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Asmit Bhowmick"*%, Rana Hussein?', Isabel Bogacz''4, Philipp S. Simon"",

Mohamed Ibrahim?*, Ruchira Chatterjee', Margaret D. Doyle', Mun Hon Cheah?®,

Thomas Fransson®, Petko Chernev?, In-Sik Kim', Hiroki Makita', Medhanjali Dasgupta’,
Corey J. Kaminsky', Miao Zhang', Julia Gitcke?, Stephanie Haupt?, Isabela I. Nangca',
Stephen M. Keable', A. Orkun Aydin®, Kensuke Tono®¢, Shigeki Owada®?, Leland B. Gee’,
Franklin D. Fuller’, Alexander Batyuk’, Roberto Alonso-Mori’, James M. Holton"®?®,

Daniel W. Paley', Nigel W. Moriarty', Fikret Mamedov?, Paul D. Adams''°, Aaron S. Brewster',
Holger Dobbek?, Nicholas K. Sauter’, Uwe Bergmann", Athina Zouni?™,

Johannes Messinger®?™, Jan Kern', Junko Yano'™ & Vittal K. Yachandra'™

Innatural photosynthesis, the light-driven splitting of water into electrons, protons
and molecular oxygen forms the first step of the solar-to-chemical energy conversion
process. The reaction takes place in photosystem Il, where the Mn,CaO; cluster first
stores four oxidizing equivalents, the Sy to S, intermediate states in the Kok cycle,
sequentially generated by photochemical charge separations in the reaction center
and then catalyzes the O-O bond formation chemistry' . Here, we report room
temperature snapshots by serial femtosecond X-ray crystallography to provide
structural insights into the final reaction step of Kok’s photosynthetic water oxidation
cycle, the S;»[S,]»>S, transition where O, is formed and Kok’s water oxidation clock
isreset. Our datareveal acomplex sequence of events, which occur over micro- to
milliseconds, comprising changes at the Mn,CaO; cluster, its ligands and water
pathways as well as controlled proton release through the hydrogen-bonding network
ofthe Cl1 channel. Importantly, the extra O atom O,, which was introduced as abridging
ligand between Ca and Mnl during the S,»S; transition**, disappears or relocatesin
parallel with Y, reduction starting at approximately 700 ps after the third flash.

The onset of O, evolution, as indicated by the shortening of the Mn1-Mn4 distance,
occursataround 1,200 ps, signifying the presence of areduced intermediate, possibly

abound peroxide.

Serial femtosecond X-ray crystallography at X-ray free electron lasers
(XFELs)’ enabled us to collect crystallography data of photosystem Il
(PS1I) in real time as the reaction progresses at physiological tem-
perature. The four photon-induced water-oxidation reaction in PSII
(Fig. 1a,b) was initiated with multiple visible laser flashes. Using this
capability, intermediate S-state structures (S,, S;, S, and S;) have been
studied***° that revealed the structural changes of the oxygen evolv-
ing complex (OEC) of PSII, which is a functional unit composed of
the Mn,CaO; cluster and its water-ligand environment (Fig. 1c,d)*™.
Recently, we collected snapshot data at several time points during the
S,~S,transition, the step in which one substrate water is introduced into
the cluster. The study® suggested the sequence of Mn oxidation, incor-
poration of an extra oxygen bridge (O, or 06 in Suga et al.'°) between
the open coordination site at Mnland Ca (forming Mn,CaO;5-0,inS;),

the potential entry path for substrate water and the proton release
withits gating mechanism®'?, The XFEL studies also clearly established
that the electronic and geometric structure of the OEC obtained by
these measurements is unaffected by X-ray photoelectrons under the
conditions used®®®,

In the current study, we investigate the oxygen evolving step
of Kok’s water oxidation cycle (Fig. 1b), the S;~>[S,]>S, transition
(Fig.1c,d). In dark-adapted PS Il samples, this transition is initiated
by the third visible laser flash. The OEC is oxidized in this step from
the all-Mn(IV) S; state to the proposed highly reactive S, state with
formal oxidation states of Mn(1V),0° or Mn(IV),(V). This initiates
0-0 bond formation and O, release, and the now vacant binding
site is filled by a new water substrate forming the lowest oxidation
state of the cluster (S,). This multistep process, which also involves
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Fig.1|Anoverview of PSI1and the electron donor site where water oxidation
takes place. a, The structure of PSIlwith the membrane-embedded helices

and the membrane extrinsic regions on the lumenal side of PSIlshownin gray.
Themainelectrontransfer componentsareshownin colour, whichinclude the
reaction center chlorophylls (P680), pheophytins, acceptor quinones Q,and Qg,
redox-active tyrosine Y, and the catalytic Mn,CaO;cluster. The Y,and Mn,CaOs
clusterare the cofactors of the electron donor site. b, Kok cycle of the water
oxidationreaction taking place at the donor site thatis sequentially driven by
chargeseparationsin thereaction center P680induced by the absorption of

the release of two protons, has the longest time constant among the
S-state transitions, and its kinetics depend on the species and sample
preparation™™,

To provide structural insight into this complex reaction step and
specifically, the important interplay between the Mn,CaO; cluster
andits protein-water environment (Fig. 1c,d), we collected room tem-
perature crystallography data of PS Il at seven different time points
duringthe S;>S, transition, ranging from 50 s to 4 ms after initiating
this transition (Fig. 1b). All datasets have resolutions between 2.00 and
2.16 A (Extended Data Tables 1and 2).

The S, state was populated by illumination of dark-adapted PS 11
microcrystals with two in situ visible nanosecond laser flashes (2F in
Fig.1b)*, inwhich the interval between flashes was 200 ms to account
for acceptor quinone Q, and Q; kinetics and efficiently drive S-state
transitions. The time points betweentheS;and S, states were generated
by giving the third visible pump laser flash at various delay times (A¢)
before the crystals were exposed to the femtosecond XFEL pulse (the
time labels in Fig. 1b). While our illumination protocol achieves the high-
est possible populations of particular S states, there is a higher mixing
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photons (nanosecond light flashes, 1F-4F) in the antenna system of PSII.
Roomtemperature X-ray crystallography datawere collected at the time points
indicated during the S;»S, transition. c,d, The structure ofthe OECin the
S;(c)and S, (d) states and the sequence of events occurring between them.

Mn, purple; Ca*, green; O, red. W1, -2,-3and -4 are water ligands of Mn4 and Ca.
Therelevant channels for water and proton transfer (O1, 04 and Cl1) are indicated
asred,blue and greenshaded areas, respectively. The dotted circles mark
structural differences betweentheS,and S, states.

of S-state populations with increasing flash number due tointrinsic PS
lI-specificinefficiencies (‘misses’) (Methods)®°. We model this distribu-
tion in a multicomponent model during structural refinement, with
the ‘primary’ component being the centers that advance from the S,
to S, state. The ‘secondary’ and ‘tertiary’ components are the known
starting and end points: for example, the decreasing S; population and
at longer delay times, the increasing S, population from centers that
have completed the transition (Methods and Extended Data Table 3
have details). We note that the primary component at each time point
may consist of a mixture of multiple structures, which are intermedi-
atesbetweenS;andS,. Allresults discussed below correspond to these
refined primary components from monomer I (chains annotated as
uppercase in the deposited structures).

