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Summary

Photosystem Il (PSII) is a huge membrane-protein complex consisting of 20 different
subunits with a total molecular mass of 350 kDa for a monomer, and catalyzes
light-driven water oxidation at its catalytic center, the oxygen-evolving complex
(OEC)*2. The structure of PSII has been analyzed at 1.9 A resolution by synchrotron
radiation X-rays, which revealed that OEC is a MnsCaOs cluster organized in an
asymmetric, “distorted-chair* form* This structure was further analyzed with
femtosecond X-ray free electron lasers (XFEL), providing the “radiation damage-free”
structure. The mechanism of O=0 bond formation, however, remains obscure due to the
lack of intermediate state structures. Here we report the structural changes of PSII
induced by 2-flash (2F) illumination at room temperature at a resolution of 2.35 A using
time-resolved serial femtosecond crystallography (TR-SFX) with an XFEL provided by
the SPring-8 angstrom compact free-electron laser (SACLA). Isomorphous difference
Fourier map between the 2F and dark-adapted states revealed two areas of apparent
changes; they are around Qg/non-heme iron and the Mn4CaOs cluster. The changes
around the Qg/non-heme iron region reflected the electron and proton transfers induced
by the 2F-illumination. In the region around the Mn4CaOs cluster, a water molecule
located 3.5 A from the MnsCaOs cluster disappeared from the map upon 2F
illumination, leading to a closer distance between another water molecule and O4,
suggesting also the occurrence of proton transfer. Importantly, the 2F-dark isomorphous
difference Fourier map showed an apparent positive peak around O5, a unique
13-0xo-bridge located in the quasi-center of Mn1 and Mn4*°, This suggests an insertion
of a new oxygen atom (O6) close to O5, providing an O=0 distance of 1.5 A between

these two oxygen atoms. This provides a mechanism for the O=0 bond formation



consistent with that proposed by Siegbahn®’.

Main text
Fig. 1a shows organization of the electron transfer chain of PSII in a pseudo-C2
symmetry by two subunits D1 and D2. The water-oxidation reaction proceeds via the
Si-state cycle® (with i=0-4), where dioxygen is produced in the transition of
S3—(S4)—So (Fig. 1b). The high-resolution structures of PSII analyzed so far were for
the dark-stable S; state*°, although a few studies on the low-resolution intermediate
S-state structures have been reported by TR-SFX®*!. During the revision of our
manuscript, Young et al. reported a 2F-illuminated state structure at 2.25 A resolution
where no apparent changes around O5 were observed®?, although estimations of the
resolution could yield somewhat different values so that small movement of some water
molecules may escape the detection. In order to achieve resolution high enough to
uncover small structural changes induced by flash illuminations yet allowing Si-state
transition to proceed efficiently, we determined the optimal crystal size of PSII with a
maximum length of 100 um, which diffracted up to a resolution of 2.1 A by a
SACLA-XFEL pulse (Extended Data Fig. 1, Methods). We illuminated the small
crystals by 2F (see Methods and Fig. 1), which gave rise to a population of 46% Ss
estimated by Fourier transform infrared (FTIR) difference spectroscopy (Extended Data
Fig. 2, Methods).

The PSII microcrystals were mixed with a grease matrix and delivered to the XFEL
beam by a high viscosity micro-extrusion injector'3, which greatly reduced the sample
consumption and provided a stable flow for the uniform excitation. To ensure the

turnover of PSII, potassium ferricyanide was added into the samples, and the samples



were pre-flashed before the measurements for synchronization of PSII into the S; state
and the oxidation of Yp. Diffraction data were also collected from samples without
pre-flash (non-pre-flash), and they will be discussed where differences were found with
the pre-flashed samples.

