities, the distance of 1.9 A fits best
-2.50 (magenta) superposed with OEC structures of 2F (200 ps) (left) and 2F with the electrondensity at 200 ps, whereas it is difficult to distinguish between

(5ms) (right). 05/06 at distances of 1.9 A (oxyl/oxo, upperside), 2.4 A (hydroxyl/  thedistancesof1.9 A-2.4 Aat5ms.
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Extended DataFig.7|Structuraldynamics atthe Ol1channelduringS,-S,-S; WS53intheS,stateisonly observable under cryo-temperature conditions (PDB

transitions. a,b, Structures of PSll at the Ol channel are superposed with codes:3WU2and 4UB6) and is not detectable at room temperature (PDB codes:
Fous(1F) = Fp(dark) (a) and F,,(2F) - F,,(1F) (b) difference density maps S5WS5and 7CJ1). Because the protein environment around W53 is the same
contoured at+4.00 (green) and —-4.00 (orange), with delay times from 20 nsto regardless of temperature, W53 is considered present but fluctuating. Therefore,
5ms. Theintermediate structures of D1, D2, CP43, PsbU and PsbV proteins are inthis study, we denote this invisible water as W53’.

depictedinyellow, cyan, magenta, green and pink, respectively. Water molecule
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Extended DataFig. 8 |Structural changes at the Cl-1channel and proton
release pathways after 2F. a, Structures of PSIl at Cl-1channels superposed
with F,(2F) - F,,,(1F) difference densities contoured at +3.00 (green) and
-3.00 (orange), with delay times from 1pus to 5 ms. The IF modelis depicted in
grey, and intermediate structures of D1, D2, CP43 and PsbO proteins are depicted
inyellow, cyan, magentaand orange, respectively. Water molecules at their
ground states and intermediate states are depicted inred and cyan spheres,
respectively. 06*and O6 are represented by magenta spheres. Black dotted
lines represent hydrogen bonds. Black solid lines link the oxo-oxygeninthe
OECand theligand water to the metalions, aswell asligand residues and water

molecules to Cl-1. Black arrows indicate structural changes. Disordered water
andresidues are encircled by red dotted lines, and ordered water moleculesin
theintermediate structures are encircled by cyan dotted lines. b, Possible proton
release pathways after 2F. Water molecules are depicted as cyan spheres, with
their corresponding numbers labelled. Disordered water molecules, Cl-1and
residues are depicted witharched lines, and an orange outer ring around water
moleculesindicates that they became ordered. Thered arrows indicate the
movements of residues. The green dotted arrows indicate the movements of
protons.
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Extended Data Table 1| Data processing and structure refinement statistics

Data set Dark 1F 20ns) 1F (200ns) 1F (1 ps) 1F (30 ps) 1F (200 ps) 1F (5 ms) 1F 2F (20ns) 2F (200ns) 2F (1 pus) 2F (30 ps) 2F (200 ps) 2F (S ms)
Wavelength (&) 124 124

No. of collected images 250,748 127,254 145,599 187489 118559 186,590 77,543 244,369 197256 225474 185967 104,358 110258 89,971
No. of hit images 105314 62,354 65,520 61,871 54,537 65,307 32,568 69,520 66,006 70,063 72,171 41,691 30,754 44,134
No. of indexed images 61,207 43,511 48,580 42,595 41,261 46,061 24,670 55,155 50,078 56,728 59,038 33,962 23,851 34,176
Space group P2:2:2; P2:212,

Cell dimension (A)
Resolution (A)

Unique reflections
Multiplicity

Completeness (%)

Mean I/ (I)

Wilson B-factor (A%
R-split (%)*

CC172 (%)
Structure refinement

Resolution range (A)
R-work

R-free

Number of non-H atoms
Macromolecules
Ligands
Solvent

Protein residues

RMS (bonds) (A)

RMS (angles) (degree)

Ramachandran favored (%)

Ramachandran allowed (%)

Ramachandran outliers (%)

Rotamer outliers (%)

Clashscore

Average B-factor (A%
Macromolecules
Ligands
Solvent

PDB code

47.45-2.15 4745-2.20

(219-2.15)" (2.24-2220)
453468 427,344
(22,435)  (21,214)
5971 404.4
(2311)  (197.3)
100.0 100.0
100.0)  (100.0)
752(13) 560(1.1)
623 487
52(675) 68(75.9)