OECand theY,region
Figure 2 shows the omit map density of selected atoms at the OEC

and its surroundings of the refined population at the time points
(At=250,500, 730,1,200 and 2,000 ps) after the third flash (we use
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Fig.2|mF,,, - DF_electrondensity omit map of key components of the
redox active donor site of PS Il at five time points along the S,>S, transition
aswellastheS;andS,states. a, Residues D1-Y161(Y,) and D1-H190. The omit
map fromthe S;statereferenceis showninlight brown for comparison with
the time point data (blue). b, Asimplified representation of the structural
changesobservedatthe Y, region. ¢, Omit density of atoms O5and O, of the OEC.
d, Omitdensity of atoms O5 and the terminal water ligands W1, W2, W3 and W4

the nomenclature of 3F(A¢ ps)). To visualize the sequence of events
during the S;>[S,]>S, transition, we follow the changesin three areas:
Y, and D1-H190 (Fig. 2a,b) and O, and OS5 (Fig. 2c), as well as the water
ligands W1-W4 (Fig. 2d) and two carboxylate ligands of the Mn,CaO,/
Mn,CaO;-O, cluster that bridge between Mn and Ca (Fig. 2e). Addition-
ally, selected atomic distance changes are showninFig. 3, including the
earlier (50 ps) and later (4,000 ps) time point data.

Thedistance betweenY,and D1-H190 has been established previously
to be an indicator of the oxidation state of Y,°. In the reduced state, a
strong hydrogen bond betweenY,and D1-H190 leads to ashort distance
of about 2.6 A. Upon oxidation of Y, by P680*, the phenolic proton of
Y, is transferred to D1-H190, the distance increases to 2.8 A and amove-
mentof the His ring plane is observed (Fig. 2b). Our datashow that the
distance already increases between the S, dataand the first time point
(50 ps), indicating that Y, is fully oxidized by this time (Fig. 3). There-
after, this distance remains constant until 500 ps and returns to the
baselevel between 730 and 1,200 ps. Thus, the datademonstrate that
Y2*reduction by the Mn,CaOs-O, cluster starts only after around 500 ps
(Extended Data Table 4)'*?"?2 and appears to be complete by the

730 us

1,200 ps 2,000 ps S

ofthe OEC. e, Omit density of carboxylate oxygen atoms of D1-E189 and D1-D170.
Allomit mapsshowninaand c-e were generated by omitting the atomor
residue of interestindividually, and only the primary component (thatis, the
state thatisadvancingtoS,) was used. Notable features are highlighted with
red arrows and black dashed circle. All omit maps shown are contoured at 2.50,
3oand 4ousingthe colour scheme annotated ind for easier visualization.
Seealso Supplementary Information Video 1.

1,200-ps time point. Additional distance changes between Y, and His190
are observed at 2,000 and 4,000 ps, which may be due to the rear-
rangement of the hydrogen bonding network related to the last proton
release but are not well understood currently. Interestingly, a shift in
the position of a Tyr residue next to the special pair Chl upon light
excitation was previously noted in time-resolved crystallography data
of the purple bacterial reaction center and interpreted as originating
froma change in the hydrogen-bonding interactions of this Tyr upon
deprotonation?,

The extraoxygen O,, presentinthe S;state, islostupon S, formation,
indicating that O, may participate in the O-0 bond formation, and
changesinits density probably inform on the onset of this process. For
tracing the O, population, O, was eliminated from the OEC model, and
its omit map density is shown in Fig. 2c. O5 was separately omitted,
allowing comparison of their densities (see also Extended Data Fig.1).
The O, omit density becomes asymmetric starting at 250 ps, with a
clearreductioninintensity after 500 ps and dropping to the noise level
between1,200and 2,000 ps, and O, can only be modeled with apopu-
lation of less than 20% in the 2,000 ps time point. The O, intensity
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Fig.3|Distance changes betweenselected atoms/residuesinthe OEC during
theS;»>S, transition. All distances are taken from the refined component of
eachtimepoint (thatis, the state thatisadvancingtotheS,state). Error bars are
calculated from the end/rapid approach described inMethods and are an upper
limit. Data here are shown as meanvalues * standard deviation. The error bars
foreachtime pointwere obtained fromn=100independent END/RAPID
refinements. More details about the END/RAPID procedure canbe found in
Methods. Dashed arrows inthe schematics ofthe OEC on the right indicate the
location of the individual distances. Mnis shown as purplespheres,and Ois
shownasredspheres.

changes occur concomitantly with Y2* reduction, indicating that the
0O-0 bond formation occurs between 500 and 1,200 ps. During the
entire S;>[S,]>S, transition, the O5 density remains approximately
constant, except for a decrease of'its electron density at 1,200 ps.
Additional markers for the presence of O, in the cluster are Mn-Mn
distances. As reported previously, the Mn1-Mn4 distance increases
during the S,~>S; transition due to the insertion of O, (ref. 6). Figure 3
shows that the Mn1-Mn4 distance remains elongated in the 3F struc-
tures until 1,200 ps (Methods has a more detailed analysis) and then
declines over the next3 msto attain the same value asseeninthe S;and
S, states. A similar trend is also seen in the Mn1-Mn3 distance. Thus,
thereisadelay between the onset of O-O bond formation (500-730 ps
based on the changes observed for Y, and O,) and the time when the
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Mn-Mn distances start to decrease (1,200 ps). The finding indicates
that during this period, a water oxidation intermediate likely exists
before the release of O,.

Changes in shape and intensities are observed for the omit map
density of the water ligands W1-W4, which are displayed in Fig. 2d.
Specifically, aslight elongation of the O5 density toward W2 and aslight
elongation of the W4 density toward W3 are observed at 250 ps. This
latter trend continues, and at 500 pis, an overlap of the W3 and W4 densi-
tiesis seen, withan mF,, - DF . peak (F,,.and F,. are the experimental
and model structure factors respectively, while m and D are weighting
factors) at2.50between W3 and W4 (Extended Data Fig.2). At the same
time point, the W1density becomes extended toward D1-D61and W19,
indicating a higher mobility of W1. We speculate that all these motions
arerelated tothe deprotonation of the OEC and proton transfer toward
the Cl1channel (see the next section and Fig. 4).

At 730 ps, the O5, W2 and W3 densities become anisotropic, all
pointing toward aregion between these three oxygen atoms (Fig. 2d),
whichindicatesincreased mobility of these ligands. At the sametime,
the O, density is also highly anisotropic. This movement of all four
oxygen atoms is likely related to the formation of the water oxida-
tion intermediate. We note that accurate modeling of the O, position
will require higher-resolution data. At 1,200 ps, the densities for all
the terminal water ligands (W1-W4) and the bridging O5 become
weakest. A comparison of these omit map densities within the OEC
with thatof the 02 atom, whichis believed to not play aprominent role
in the S;>S, step, shows that the reduction of the density is specific
to these five atoms (W1-W4 and O5) and O, (Extended Data Fig. 1).
The overlap of the 05, W2 and W3 densities is no longer observed at
1,200 ps.