Two datasets were collected for each of the samples (either with or without
pre-flashes), one is from the dark-state and the other one is from 2F-illuminated samples.
The two datasets for the pre-flashed samples were analyzed to 2.35 A resolution, and
those for the non-pre-flashed samples were analyzed to 2.50 A resolution (Extended
Data Fig. 1, Table 1 and 2); all of the datasets had very high multiplicities (see Methods).
Fig. 1e and f showed part of the electron density map from the non-pre-flashed
dark-sample (similar maps were obtained with pre-flashed samples, and we will focus
on the results of pre-flashed samples in the following unless otherwise described),
where the electron densities for the orientations of amino acid side chains and water
molecules are clearly visible. We were able to build 1,626 waters for the dark-state and
1,584 waters for the 2F-state, respectively. The manganese atoms and calcium atom in
OEC were distinguished even in the anomalous difference Fourier map with peak
intensities well beyond the noise level, owing to the long wavelength of the XFEL used.
For example, among top 30 peaks in the anomalous map of the non-pre-flashed 2F-data
(5GTI), top 7 peaks with intensities above 15.0c were identified as the manganese
atoms, and other 23 peaks were identified as the calcium (including the newly identified
calcium site at the stromal side of CP43), chloride or sulfur atoms (Extended Data Fig. 3
and Extended Data Table 3). This indicated the accurate measurement and integration of
the diffraction intensities. Nevertheless, the interatomic distances within OEC could not

be refined accurately because of the limited resolution. Thus, tight Mn-O distance



restraints derived from the S state 1.95 A structure® were used during the refinement of
the dark data and relatively loose restraints were applied for the 2F-data (Methods).
Therefore we will focus on the structural changes induced by the two flashes based on
the isomorphous difference Fourier map between the two datasets.

The two datasets from the two different states were highly isomorphous with a Riso
of 0.068 at 2.35 A resolution, enabling the approach of isomorphous difference Fourier
map possible (Extended Data Table 1). Superposition of the two state structures yielded
a root mean square deviation of 0.10 A. The corresponding Riso values between the
pre-flashed and non-pre-flashed samples were more than 0.118 at 2.5 A resolution,
which may be caused by the different batches of samples used or differences in the
post-crystallization processes employed.

Based on the isomorphous difference Fourier map between the 2F- and dark-states
[F(2F) — F(dark) difference map], two areas with major light-induced structural changes
were observed (Fig. 2). These areas are localized around the Qg/non-heme iron-binding
site and OEC (areas cycled by dotted red lines in Fig. 2b), and similar changes were
observed in both monomers of the dimer (a third area with apparent difference Fourier
peaks was found in the vicinity of Yp in non-pre-flashed samples, see below and
Extended Data Fig. 4). All of these areas are related to the electron and proton transfer
in PSII, suggesting the efficient laser pulse excitation. The peaks were detected at 8.60
for the Qg-site, 10.7c for OEC in monomer-A; and 6.9c for the Qg-site, 12.7¢ for OEC
in monomer-B. The largest Fourier-difference peak in the other areas of PSII was found
to be 4.40, indicating that the peaks observed in these two areas are well above the noise
level.

Qg forms H-bonds with D1-His215 and D1-Ser264; the former is a ligand for the



non-heme iron. The isoprenoid tail of Qs is located in a hydrophobic environment
formed by D1-Phe211, Met214, Phe255, Phe265, Phe274, Pheopz and lipids (Fig. 3a).
In the high resolution S; state structures*®, Qg exhibited a weak electron density with a
high B-factor than Qa possibly due to the existence of its mixed protonation states.
After 2F illumination, positive electron densities were observed in its head group region
whereas a pair of positive and negative densities was observed in the isoprenoid tail in
the Fourier difference map, and the average temperature factor of the quinone head
group was decreased from 116 A% to 91 A2, This indicates a rotation of its head group
around the axis vertical to the benzene ring by about 10 degrees toward D1-Ser264 and
D1-His215, which shortens the distances between the head group of Qg and these two
residues by 0.1-0.2 A and therefore strengthens the H-bonds between them. This can be
explained as follows. Since we added potassium ferricyanide to the crystals well before
measurements, the non-heme iron is pre-oxidized to Fe®*, enabling it to be able to
accept one electron upon flash illumination. Thus, the 2F illumination resulted in a
dominant species of Qg", which will make stronger H-bonds with Ser264 and His215,
resulting in the rotation of the head group and the decrease of the temperature factor. In
relation to this, the hydrophobic residues D1-Phe211, Phe255, Phe265 and Met214
surrounding the isoprenoid tail also moved slightly to adjust the cavity of the Qg-site
(Fig. 3a-b). Interestingly, a loop region involving D1-Asn266-Ser268, which shields the
cavity of the Qg-site in the dark structure, moved by up to 0.8 A upon 2F illumination,
resulting in the partial opening of the Qg-site which may suggest a route for the quinone
exchange.