99.7(59.2) 99.5(47.9)
19.98-2.15 19.98-2.20

(2.23-2.15) (2.28-220)
0.145 0.143
0334)  (0.336)
0.175 0.179
(0361)  (0.370)
52978 62674
41835 49244
9317 11275
1826 2155
5289 5289
0.008 0.009
1.26 128
97.83 97.79
1.98 2.04
0.19 0.17
2.16 215
4.70 5.00
65.71 65.06
63.94 62.96
7323 73.82
67.77 67.08
SIRS 8IR6

a=125.75,b=231.60, c = 288.28

4745-225 4745-2.25 47.45-220
(229-225) (229-225) (2.24-2.20)
399,706 399,706 427,344
(19.836)  (19.836)  (21,214)
4715 3817 402.1
(280.0)  (2227)  (195.0)
100.0 100.0 100.0
(100.0)  (100.0)  (100.0)
599(15) 52.7(13) 58.6(1.4)
488 492 63.6
64(658) 72(69.6) 7.3 (68.1)
99.6 (49.2) 99.4 (53.0) 994 (58.6)
19.98-2.25 19.98-2.25 19.98-2.20
(233-225) (233-225) (2.28-2.20)
0.146 0.146 0.140
03200  (0321)  (0312)
0.186 0.180 0.176
0.345)  (0349)  (0.349)
62674 62674 62674
49244 49244 49244
11275 11275 11275
2155 2155 2155
5289 5289 5289
0.009 0.009 0.009
128 128 128
97.81 97.81 9791
2.02 2.02 1.92
017 017 0.17
215 215 221
5.13 513 4.99
6531 65.56 65.26
63.24 63.46 63.13
73.99 74.33 74.15
67.09 67.56 6745
SIR7 SIRS SIR9

427,344
(21,214)
4012
(192.5)
100.0
(100.0)

535(12) 485(1.6) 612(15) 49.7(1.5) 648(16) 63.6(14) 565(1.7)

48.4

374,348
(18,515)

2379

(153.7)

100.0
(100.0)

65.6

399,706
(19.836)

4508
(229.4)
100.0
(100.0)

624

374,348
(18,515)

3065
(189.4)
100.0
(100.0)

64.9

a=125.77,b=231.76, c = 288.58
47.45-220 47.45-230 47.45-2.25 47.45-230 47.45-225 47.45-2.25 47.45-2.30 4745-2.25 4745-2.25
(2.24-2.20) (2.34-2.30) (2.29-2.25) (2.34-2.30) (2.29-2.25) (2.29-2.25) (2.34-2.30) (2.29-2.25) (2.29-2.25)

399,706
(19,836)

5144
(265.7)
100.0
(100.0)

62.9

399,706 374348 399,706 399,706
(19836)  (18,515)  (19,836)  (19,836)
525.7 3013 2101 3043
(2709)  (186.7)  (1078)  (1548)
100.0 100.0 100.0 100.0
(100.0)  (100.0)  (100.0)  (100.0)

50.6(14) 52.9(15)
639 643 63.7 63.0

70(749) 9.1(64.6) 82(671) 9.4(69.2) 7.6(666) 7.1(69.1) 10.4(67.7) 10.8(74.5) 9.5(72.5)
99.5(49.2) 99.1 (59.9) 99.3 (52.6) 99.1(54.3) 994 (56.0) 99.5(55.4) 98.7(53.9) 98.6(47.8) 99.0 (51.6)

19.98-2.20 19.98-2.30 19.99-2.25 19.99-2.30 19.99-2.25 19.99-2.25 19.99-2.30 19.99-2.25 19.99-2.25
(2.28-2.20) (2.38-2.30) (2.33-2.25) (2.38-2.30) (2.33-2.25) (2.33-2.25) (2.38-2.30) (2.33-2.25) (2.33-2.25)