At 2,000 ps after the third flash, the O5 omit map density is restored
considerably compared withthe S;and S, states, but omit map densities
of the waters W1-W4 have not yet reached a similar level and remain
elongated. We note a similar overlap of W1/W2 as observed at 500 ps.
This could indicate the onset of the second proton release, known to
occur in the S;>S, transition, after the binding of a water that refills
the vacantsite formed by O, release?**%, Interestingly, the elongated
shape of the W3 density persists eveninthe S, state, which we modeled
previously with two possible positions of W3 (ref. 4).

Figure 2e shows that the D1-D170 and D1-E189 ligands, which both
bridge between an Mn and Ca, change their conformation during O,
formation and release. Consistent with the high mobility observed for
the Wland W2 water ligands, the connection between D1-D170 and Ca
appears to be weakened between 730 and 2,000 ps and is only fully
restored at the S, state (3F(200 ms)).

From1,200t04,000 ps, several structural changes occur, whichare
reversed upon formation of the stable S, state (3F(200 ms)). These
include the increase of the Y,-D1-H190, Ca-D1-E189 and Mn4-05 dis-
tances, as well as adecrease of the Mn1-Mn4 and Mn1-Mn3 distances.
Most of these changes are indicative of O, release and/or water inser-
tion via the Caion?*%, possibly from the Ol channel (see below). This
indicates that O, release and refilling of the cluster by bulk water and
resetting of the catalytic center occur over an extended timescale.

Water and proton channels

PSIIhasseveral hydrophilic channels that extend from the OEC to the
lumenal side of the thylakoid membrane™**™ and some of these are
proposed to play a critical role in transporting protons and substrate
waters during the catalytic cycle (O1, 04 and Cl1 channels are shownin
Fig.1)***® In our recent study of the S,»S, transition’?, we assigned the
O1channel, which extends from the O1and Ca of the OEC to the bulk,
to be a substrate water channel and the Cl1 channel, which extends
fromWland W2 of the OEC to the bulk, to be a proton release channel
during the S,>S, transition®. The S;>S, transition also involves the
insertion of one substrate water into the OEC and the release of two



protons to the bulk; it has been suggested that one proton s released
before the O-O bond formation and the other after the rebinding of a
water molecule to the OEC*%534,

Figure 4 shows the time point data for the O1 and the CI1/04 chan-
nels near the OEC during the S;>S, transition. The electron density of
water molecules in the O1 channel in the vicinity of the OEC changes
substantially as shown in the 2mF_,, - DF, maps (Fig. 4a), similar to
what was observed during the S,»S, transition®. Waters W27, W28 and
W32 (Supplementary Table 1 has water numbering) have low electron
density and high B factors (about 50 A?) (Extended Data Fig. 3) rela-
tive to the more stable waters, such as W29 (B factor of about 37 A?),
inparticularat1,200 ps. Weinterpret this as anindication of the high
mobility of these waters and hypothesize that thisregion could serve
astheinlet for the substrate water that refills the OEC after the release
of molecular oxygen®. We, therefore, propose that PS Il uses the O1
channelfor the substrate intake inboth the S,»S;and S;>S, transitions.
Amongthe group of five waters (W26-30) (‘water wheel’inref. 6), W26
shows high electron density throughout the transition, withasubstan-
tially elevated density at 500 ps. As W26 is within hydrogen-bonding
distance to Ol of the OEC, this interaction may be important for bal-
ancingthe charge on the cluster, when the OEC advances through the
last oxidation step (that is, S, state formation) and the subsequent
four-electron reduction to form the S, state.

Changes are also observed in the Cl1 channel. At 250 ps, the D1-E65
residuerotates by 19° toward W40, resulting in shortening the distance
between D1-E65and W40 by 0.3 A (Fig. 4b). This is the time point when
the O, density starts to become asymmetric, which is even more pro-
nounced at 500 ps (Fig. 2c). At 500 ps, the W1 omit map density also
becomes elongated toward the region of D1-D61and W19 (Fig. 4b). This
coincides with a decrease of the D1-D61 carboxylate oxygen density
thatis within hydrogen bond distance of W40 and a shortening of the
distance between W40 and D1-E65by 0.5 A due to rotation (25°) of the
side chain. Consequently, a continuous hydrogen bond network is
formed that connects the OEC to the D1-E65/D2-E312 region. We specu-
late that the changes are related to the first proton transfer from the
OECtoward the Cl1 channel. These changes are reversed by the 730-pus
time point (Fig. 4b). An early deprotonation event has also been sug-
gested by other studies using different methods, with time constants
that range from 50 to 300 ps (that s, before the last oxidation event;
the transient S, state formation)!s 1721243435,

At 1,200 ps, the D1-E65 residue rotates toward W40 for the sec-
ond time during this transition, accompanied by a shortening of the
W42-D1-E65 distance by 0.4 A. Thus, a hydrogen bond network from
the OEC to the D1-E65/D2-E312 region, similar to what we observed at
500 ps, is reformed at this time point. The D1-E65/D2-E312 distance
elongates from roughly 2.6 to roughly 3.2 A, which points to a sub-
stantial weakening of the interaction, likely forming a configuration
that canacceptthe next proton. This change coincides with the time
atwhichthe O, electron density decreases below the detection levelin
the omit map (Fig. 2), and the W28, W27 and W32 densities decrease
inthe O1 channel (Fig. 4a). We interpret this series of changes to be
related to the onset of the recovery process of the Mn,CaO; cluster
(thatis, initiated by the insertion of water into the OEC along with a
deprotonation). At 2,000 and 4,000 ps, the side chain of D1-E65 is
rotated almost 40° from its position in the S; structure toward W119
(Fig. 4b). The distance D1-E65-W119 is around 2.5 A, suggesting a
shared proton or very tight interaction between these two groups.
D1-R334 also moves by 20°, forming a hydrogen-bondinginteraction
with W41.

The changes around the D1-E65/D2-E312 region are indicative of
the proton release to the bulk since they are reminiscent of what we
observed for proton release during the S,»S, transition'. In the S,~S,
transition, we hypothesize that the earlier changes of this region
(250-730 ps) are related to the first proton transfer and that the later
changes (1,200-4,000 ps) are related to the second proton transfer
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Fig.4|Structural changesinselectregions ofthe water and proton channels
of PSIlduring the S;»>S, transition. a, The terminus of the Ol channel near the
OECthatincludes the group of five waters (W26-W30) in this region. Overlaid
isthe2mF,,,— DF,.electron density map contoured at 0.8¢,1.0cand 1.5¢.

b, The 04 and Cl1channels (branch A) thatinclude the D1-D61 and D1-E65/D2-E312
region thatissuggested tofunctionasaproton gate. Overlaid are mF,,— DF
omit maps for W1, W2and Dé61shownat2.50,3.00and 4.00. Alsoshownis the
F,us(time point) — F,(2F) difference density map withina1.5-A radius of W19/
W20/W48inthe 04 channel at 30 (orange map). The observed rotation angle at
the side chain of E65 at particular time pointsis calculated with respect to the
correspondingside chain position at the 2F state. Major changes are highlighted
withanarrow or dashed circle. Allwaters are coloured by their B factors
accordingto the diverging colour scheme shownin the figure. Important
hydrogen-bond interactions are shown with abinary colour scheme toindicate
strength (distance <2.8 Aisred and2.8-3.2 Ais gray).

from the OEC to the bulk, through D1-D61%** via the rotation of D1-E65.
Thus, the current result suggests that the D1-E65/D2-E312 region func-
tions as a gate for proton release twice during the S;>S, transition.
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W20, whichforms atight hydrogen bonding network with O4 viaW19
inthe 04 channel, disappears during the S,>S, transition and reappears
in the S, state*. Its return during the S;»S, transition is therefore an
indicator for the full recovery of the S, state. The first clear indication
ofthereturnof W20 is foundinthe F,,,(4,000 ps) - F,,(2F) difference
map (orange density in Fig.4b), and it was modeled at 40% occupancy
inthe4,000-psrefined component. Thisimplies that the W20 restora-
tion happensin the later stage of the OEC recovery.