In the vicinity of Qg, a strong negative peak was observed between the bicarbonate

(BCT) and the non-heme iron in the difference Fourier map. There was a smaller



positive peak in the opposite side of BCT, giving rise to a positional shift of BCT up to
0.5 A and an elongation of distances between BCT and the non-heme iron up to 0.2 A
(Fig 3b). This may be due to a rearrangement of the H-bond network around BCT
and/or a reorientation of BCT upon 2F illumination, which may be caused by the
involvement of BCT in the proton-transfer for Qg protonation or the reduction of the
non-heme iron. The possible involvement of BCT in the proton transfer is in agreement
with the observation that removal of BCT resulted in a retardation of the quinone
exchange reaction®. In contrast to the Qg-site, no large changes were found in the
Qa-site.

A number of Fourier difference peaks were found in the region around OEC (Fig. 3c,
d), based on which, the following major structural changes can be identified: (i) Mn4
moved slightly toward outside of the cubane, resulting in a slight elongation in its
distance with Mn1 by 0.1-0.2 A; (ii) Ca?* also moved away from Mn4 slightly; (iii) A
new, strong positive peak was found close to O5, which was modeled as a new oxygen
atom "0O6"; (iv) The side chain of D1-Glul89 moved away from the cubane to
accommodate O6; (v) A strong negative peak was found on the water molecule W665,
indicating that this water molecule was displaced from this position upon
2F-illumination. In relation to this, the water molecule W567 hydrogen-bonded to O4
moved toward O4, resulting in a closer distance between these two oxygen species; (Vi)
Accompanying these changes, some other ligand residues also exhibited slight structural
changes; these include D1-Asp61, Asp170, His332 and Ala344.

Among the structural changes observed above, the displacement of W665 and the
appearance of a new oxygen atom O6 provided important implications for the

mechanism of water oxidation. Due to the displacement of W665, the hydrogen-bond



between this water and W567 was broken. This caused the movement of W567 toward
04, as they are already H-bonded (Fig. 3c). The average distance between W567 and
O4 upon 2F-illumination was determined to be 2.32 A from the two monomers. This
distance is extremely short, which may suggest that W567 is a hydroxide ion rather than
a water in the Sz state. This raises a possibility that these two oxygen species represent a
state prepared for the upcoming O=0 bond formation (Fig. 4). Indeed, studies with
W-band 1O electron-electron double resonance-detected NMR has suggested that either
04 or O5 is exchangeable and thus may serve as candidate for the substrate water®. An
earlier theoretical study also suggested that O4 or O5 may be one of the substrates for
0=0 bond formation'®. However, if we consider the possible experimental errors in the
inter-atomic distances determined at the current resolution, these two oxygen atoms may
still be connected by a H-bond instead of forming a pre-state for the O=0O bond
formation. The structural changes observed therefore strongly suggest the occurrence of
proton transfer around this region, in agreement with the recent reports that the H-bond
network starting from O4, W567 and W665 (Extended Data Fig. 5) may serve as a path
for protons released from OEC in the transition from So to S11"*8, The movement of
W665 observed in the present study may be related to this proton transfer. Based on the
proton release pattern of 1:0:1:2 for the So—S1—S2—S3—S4 transitions, however, the
proton transfer from W567-W665 may occur in the S, to Ss transition,

The O6 atom in the 2F-illuminated state has a very close distance to O5 (average
distance of 1.5 A for the two monomers) (Fig. 3c-f). This enables them to form a
peroxide or superoxide, etc'®. This strongly suggests that this site is the reaction site for
the O=0 bond formation (Fig. 4), which is in agreement with the model proposed by

Siegbahn et al®*’?% as well as the results of electron paramagnetic resonance



measurements?>?2 and quantum  mechanics/molecular mechanics (QM/MM)
calculations?®. The remaining structural changes can be easily explained by the insertion
of this oxygen atom: The elongation of the distance between Mn4 and Mnl is
apparently due to the requirement to accommaodate this new oxygen atom. In particular,
the movement of D1-Glu189 away from the cubane is necessary to accommodate O6, as
this results in an average distance of 2.70 A between 06 and Glu189-OE2. Without this
movement, the distance between 06 and Glu189-OE2 would be 2.30 A, which will
hinder the insertion of this oxygen atom. This is made possible by the unique feature of
Glu189 as a monodentate ligand to OEC among all of the residues. We should also point
out that, O6 is not necessarily a new water molecule from the outside of PSII, as some
water molecule already present in the S1 state may move to this position*1%24,