0.142
(0.334)
0.178
0.367)
62674
49244
11275
2155
5289
0.009
128
97.83
2.00
017
227
5.02
65.08
62.94
74.07
66.95
SIRA

0.139
(0.291)
0.180
(0.326)
62674
49244
11275
2155
5289
0.009
1.29
97.81
2.00
0.19
2.15
5.39
65.54
63.47
7432
67.00
SIRB

0.145
(0.303)
0180
(0.334)
52977
41835
9317
1825
5289
0.008
127
97.83
2.00
0.17
241
454
63.81
62.63
69.16
63.66
SIRC

0.142
(0.305)
0.184
(0.340)
62600
49173
11275
2152
5289
0.009
130
97.64
2.17
0.19
2.29
5.20
63.61
61.88
70.97
64.54
SIRD

0.139
(0.298)
0.177
(0.328)
62600
49173
11275
2152
5289
0.009
130
97.89
1.94
017
229
4.96
64.11
6235
71.63
65.13
SIRE

0.140 0.142 0.143 0.142
0313)  (0294)  (0303)  (0.303)
0.177 0.181 0.183 0.182
0342) (03290 (0339  (0.338)
62602 62602 62605 62604
49173 49173 49173 49173
11275 11275 11277 11277
2154 2154 2155 2154
5289 5289 5289 5289
0.009 0.009 0.009 0.009
132 131 1.29 1.29
97.66 97.69 97.87 97381
219 2.15 1.96 2.02
0.15 0.15 0.17 0.17
214 2.19 221 2.16
5.02 5.19 4.88 4.75
64.46 65.35 63.89 63.19
62.62 63.59 62.10 6143
7235 72.89 71.55 70.69
65.26 66.10 64.75 6391
SIRF SIRG SIRH SIRI

‘Values in parentheses indicate those for the highest-resolution shells. stplit =2 Zllaven = loadl/Z Ueven + loaa)-



Extended Data Table 2 | Atomic distances at various time points after 1F or 2F

Atom- 1F 1F 1F 1F 2F  2F 2F 2F
ono- 1F 2F 2F
Atom Dark (20 (200 30 (200 1F (20 (200 30 (200
) er (1 ps) (5 ms) (1 ps) (5 ms)
distances ns) ns) ps) ns) ns) pns)  ps)
A 218 218 217 222 221 228 236 233 246 240 239 221 232 228
Ee- B 213 210 217 222 228 241 249 228 237 234 220 219 239 227
B Ave. 216 214 217 222 225 235 243 231 242 237 230 220 236 228
T, A 213 224 240 228 242 235 229 234 217 232 242 244 222 228
B 242 252 261 253 261 250 259 249 260 252 261 259 238 253
BCT 02 Ave. 228 238 251 241 252 243 244 242 239 242 252 252 230 241
A 315 317 3.04 301 298 3.02 269 290 291 3.02 315 323 314 298
[B)(13:IY2C£)116- B 326 342 327 323 317 315 294 317 310 324 340 332 3.04 318
- Ave. 321 330 3.16 3.12 308 3.09 282 3.04 3.01 313 328 328 3.09 3.08
A 319 321 324 320 320 3.17 322 322 327 317 316 318 336 3.53
Mn1-Mn3 B 329 334 328 334 326 322 327 323 326 320 3.15 314 339 352
Ave. 324 328 326 327 323 320 325 323 327 319 316 316 338 3.53
A 484 484 490 489 492 493 492 497 502 502 500 503 522 533
Mn1-Mn4 B 483 491 483 486 493 497 491 4838 487 491 492 485 522 523
Ave. 484 488 487 4838 493 495 492 493 495 497 496 494 522 528
A 383 379 383 382 399 410 407 405 401 406 411 412 412 4.09
Mn4-Ca B 376 384 383 388 393 410 4.06 397 393 399 410 401 4.06 403
Ave. 3.80 3.82 3.83 385 396 410 407 401 397 403 411 407 409 4.06
Y2DL. A 250 254 282 285 261 251 247 252 253 257 263 270 258 2.58
1190 B 251 267 278 280 271 254 254 258 258 258 256 270 263 256
Ave. 251 261 280 283 266 253 251 255 256 258 260 270 261 257
A 298 303 3.05 304 294 288 285 289 290 291 292 299 3.09 3.10
s B 303 303 301 300 295 291 286 289 293 295 293 297 3.03 3.08
E189 Ave. 3.01 3.03 3.03 3.02 295 290 286 289 292 293 293 298 3.06 3.09
D1.E6S. A 253 264 261 259 261 256 262 256 2.68 259 266 258 260 2.66
D2.E312 B 254 257 259 255 260 262 258 261 259 260 258 259 261 258
Ave. 254 261 260 257 261 259 260 259 264 260 262 259 261 262
A 300 305 310 296 309 310 311 299 3.07 3.00 299 293 316 3.06
DI-E6S- B 293 284 280 293 285 288 3.03 296 295 279 291 294 285 287
Dlakads Ave. 297 295 295 295 297 299 3.07 298 3.01 290 295 294 301 297
D2.E312. A 306 306 29 291 296 298 3.05 299 297 291 294 307 29 3.02
D1.R334 B 311 3.05 3.09 305 302 300 312 311 302 3.01 289 302 3.05 3.03
Ave. 3.09 306 3.03 298 299 299 3.09 3.05 3.00 296 292 305 298 3.03
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