Sequence of events during S,~S,

The snapshots of the structures of PS Il during the S;>S, transition
show the sequence and the progression of each of the events at mul-
tiple locations with different time constants. The structural changes
can be broadly grouped into four sections with different onset times
and kinetics, as shown in Fig. 5; they are the redox state changes of Y,,
firstdeprotonation, OEC oxidation and O, formation and the complete
recovery and resetting of the Kok clock inthe S, state.

In the S, state, all four Mn are formally in the (+1V) oxidation state.
We note that oxidation of ligand instead of Mn (formation of oxyl or
an oxo-oxyl bond) during the S,~S; transition has been suggested in
the literature’, but this is not in line with the room temperature X-ray
emissionspectroscopy (XES) data, which show the oxidation of Mn®",
Uponthethird flash, the oxidation of Y, occurs by donation of an elec-
tron to P680" after the charge separation at the reaction center chlo-
rophylls. A distance increase between Y, and D1-H190 is observed in
comparisonwiththe S;statein 3F(50 ps) (Figs.3 and 5(i)). This change
is assigned to the Y2* formation, which is known to occur within30 ps
after photoexcitation®®, and related proton translocation between Y2
and D1-H190.

The YJ* formation triggers the first deprotonation event likely dur-
ing the time period 0f 200-500 ps®*3*¥_ We observed the start of
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therotation of D1-E65, whichis proposed to be part of the proton gate,
and the formation of the hydrogen bond pathway from the OEC to this
region at 250 ps. Along with these changes, the electron densities at
W1and D61 become more prominentat 500 ps (Figs.2d and 4b), poten-
tially related to a proton release from the OEC to the proton gate resi-
dues D1-E65 and D2-E312 (Fig. 5(ii)).

In the early stage of the 500- to 1,200-ps period, the last oxidation
event (transient S, state formation, with Mn(IV),0® or Mn(IV),(V))
occurs, and subsequently, the reduction of Mn takes place (Fig. 5(iii)).
The O-0 bond formation should be triggered by this final oxidation
event of the OEC to the potentially short-lived S, state. The change in
distance we observe for Y,-D1-H190 between 500 and 730 ps suggests
thatthereduction of Y?*takes place during this time, through the elec-
tron transfer from the OEC to Y,. After the transient formation of S,,
the four-electron reduction may proceed in one step with the 0-O
bond formation and immediate release of O, or in two steps with the
presence of an intermediate before the release of molecular oxygen
from the OEC. In the latter case, a peroxo species formed by an initial
two-electron reduction appears most likely as an intermediate.

Our data show that there is a delay between the onset of O-O bond
formation (500-730 ps) asindicated by the Y,-D1-H190 distance/rota-
tionand the decrease of the O, electron density and the onset of the O,
release supported by the Mn1-Mn4 distance contraction (1,200 ps).
This onset time for O, release is also in line with studies of O, evolu-
tion??*°, The delay indicates that there is an intermediate state, pos-
sibly a peroxide-like species, pointing toward the two-step electron
reduction mechanism.

Several O-O bond formation sites have been proposedin thelitera-
ture based on theoretical studies (Fig. 5)*>*"*. Among these, 05-0,
best account for our data because of their proximity and the reduced
occupancy of O5around 1,200 ps (Fig. 5, model a). However, two other
possibilitiesinwhich O5reacts with either W2 or W3 and O, replaces 05



cannot be excluded at this time (Fig. 5, model b). While other mecha-
nisms that do notinvolve O5 cannotbe ruled out, thereisno clear evi-
dence to support those in the current data.

At 1,200 ps, the O, omit map density is below the 2.50 threshold,
indicating thata predominant fraction of O, has shifted fromits original
positioninthe cluster. The contraction of the Mn1-Mn4 and Mn1-Mn3
distances starting at this time point suggests that the onset of O, release
happens around this time. Once O, is released, refilling of the cluster
with a new substrate water seems to occurimmediately. This is based
onthe observation that there is no missing oxygen density besides O,,
although the omit map densities of all the terminal waters (W1-W4)
and bridging OS5 are weakened at 1,200 ps. The data support that the
0, release and refilling of the site are highly coordinated and occur
likely via a terminal water already ligated to the OEC.

Atboth2,000and 4,000 ps (Fig.5(iv)), O,density is within the noise
level, which implies that Mn1 becomes predominantly five coordi-
nate. Mn4 is six coordinate, although the Mn4-05 interaction is weak
(2.2-2.3 A), suggesting that O5 may be a hydroxide. The Ca-D1-E189
distance is still more elongated at these time points thanin the S,
state. Other slow recoveries are observed in the Y, region (Fig. 2b),
the ‘water wheel’ (Fig.4a) and the proton gate regions (D1-E65/D2-E312)
(Fig. 4b). We hypothesize that a water from the ‘water wheel region
in the Ol channel, similar to the S,~S; transition®*, replaces the ter-
minal water ligand of the OEC. The changes in the proton gate region
might indicate the deprotonation of the newly inserted water*. Con-
comitantly, the amino acid coordination environment, the hydrogen
bonding network around the OEC and the waters in the channels
reset to the S, state. This includes recovery of W20 in the O4 channel,
which is proposed to be involved in proton release during the S,~S;
transition**°,

In the current study, room temperature snapshots of PS Il struc-
tures through the final step of Kok’s clock (S;~>[S,]»S,) reveal details
of the molecular processes for photosynthetic water oxidation.
Until now, these processes were interpreted largely based on kinetic
studies. Importantly, the results reported here provide experimen-
tal support for a two-step reduction mechanism of the Mn,Ca0,-O,
cluster upon the O-0 bond formation and O, release with a transient
intermediate, most likely a bound peroxide. This is a major step for-
ward toward understanding the chemistry of the water oxidation
reaction. The results also show how biological catalysts, such as the
OECinPSII, enable multielectron/multiprotonreactions throughthe
interplay between the metal center, the protein environment and the
water network. The active role of the microenvironment in natural
enzymes providesinspiration for how to control suchreactionsinarti-
ficial photosynthetic systems that can be made from earth-abundant
elements.
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Methods

Sample preparation

The X-ray diffraction measurements of 20- to 60-pm crystals pre-
pared from PS Il dimers of Thermosynechococcus vestitus (previously
named Thermosyncechococcus elongatus) were performedin100 mM
2-(N-morpholino)ethanesulfonic acid, pH 6.5,100 mM ammonium
chloride and 35% (wt/vol) PEG 5000 (refs. 51,52). PS Il crystal suspen-
sion, atabout 0.5-1.2 mM chlorophyll (Chl) concentration, was loaded
into asyringe (Hamilton gastight syringe,1 ml) and dark adaptedfor1lh
before data collection. Membrane inlet mass spectroscopy (MIMS) was
used to determine the O, evolution, turnover parameters and S-state
populations*®. The PS Il crystals showed no Mn (II) contamination
based on XES and electron paramagnetic resonance measurements™
and exhibited an activity of 2500 +100 pmol O, (mg(Chl) x h)™.