In addition to the above two major areas of changes with the pre-flashed samples, a
third area with structural changes was found around Yp (D2-Tyrl60) in the
non-pre-flashed samples. Yp is partially H-bonded to a water molecule W508 which
exhibits two conformations, one H-bonded (W508I) and the other one not H-bonded
(W508Il) to Yp. In the Fourier difference map of the non-pre-flashed samples, a
negative peak was found in the position of W580I, suggesting its displacement,
resulting in the breakage of the H-bond with Yp (Extended Data Fig. 4a-c). This
suggests the proton transfer around this region upon 2F-illumination, a finding in
agreement with the recent QM/MM calculations where the proximal W508I was found
to be unstable upon oxidation of Yp?. This in turn suggests partial oxidation of Yp
upon 2F illumination probably due to an inefficient electron donation from the
Mn4CaOs-cluster in the crystals. The oxidation of Yp will result in the proton transfer

from Yp to the bulk solvent, leading to the breakage of the H-bond between Yp and
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W508I and the movement of this water to the distal position or bulk solvent?2®, Thus,

this structural change is again caused by the proton transfer around Yp.
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Figure Legends

Figure 1 | TR-SFX of PSII at SACLA-XFEL. a, Organization of the electron transfer
chain of PSII. b, Si-state cycle of the water-oxidation reaction of OEC. c, Experimental
setup for the TR-SFX experiments of PSII. d, Schematic representation of the timings
of two flash illuminations and XFEL pulse employed in this experiment. e, 2mF,-DF¢
maps obtained from the non-pre-flashed dark-state data (gray contoured at 2c) and
mFo-DF¢ map (green (negative) and red (positive) contoured at +5c¢) of a region around
the Chlp; site, before locating the two water molecules in the vicinity of Chlp:. f, Stereo
image of 2mF,-DF¢ maps in a region around OEC, with the gray and cyan contoured at

20 and 8o, respectively.

Figure 2 | Isomorphous difference Fourier map between the 2F-state and the
dark-state of the pre-flashed samples. a-b, Isomorphous difference Fourier map
between the 2F-state and the dark-state is shown in green (positive) and red (negative)
contoured at +4.5¢ with a top view from the luminal side (a), a side view perpendicular
to the membrane normal (b). Cycles in red dotted lines in (b) indicate two regions
where significant difference peaks were observed. ¢, A stereo image of the region boxed
by black dashed lines in b (labeled c¢). d, Histogram of the isomorphous difference
Fourier map, showing apparent deviations of the difference Fourier peaks from the
Gaussian distribution of the noise level beyond around +50. Two arrows indicate the

possible largest noise level.
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Figure 3 | Isomorphous difference Fourier map and structural changes around the
Qs/non-heme iron-binding site and OEC. Isomorphous difference Fourier maps
between the 2F-state and the dark-state of the pre-flashed samples are shown in green
(positive) and red (negative) contoured at +4.5¢ for a, b, and £5.0c for ¢, d. D1 and D2
subunits are colored in yellow and cyan in the S; state, and green in the S3 state. a and
b, Structural changes around the Qg and non-heme iron-binding site. ¢ and d, Structural
changes around OEC. In b-d, movement of residues/groups are indicated by black
arrows, and the insertion or displacement of water (oxygen) are indicated by arrows
with dashed lines. e, Structure of the MnsCaOs cluster after 2F-illumination
superimposed with the 2mF,-DF. map countored at 10.1o. f, Position of the newly

inserted oxygen atom O6 relative to its nearby atoms.

Figure 4 | Possible mechanism for O=0O bond formation and the proton transfer
pathways from OEC. The circle in dotted line indicates displacement of the water
molecule (W665) next to the water (W567) H-bonded to O4, which results in the
approaching of W567 to O4. Arrows in dotted line indicate possible pathways for proton
transfer. The two pairs of oxygen atoms cycled by dashed red lines represent the
possible sites for O=0 bond formation, with the one between O5 and O6 have a much

shorter distance and therefore representing the real site for O=0 bond formation.
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Methods

No statistical method was used to predetermine the sample size. The experiments were
not randomized, and the investigators were not blinded to allocation during experiments

and outcome assessment.

Preparation and crystallization of photosystem 11.