Sampleinjection and illumination

Acoustic droplet ejection® was used in combination with the Drop-on-
Tape sample delivery method®. For capturing the stable intermediates
S,,S;andS,, each droplet of the crystal suspension was illuminated by
120-nslaser pulses at 527 nm using an Nd:YLF (yttrium lithium fluoride)
laser (Evolution, Coherent) at Linac Coherent Light Source (LCLS) or by
8-nslaser pulses at 532 nm using acombination of two Nd:YAG (yttrium
aluminium garnet) lasers (Minilite, Continuum) at Spring-8 Angstrom
Compactfreeelectron Laser (SACLA) via three fiber-coupled outputs
with a delay time of 200 ms between each illumination and of 200 ms
betweenthelastillumination and the X-ray probe, similar to what was
used previously to accommodate the acceptor quinone Q, and Qg
kinetics and efficiently drive S-state transitions***. We implemented
afeedback control system of the belt speed and deposition delay,
and the flashing delay and droplet phase were adjusted accordingly®.
To achieve time delays shorter than 200 ms between illumination and
the X-ray probe, afourth ‘free space’laser was utilized. This was either
anOpolette 355 LD laser (Opotek, 530-nmwavelength, 7-ns pulse width)
at the macromolecular femtosecond crystallography/LCLS instru-
ment or an NT230 OPO laser system (530-nm wavelength, 5-ns pulse
width, EKSPLA Co.) at SACLA. This free space laser was triggered to be
synchronized with the X-ray pulse with an adjustable delay that was
set between 50 and 4,000 ps for this study. The laser was guided with
opticsto the X-ray interaction spot, and its position was fine-tuned for
each delay time to ensure that the laser spot position coincides with
the position of the sample droplet at the selected delay timing. At the
XFELs, alight intensity of 120 + 10 mJ per cm*was applied as O, evolu-
tionwas found to be saturated at 70 m) per cm?for the dimensions and
concentrations of samples used in our experiments*. A light intensity
0f120 m) per cm? corresponds to about 140 photons absorbed per PS
Ilmonomer in the front 5-um layer of the crystal and approximately
9 photons per PS IImonomer when assuming a 60-um thickness of the
crystal (whichis the upper size limit of the crystals used in this study)
for the back 5-um layer. This photon density ensures saturation over
the entire crystal volume, even in the case of two crystals stacked on
top of each other in the laser beam. Given a minimum pulse length of
5ns and 35 Chl per PS Il monomer, the light intensity used averages
to 0.8 photons per (Chl and nanosecond) for the front and 0.05 pho-
tons per (Chland nanosecond) for the back part of the crystal. IfaPSII
centerisundergoing charge separation, additional photons absorbed
by the internal antenna Chl are rapidly dissipated in the form of fluo-
rescence with an average fluorescence lifetime of around 0.5-1ns,
hence preventing any overexcitation of the reaction center or causing
any heating artefacts.

X-ray data collection

Thecrystallography datawere collected at various facilities, and details
are listed in Supplementary Table 2. The experimental beam condi-
tions and detector configurations used to collect each dataset are also

tabulated. The sample was delivered into the X-ray interaction region
using the previously described Drop-on-Tape setup®. lllumination
conditions for populating different S states are detailed in ref. 4.

X-ray diffraction data processing

Thedatacollected for the differentillumination states were processed
using the program dials.stills_process withatarget unitcellofa=117.0 A,
b=221.0A,c=309.0 A, a=B=y=90°and thespace group P2,2,2,. Bragg
spotswereintegrated tothe edge of the detector. AKaptonabsorption
correction due to the conveyor belt of our sample delivery system was
applied to eachintegrated Bragg spot, taking into account the droplet
size, tape thickness, tape angle and the position of the diffraction spots
onthedetector withrespect tothe crystal position. Beforeintegration,
we also performed ensemble refinement of the crystal and detector
parameters using the program cctbx.xfel.stripe_experiment, which has
beenshowntonarrow the unitcell distributionand improve the final iso-
morphous difference maps*®. Finally, the intensities were merged using
the program cctbx.xfel.merge, which applies a per-image resolution
cutoffand filtering of the lattices using a unit cell threshold of 1% from
thereference model. To merge thereflections, we use the best practices
describedinref.57. The unit cellsand number of lattices merged for each
dataset are tabulated in Extended Data Tables1and 2.

Final merged datasets were acquired for the 2F, 3F (50 ps), 3F(250 pis),
3F(500 ps), 3F(730 ps), 3F(1,200 ps), 3F(2,000 ps), 3F (4,000 ps) and
3F(200 ms) states to resolutions between 2.16 and 2.0 A, obtained by
mergingbetween 6,659 and 39,199 lattices (Extended Data Tablesland 2).
The final merged datasets before model building were also scaled on
aper-resolution bin basis to areference dataset (in this case, the refer-
ence dataset is the PS Il dataset published in PDB ID code 7RF1)*2. This
allows us to conduct amore accurate comparison of mF,,,— DF_,. omit
maps and 2mF,,,— DF_,. maps between different datasets.

Model building and map calculation

Each dataset was refined using a high-resolution PS Il structure (1.89 A)
thatwas publishedinaprevious work (PDBID code 7RF1)?as the start-
ing point using the program phenix.refine®. The refinementis donein
several stages. First, the B factors of the starting model are set to 30, and
all waters and the atoms of the OEC are removed. An initial rigid body
refinement coupled with refinement of xyz coordinates and isotropic
B factors was done for 15 cycles to adjust the model into the unit cell.
Next, the OEC atoms are added back and refined with custombonding
restraints for several cycles. We also use custom bonding restraints for
chlorophyll-a (to allow correct placement of the Mg relative to the plane
of the porphyrinring) and unknown lipid-like ligands (steric acid) in
therefinement. After initial refinement of the OEC + protein complex,
waters were added to the model using the phenix.refine water picking
protocol as well as manual placement of waters via coot*® and doing
multiple cycles of refinement.

Atthis stage, we split the modelin the vicinity of the OEC and the OEC
itself (only proteinand OEC atoms) into multiple components (Extended
DataTable3). The split was done onlyin parts of chains A/a, C/cand D/d.
The rationale and population of the components in each time point
used aredescribedin the section Estimating populationdistributionin
eachtime point. In each dataset, the primary conformer (defined as the
intermediate thatis advancing from S;toS,) isrefined using astrategy
of reciprocal xyz + isotropic B-factor refinement. For the secondary/
tertiary components (whose structures are known as they are either
inthe S, or S, state), only the group B factors are adjusted (group_adp
strategy in phenix.refine) to adjust themto the resolution of the dataset.
For the remaining part of the model that is not split, regular reciprocal
xyz refinement and isotropic B-factor refinement are performed in
tandem for multiple cycles. All waters (except for the terminal waters
ligated to the OEC; thatis, W1-W4) were refined as asingle component.

The refinement of the OEC in the primary component of the multi-
component model was done using custom restraints that were used
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tomodel the S;state. However, for all the time points, we used slightly
looser estimated s.d. values for the restraints (0.1 A for bonds, 10° for
angles) to allow the OEC atoms during refinement to move toward
where the electron density is optimally modeled and reduce strainin
the refinement while at the same time maintaining the overall shape
ofthecluster. The OECintheS,state was modeled with restraints used
for our previously published S, state structure. The restraints used to
model the OEC atoms in the time points have been provided as text
files (schemes1-3in Supplementary Data).

Estimating population distribution in each time point

The S-state population distributioninthe S;»S, transitionis a hetero-
geneousdistribution consisting of (1) centers that are advancing from
the S;to S, state, (2) centers that are lagging behind by one transition
and hence, are advancing from the S, to S; state and (3) centers that
have transitioned over to the S, state. While the majority of centers are
in category (1), due to the intrinsic inefficiencies (‘misses’) of the Kok
cyclein PS1I?°, a certain fraction of centers is in category (2). In addi-
tion, after a certain time in the S;-S, transition, a substantial number
of centers will have formed the stable S, state (category (3)).

Given this context, it isimportant to account for this population
heterogeneity in our structural modeling to obtain accurate electron
density maps and models. We do this by splitting up our structural
model near the active site region (including the OEC) into multiple
components. The primary componentin each datasetis category (1),
whichistheintermediate transitioning fromS,toS,. The nature of the
secondary and tertiary components depends on the dataset under
consideration. In each dataset, the coordinates/isotropic B factors
of only the primary component are refined (category (1)). The sec-
ondary and tertiary component structures are modeled from known
or previously deposited structures and only adjusted for resolution
using agroup B-factor refinement. The identity of the secondary (and
tertiaryif used) component depends on which time pointis being pro-
cessed. Forexample, in the 3F(50 ps) dataset, atwo-component model
is constructed with the 2F(50 ps) model coordinates/B factors being
used for the secondary component.Inthe3F(1,200 ps) data, we usea
three-component model with the secondary and tertiary components
beingtheS,and S;states. The populations for each of the components
inthevarious time points are givenin Extended Data Table 3. We used
numbersavailableintheliterature to perform akinetic analysis yield-
ing an estimate of the population distribution. Since populations
below10% areinthe noise level for structural refinement, we adjusted
our populations to avoid any conformer with such low populations.

The population distribution in each of the metastable S states has
been previously determined using the MIMS technique. In our work,
the starting 2F state, whichis generated by illuminating with two visible
lasers with aflashinterval of 200 ms, consists of approximately 65% S,
state and 35% S, state based on studies conducted on crystals. With the
thirdvisible flash, the S;>S, transitionisinitiated. The reader is referred
tothe extended datain ref. 4 for more details on how the S-state popula-
tions for each of the flash states were estimated, accounting for miss
parameters calculated from XES and MIMS data, and crossillumination
(thiswasnegligible at the speed of the tape and deposition frequency of
theacoustic droplet ejection that was used in the present study). All the
results described in this paper are from monomer I (chains annotated
asuppercaseinthe published structures). Similar trends are observed
for monomer Il (chains annotated as lowercase).

Estimating the effect of population on the Mn1-Mn4 distance

The Mn1-Mn4 distance stays elongated until 3F (1,200 ps) in the inter-
mediate undergoingthe S;>S,transition, after whichadecreaseis seen
inthe next 3 ms. We tested the robustness of the elongated distance at
3F(1,200 ps) by constructing an alternative hypothesis to explain this
observation, postulating that it could be due to two separate popu-
lations in the primary component: (1) increased Mn1-Mn4 distance

due to misses that form additional S; or (2) decreased Mn1-Mn4
distance (with/without disappearance of O,) that is a property of
the intermediate undergoing the S;~>S, transition. We modeled this
scenario by increasingthe S; populationfrom 35to 55% and decreas-
ing the primary component (with/without O,) from 40 to 20% in the
3F(1,200 ps) time point. The resulting refinement gave Mn1-Mn4
distances of 5.14 A (with 0,) and 5.09 A (without 0,). Both numbers
aresimilar to the distance givenin Fig.3 and within the measurement
error. The tests thus show no contraction compared with the S, state
and allow us toreject the hypothesis. We reiterate that the S; popula-
tion estimate of 35% in the 3F(1,200 ps) time point is well established
using multiple independent experiments as detailed in the previous
section and past publications.

Estimated positional precision
To estimate the positional precision of the OEC atoms and the sur-
rounding amino acids for each time point, we used the END/RAPID
procedure®, similar to what was previously employed®. Briefly, in
this method, we perturb the structure factors by arandom amountin
between +(mF,,— DF_,.). The atomic coordinates of the final model
for that time point are also perturbed by a small amount to allow the
model to explore greater phase space (only the primary conformer
is perturbed). Subsequently, 100 such synthetic datasets are gener-
ated for each time point, and they are then each refined separately.
Fromthe ensemble of these refined datasets, we can estimate the error
associated with the distance metric of interest. The obtained errors
should be considered an upper bound as the introduced perturba-
tionsin the structure factors are an overestimate of the true errors in
the experiment.

Implementation details can be found at https://bl831.als.Ibl.gov/
END/RAPID/end.rapid/Documentation/end.rapid.Manual.htm.

mF,,, — DF_,, difference omit density

All mF,— DF . omit maps shown in the manuscript were generated
using the phenix.polder program and using the normal omit map coef-
ficients from the output.mtz file (not polder map coefficients)®. For
peak height calculation wherever stated, we used custom python scripts
that average the mF,,,— DF.,. omit map value about a 0.5-A radius of
the atom of interest.

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 Protein Data Bank, www.pdb.org (PDB codes 8EZ5 for the 2F data;
8F4D for the 3F(50 ps) data; 8F4E for the 3F(250 ps) data; 8F4F for the
3F(500 ps) data; 8F4G for the 3F(730 ps) data; 8F4H for the 3F (1,200 pis)
data; 8F4Ifor the 3F(2,000 ps) data; 8F4J for the 3F(4,000 ps) data;
8F4K for the 3F(200 ms) dataand 8F4C for the 2F-alternate data). The
raw X-ray free electron laser data have been depositedin the Coherent
X-Ray Imaging Database, www.cxidb.org (ID 215).