Highly active PSII was isolated from Thermosynechococcus vulcanus and crystallized
as described previously with slight modifications*2"?, The final PSII core dimers were
suspended in 20 mM Mes (pH 6.0), 10 mM NaCl, 3 mM CaCl,, and the final
crystallization buffer contained 20 mM Mes, 20 mM NaCl, 40 mM MgSQO4, 10 mM
CaCl2, 5-7% polyethylene glycol 1,450, 0.85% n-heptyl-B-D-thioglucopyranoside
(Dojindo). No re-crystallization procedure was applied. We screened various sizes of
PSII crystals and post-crystallization treatment conditions (see below) to prepare
suitable samples for TR-SFX by XFEL, and found that too small crystals did not diffract
to a high resolution, whereas larger crystals gave rise to a lower efficiency of the
Si-state transition induced by the laser excitations. The optimal crystal size was
determined to have a maximum length of 100 um, which diffracted up to a resolution of
2.1 A by a SACLA-XFEL pulse (Extended Data Fig. 1) and a final population of 46%
S3 state upon 2F-illumination (see below).

All of the procedures for the preparation, crystallization, pre-flash illumination and
diffraction experiments were conducted in the dark or very dim green light. To prepare a
large amount of micro-sized crystals, crystallization was performed in 1.5 ml micro
centrifuge tubes with a sample volume of 50 pl at a concentration of 2.3 mg

chlorophyll/ml at 20°C. The crystals appeared in a few hours; when the crystal size
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reached to a maximum length of 100 um, 50 pl of the crystallization buffer in which the
concentration of PEG1,450 was increased by 1-2% from the crystallization condition
was added to stop further growth of the crystals (see Extended Data Fig 1a for a picture
of typical crystals). The crystals were washed several times with this buffer to remove
the PSII samples that were not crystallized, and stored overnight.

Prior to the XFEL experiments, the crystals were transferred to a fresh mother
liquid containing 10 mM potassium ferricyanide as an electron acceptor for the
pre-flashing samples, and 2 mM potassium ferricyanide for the samples without
pre-flash (non-pre-flash). The concentration of “cryo-protectant” was then increased
finally to 22% glycerol, 9% PEG1,450 and 9% PEG5,000 MME by a stepwise
replacement of the mother solution in 1.5 hours. Finally, the crystals were carefully
mixed with a grease matrix, Super Lube nuclear grade grease (Synco Chemical Co.),
and loaded into a high viscosity micro-extrusion injector as described previously®3.

Although SFX can be performed at room temperature and there is no need to freeze
the crystals, we found that this post-crystallization procedure to increase the
“cryo-protectant” concentration was important for obtaining good diffracting PSII
crystals. When the post-crystallization procedure was not adequate, some crystals gave
rise to larger unit cell dimensions of a = 129.1 A, b = 228.8 A and ¢ = 305.4 A
(Extended Data Fig. 6a-c). Diffraction spots from the crystals with this larger unit cell
were found to be lower than 3.0 A resolution probably due to the loose crystal packing.
Indeed, we found that the PSII dimer in this crystal packing harbored two PsbY subunits
(one PsbY per monomer PSII) (Extended Data Fig. 6e). On the other hand, only one
PsbY was found in the PSII dimer (one monomer contained PsbY whereas the other

monomer did not) in the structure with the unit cell dimensions of a = 126.5 A, b =
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231.2 A and ¢ = 287.5 A analyzed in this study (Extended Data Fig. 6f). When the two
structures were superimposed, one of the two PsbY subunits in the dimer structure with
the larger crystal packing indeed interfered with the adjacent monomer in the structure

with the smaller crystal packing (Extended Data Fig. 6d-f).

Pre-flash illumination of PSII crystals

In order to decrease the possible contamination of the So state in the dark-adapted
crystals, PSIlI micro-crystals were illuminated with one pre-flash before the
post-crystallization treatment. This was carried out as follows. An aliquot of 100 pl
solution containing micro-crystals of PSII was transferred into a dialysis button, and the
pre-flash was provided by a Nd:YAG laser (Minilite-1, Continuum) at 532 nm with a
diameter of 7 mm (large enough to cover the entire sample area) at an energy of ~52
mJ/cm? at the sample position. After the pre-flash illumination, the sample was stored
for 1-3 hours in the dark condition while being transferred into the cryo-protectant
conditions. This dark-incubation time was long enough to allow the higher Si-states (S>
and S3) to decay into the S; state, and therefore minimize the possible contamination of

the So state in the dark-adapted crystals, if there are any.