Code availability

The open source programs dials.stills_process, cctbx.xfel GUI, cctbx.
xfel.stripe_experiment, cctbx.xfel.merge and legacy program cxi.
merge are distributed with DIALS packages available at http://dials.
github.io. Instructions and details for using these programs can be
foundinrefs. 56,57 with further documentation available at http://cci.
Ibl.gov/xfel. Figures showninthe paper were rendered using the PyMOL
software v.2.5 (ref. 62). Custom code used for calculating peak height
valuesis publicly available at https://github.com/asmit3/eden(ref. 63).
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Extended DataFig.1| mF,,, - DF_, electron density omit map of relevant
atomsinthe OEC for time points along the S;>S, reaction. For comparison of
the peak heightlevel, the omit map of the oxygenatom, 02, is also shown. Omit
maps for eachatom were generated by individually omitting the atomonly in
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the primary conformer in each dataset. The maps are shown at contour levels of
2.5,3and 40. (a) Omit maps of Oy, 05 and 02 (b) Omit maps of W1, W2, W3, W4
and 02. Aclear reductionin omit map peak height of Oy, 05, W1, W2, W3, W4 is
observed withrespectto thereference 02 omit map between 730-2000 pis.



D61

Extended DataFig. 2| mF,, - DF, electron density map near the OEC
regioninthe 3F(500 ps) time point. The map isshownatacontourlevel of 2.50
(inyellow). Electron density is observed at this level in-between W3 and W4
(seered arrow), possibly indicating atransient water motion that was also
corroborated by the overlap of the omit map densities. For comparison, the
individual omit maps of W3 and W4 are also overlaid at 2.5,3and 4o (color
scheme same as in Fig.2in main text). Stronger electron density is also observed
around W1/D61 possibly related to motion involving a proton transfer as
discussedinthe maintextrelated toFig. 2. Electron density around the Olis
possibly related to changes observed in the W26-W30 (referred to as the ‘water
wheel’region) in this time point (discussed in main text related to Fig. 4).
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Extended DataFig.3 | Comparing B-factors of key waters in the water time point for comparison. The y-axis values of the marker points for the
wheel region of the 01 channelin the S;>S, transition (W27, W28, W32) 4 waters arejust placeholders. Thereis astark shiftin the relative B-factor

against areference water (W29) for time pointsshowninFig.4inthemain  valuesof W27, W28 and W32 inthe 3F(1200 ps) time point which coincides
text. The B-factor distribution of all the channel waters are overlaid for each withthe disappearance of Oy.



Extended Data Table 1| Data collection, merging and refinement statistics (2F, 2F-alternate, 3F(50 ps), 3F(250 ps), 3F(500 us))

~ Data set
PDB ID
Data Collection
Resolution range (A)
Resolution upper bin (A)
Wavelength (A)
Space group
Unit cell parameters (A)

Lattices merged
Unique reflections
(upper bin)
Completeness
(upper bin)

CCin

(upper bin)
Vogro(D)f

(upper bin)
Wilson B-factor

Refinement

Resolution range (A)
Resolution upper bin (A)
R-factor

R-free

Number of atoms
Number non-hydrogen atoms
Ligands

Waters

Protein residues

RMS (bonds)

RMS (angles)
Ramachandran favored
Ramachandran outliers
Clashscore

Average B-factor

2F"
8EZS5

33.65-2.09
2.13-2.09
1.302
P212:12)
a=117.0
b=221.6
c=307.8
10043
468875
23274
99.97
99.98

99.0

5.0

3.60

0.38

38.44

33.65-2.09
2.13-2.09
18.61
23.45
51845
51845

192

1626

5308
0.009

1.15

97.32
0.19

6.81

44.19

2F-alt”
8F4C

19.80-2.00
2.03-2.00
1.241
P21212;
a=117.3
b=222.8
¢=309.1
35179
543134
26980
99.88
100.0

99.0

38

4.17

0.41

35.60

19.80-2.00
2.03-2.00
17.98
22.44
52239
52239

192

2020

5308
0.009

1.16

97.78

0.27

523

40.61

3F (50 pis)
8F4D

33.74-2.15
2.19-2.15
1.302
P212:12,
a=117.1
b=222.2
c=308.4
7205
431113
21309
99.96
99.96

99.0

54

3.73

0.46
40.10

33.74-2.15
2.19-2.15
18.83
24.33
51657
51657

192

1438

5308
0.010

1.18

97.32
0.27

7.13

44.78

3F (250 pis)
8F4E

33.58 -2.09
2.13-2.09
1.302
P2:1212,
a=117.0
b=221.8
¢=308.0
8140
468955
23217
99.97
99.97

99.1

6.9

3.77

0.50

38.54

33.58-2.09
2.13-2.09
18.23
23.34
52072
52072

192

1845

5308
0.009

1.17

97.57

0.17

6.05

44.02

3F (500 ps)
8F4F

31.23-2.03
2.06 - 2.03
1.305
P212121
a=117.5
b=222.8
¢=309.5
17259
519407
25669
99.92
99.25

99,1

8.9

3.83

0.38
36.67

31.23-2.03
2.06-2.03
19.92
24.85
52011
52011

192

1792

5308
0.009

1.16

97.51

0.17

6.25

41.85

Note that all reference to the 2F dataset or the S; model in the paper uses the 2.09 A model. The 2F-alternate model is only provided here for the isomorphous difference maps shown in Fig. 4b.
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Extended Data Table 2 | Data collection, merging and refinement statistics (3F(730 ps), 3F(1200 ps), 3F(2000 us), 3F(4000
us), 3F(200 ms))

Data set 3F (730 pus)  3F (1200 ps) 3F (2000 ps) 3F (4000 ps) 3F (200 ms)
PDBID 8F4G 8F4H 8F41 8F4J 8F4K
Data Collection

Resolution range refined (A) 29.87-2.03 29.48 -2.10 19.73 -2.00 19.74 -2.00 33.52-2.16

Resolution upper bin (A) 2.06-2.03 2.14-2.10 2.03-2.00 2.03 -2.00 2.19-2.16
Wavelength (A) 1.302 1.302 1.241 1.241 1.302
Space group P212:12) P2:2,2, P2:2:2, P2,2,2, P212:2;
Unit cell parameters (A) a=117.6 a=117.6 a=117.3 a=117.3 a=117.0
b=2229 b=223.2 b=222.6 b=222.8 b=221.7
¢=310.0 ¢=310.2 c=308.9 c=309.2 ¢=307.9
Lattices merged 14568 23681 25065 39199 6659
Unique reflections 520277 471242 543130 543130 425199
(upper bin) 25749 23117 26979 26978 21097
Completeness 99.69 99.88 99.88 99.88 99.96
(upper bin) 99.70 98.93 100.0 99.99 99.94
CCiz 98.8 98.8 99.3 99.0 98.7
(upper bin) 6.3 7.2 9.2 33 4.7
Vopno()f 3.94 3.54 4.72 422 3.15
(upper bin) 0.34 0.34 0.51 0.35 0.39
Wilson B-factor 36.65 38.80 35.30 35.70 40.58
Refinement
Resolution range refined (A) 29.87-2.03 29.48-2.10 19.73 -2.00 19.74 -2.00 33.52-2.16
Resolution upper bin (A) 2.06-2.03 2.14-2.10 2.03-2.00 2.03 -2.00 2.19-2.16
R-factor 18.02 18.77 18.59 18.19 18.51
R-free 22.25 23.24 23.24 22.63 24.10
Number of atoms 52123 51767 52246 52130 51826
Number non-hydrogen atoms 52123 51767 52246 52130 51826
Ligands 192 192 192 192 192
Waters 1896 1540 2021 1905 1609
Protein residues 5308 5308 5308 5308 5308
RMS (bonds) 0.009 0.009 0.009 0.009 0.009
RMS (angles) 1.16 1.17 1.15 1.17 1.14
Ramachandran favored 97.49 97.32 97.47 97.70 97.13
Ramachandran outliers 0.19 0.27 0.23 0.19 0.27
Clashscore 4.83 5.79 5.44 4.96 6.86