Estimation of the S3 population in the PSII crystals by ATR-FTIR measurements

The population of the Ss state after 2 flashes in the PSII micro-crystals was estimated
using light-induced Fourier transform infrared (FTIR) difference spectroscopy
combined with the attenuated total reflection (ATR) method. PSII crystals in the same
buffer as the SACLA experiments (including 10 mM potassium ferricyanide) were

loaded onto a three-reflection silicon prism and then sealed with a transparent plate and
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a silicone rubber spacer. For the measurement of standard spectra, the PSII core solution
was loaded on the silicon prism, and the sample temperature was maintained at 20°C.
FTIR spectra were recorded at 4 cm™® resolution using a Bruker IFS-66/S
spectrophotometer equipped with an MCT detector. Flash illumination was provided by
a Q-switched Nd:YAG laser (Quanta-Ray INDI-40-10; 532 nm, ~7 ns FWHM, ~21 mJ
cm2). Saturation of the laser flash was confirmed by checking the power dependence of
the FTIR signal. After two pre-flashes with subsequent dark adaptation for 30 min, two
flashes with an interval of 10 sec were applied to the sample and FTIR difference
spectra were measured upon each flash. We confirmed that the higher S-states decay
very little during this 10 sec interval. This measurement was repeated 10 times to
increase the signal-to-noise ratio of the spectra, with each measurement separated by 30
min dark incubation.

The FTIR difference spectra obtained upon the 1st (a) and 2nd (b) flashes of PSII
complexes in solution (black lines) and crystals (red lines) are shown in Extended Data
Fig. 2. The spectra are normalized by the intensity of the amide Il band, which reflects
the protein amount. The efficiencies of the S-state transitions in the PSII crystals were
estimated following the method previously described?®=°. The 1st- and 2nd-flash spectra
in the PSII crystal, f1(v) and f2(v), respectively, were fitted with linear combinations of
the 1st- and 2nd-flash spectra in solution, F1(v) and F2(v), respectively, as standard
spectra: f1(v) = cuF1(v); f2(v) = caF1(v) + c22F2(v), where c11, C21, and ¢z are the
coefficients of linear combination. The least-squares fitting was performed in the
symmetric COO™ region (Extended Data Fig. 2b). The coefficients were estimated to be
cu1 = 0.73 £ 0.02, c21 = 0.27 £ 0.01, and c22 = 0.64 + 0.02. The efficiencies of the

S1—S> and S»—S3 transitions are expressed as aoc11 and ao(C22/C11), respectively, and
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the population of the S state after the 2nd flash is calculated as ao®C22. Here, ao is the
average efficiency of S-state transitions in solution and it was determined to be 0.85 +
0.01 from the oscillation pattern of the intensity at 1400 cm™* 3132 obtained by 12
consecutive flashes. Based on this, the population of the Ss state in the PSII

micro-crystals after 2 flashes is estimated to be 0.46 + 0.03.

Diffraction experiment at SACLA-XFEL

Single-shot XFEL data collection was performed using femtosecond X-ray pulses from
the SACLA at BL3. The pulse parameters of SACLA were as follows: pulse duration,
2-10 fsec; X-ray energy, 7 keV; energy bandwidth, 0.5% (FWHM); pulse flux, ~7 x
10%° photons/pulse; beam size 3.0 um (H) x 3.0 pm (W); repetition rate, 30 Hz.

The PSII crystals mixed with grease were loaded into an injector with a nozzle
diameter of 150 um, and set in a diffraction chamber filled with helium gas in a setup
called Diverse Application Platform for Hard X-ray Diffraction in SACLA
(DAPHNIS)*3. The flow rate was set to 5.6 pl/min (5.28 mm/sec) for the 2F-data and
2.8 ul/m (2.64 mm/sec) for the dark-data. The diffraction patterns were recorded using a
multiport CCD detector®. Because the excitation laser pulses were provided at 10 Hz
and the XFEL pulses had a repetition rate of 30 Hz, each “pump-on” image was
followed by two “pump-off” images, which were recorded separately. The "pump-on™
images were used to analyze the 2F-state structure, whereas the diffraction data for the
dark-state was collected by a separate run.