Average B-factor 41.16 45.17 39.84 40.71 46.67



Extended Data Table 3 | The estimated population distribution and identity of each of the conformers used in the
multi-component modeling of the datasets

Dataset Primary conformer Secondary conformer | Tertiary conformer
2F S3 (65%) S2(35%)

3F(50ps) [Sn] (65%) 2F(50ps) (35%)

3F(250us) [Sa] (65%) 2F(250ps) (20%) S2(15%)
3F(500us) [Sa] (65%) S3 (35%)

3F(730us) [Sa] (45%) S3 (40%) So(15%)
3F(1200us) [Sa] (40%) S3 (35%) So(25%)
3F(2000us) [Sn] 35%) S3 (35%) S0(30%)
3F(4000us) [Sa] (25%) S3 (35%) S0(40%)
3F(200ms) So (65%) S3(35%)

Refer to the discussion Estimating population distribution in each timepoint in Methods for more details regarding the conformers.
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Extended Data Table 4 | Source data for the plots shown in Fig. 3 of the main text

Dataset Yz-H190 Mnl1-Mn4 Mn1-Mn3 Mn4-05 E189-Cal

S 2.64+/-0.08 4.81+/-0.07 3.24+/-0.08 2.13+/-0.16 2.91+/-0.09
Sz 2.61+/-0.08 4.81+/-0.08 3.22+/-0.07 2.19+/-0.23 2.85+/-0.09
S3 2.54+/-0.11 5.05+/-0.09 3.36+/-0.08 2.19+/-0.10 3.55+/-0.13

3F(50ps) 2.78+/-0.12 5.284/-0.10 | 3.44+/-0.08 | 2.13+/-0.12 | 3.16+/-0.12
3F(250ps) 2.66+/-0.12 5.114/-0.11 3.43+/-0.09 | 2.07+/-0.11 2.99+/-0.12
3F(500ps) 2.72+/-0.14 | 5.14+/-0.10 | 3.41+/-0.09 | 2.09+/-0.14 | 3.09+/-0.12
3F(730us) 2.50+/-0.14 | 5.16+/-0.11 3.44+/-0.09 | 2.09+/-0.10 | 3.26+/-0.14
3F(1200ps) | 2.33+/-0.11 5.18+/-0.13 3.37+/-0.13 2.11+/-0.14 | 2.90+/-0.17
3F(2000ps) | 2.67+/-0.12 | 4.93+/-0.14 | 3.27+/-0.08 | 2.214/-0.15 3.13+/-0.12
3F(4000ps) | 2.89+/-0.18 | 4.85+/-0.18 | 3.29+/-0.14 |2.224/-0.17 | 3.17+/-0.23
So 2.51+/-0.11 5.02+/-0.10 | 3.33+/-0.09 | 2.30+/-0.16 | 2.91+/-0.11
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For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  We used the live version of psana (ana-current) provided by SLAC and development versions of open source programs dials.stills_process, the
cctbx.xfel GUI and cxi.merge, which are distributed with DIALS packages (3.13.0) publicly available at http://dials.github.io, for data collection.

Data analysis We used development versions of open source programs dials.stills_process, the cctbx.xfel GUI and cxi.merge, which are distributed with
DIALS packages (3.13.0) publicly available at http://dials.github.io and END/RAPID structure factor modification software available at http://
bl831.als.Ibl.gov/END/RAPID/. We also used Phenix structure refinement software available at https://phenix-online.org (version 1.19.2-4158),
Coot structure visualization and modification software version 0.8.8-pre, and PyMol structure visualization and figure rendering software
version 2.5. Any custom code used for this publication are publicly available at https://doi.org/10.5281/zenodo.7734707.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The atomic coordinates and structure factors have been deposited in the Protein Data Bank, www.pdb.org (PDB code 8EZ5 for the 2F data; 8F4D for the 3F(50us)
data; 8F4E for the 3F(250us) data; 8F4F for the 3F(500us) data; 8F4G for the 3F(730us) data; 8F4H for the 3F(1200us) data; 8F4l for the 3F(2000us) data; 8F4J for
the 3F(4000us) data; 8F4K for the 3F(200ms) data and 8F4C for the 2F-alternate data). The raw XFEL data has been deposited in the Coherent X-ray Imaging
Database (CXIDB, www.cxidb.org), accession number 215. Source data are provided with the paper.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender No human research involved

Population characteristics No human research involved
Recruitment No human research involved
Ethics oversight No human research involved

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size is stated for all data sets in the Method section and Supplementary Data Table 1. Sample size was chosen to ensure at least 10
independent observations for each structure factor upto the resolution limit reported.

Data exclusions  During merging of structure factors, lattices that deviated by 1% or more from the reference unit cell were rejected.

Replication Diffraction data was collected once for each state. We simulate the experimental errors possible using the END/RAPID approach as described
in the Methods section. The END/RAPID approach gives us n=100 different synthetic datasets for which we performed independent
refinements, confirming the results and giving an error estimate for atom positions of interest.

Randomization | Differentillumination states were interleaved as much as possible during data collection within the constraints of the XFEL experiment. Data
and refinement quality was assessed based on CC1/2 and R-free statistics and the datasets were randomly subsampled to generate these
statistics. Other randomizations were not relevant for the XFEL experiment.

Blinding Investigators were not blinded to group allocation during data collection. Blinding was not relevant to this study as data for all different states
studied was collected interleaved, ensuring similar experimental conditions. Subsequent data treatment was also performed in the same way
for all data sets.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems

Methods

XX NXXNXNX s

Involved in the study

|:| Antibodies

|:| Eukaryotic cell lines

|:| Palaeontology and archaeology
|:| Animals and other organisms

|:| Clinical data

[ ] pual use research of concern

n/a | Involved in the study

|Z |:| ChIP-seq
|Z |:| Flow cytometry

|Z |:| MRI-based neuroimaging
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	Fig. 2 mFobs − DFcalc electron density omit map of key components of the redox active donor site of PS II at five time points along the S3→S0 transition as well as the S3 and S0 states.
	Fig. 3 Distance changes between selected atoms/residues in the OEC during the S3→S0 transition.
	Fig. 4 Structural changes in select regions of the water and proton channels of PS II during the S3→S0 transition.
	Fig. 5 Schematic of the S3→S0 transition and proposed mechanism for O–O formation.
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