To advance the PSII samples to the Ss-state, two consecutive excitation laser flashes
were provided from two separate Nd:YAG laser sources (Minilite-1, Continuum) to the

sample at t=0 msec and t=10 msec (i.e., the two flashes were separated by 10 msec) for
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the pre-flashed samples, and t=0 msec, t=5 msec (separated by 5 msec) for the
non-pre-flashed samples, respectively. To ensure sufficient excitation, each of the pump
lasers were split into two beams, and each beam from the same pump laser (pump 1 or
pump 2) was focused on the same sample point with an angle of 160° with respect to
each other (a nearly counter-propagating geometry). The two beams from pump 1 were
used for the first flash illumination, whereas the other two beams from pump 2 were
used for the second flash illumination. The pump focal diameter of all beams was set to
240 pum (top-hat) and its energy was 42 mJ/cm? from each direction. The XFEL pulses
were provided 93 um downstream from the pump focal center at a time 10 msec for the
pre-flashed samples and 15 msec for the non-pre-flashed samples, respectively,
following the second excitation laser (the total time following the first flash is therefore
20 msec in both cases) (Fig. 1d-e). At the flow rate of 5.6 pl/min, each
pump-illuminated crystal for the “pump-on” XFEL images was separated by 528 um,
which was long enough to avoid the influence from the previous excitation lasers, as the
illumination point by the last laser extends to only 120 um from its center of

illumination.

Data processing

The background of the detector was estimated by averaging dark images and subtracted
from diffraction patterns. Diffraction images were filtered by the program Cheetah®*%
adapted to SACLA, and processed by the program CrystFEL®'. The parameters
“min-snr”, “thresholds”, “min-gradient” used for peak-detection during spot-finding
were as follows: 6, 500, 10,000 for the pre-flashed dark- and pre-flashed 2F-data; 5, 500

and 10,000 for the non-pre-flashed dark-data; 5, 500 and 5,000 for the non-pre-flashed
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2F-data. Indexing was performed using DirAx*® and Mosflm*® with peak integration
parameters “int-radius= 3, 5, 7”, where the unit cell information was provided to avoid
integration of the diffraction images from the crystals with a longer ¢ axis. Before
Monte-Carlo integration, the indexed images with either a “diffraction_resolution_limit”
lower than 4.2 A or a “num_peaks” less than 400 were discarded. The numbers of total
images collected, the hit images filtered by Cheetah, the indexed images and the
number of images used for refinement for pre-flashed samples were as follows: 408,071,
76,047, 64,985, 27,497 for the dark data; 273,550, 60,885, 51,482, 21,680 for the
2F-data. The corresponding numbers for the non-pre-flashed samples are 462,343,
70,083, 54,956 and 22,341 for the dark data; 876,874, 165,463, 63,711 and 23,903 for
the 2F-data (Extended Data Table 1). The Lorentz factor for still snapshots was applied
manually to the averaged intensities of the pre-flashed dark and 2F datasets*®. The
statistics for the data collection were given in Extended Data Tables 1 and 2, which
showed that our data for both dark and 2F-states had a resolution of 2.35 A for the
pre-flashed samples, and 2.5 A for the non-pre-flashed samples, based on the cut-off
value of around 50% for CCy2. We should point out that the overall multiplicities of all
our data are very high, and even at the highest resolution shell, the multiplicity well
exceeded 500. Together with the facts that: (i) the values of CCy» in the highest
resolution shells are reasonably high; (ii) CCuy2 decreases gradually without any
abnormal disrupt from the low resolution to higher resolution shells; and (iii) the value
of CCy2 in the highest resolution shell is reasonably consistent with the value of 1/o (1)
(theoretically 0.5 of CCy/2 corresponds to 2.0 of I/o (1), and any substantial deviations
from these values are indicators of systematic bias and/or problems in the error model,

see ref. 41), we consider that the quality of the data in the present study is reasonably
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high to allow us to reveal the small structural changes induced by the flash

illuminations.

Structural refinement for the pre-flashed dark-adapted Si state, and
non-pre-flashed Si state and 2F state

The initial phases up to 4 A resolution were obtained by molecular replacement with the
program Phaser in the CCP4 suite*? using the 1.95 A resolution XFEL structure of PSII
(PDB accession code 4UBG°) as the search model, in which OEC and its direct ligands,
Qs, waters and glycerol molecules were omitted. After a few cycles of the rigid body
refinement and subsequent real space density modification using solvent flattening,
histogram matching and non-crystallographic symmetry averaging with the program
DM in the CCP4 suite®?, the electron density map obtained showed features clear
enough to allow us to build the model with confidence. Structural refinement was
performed with the program Phenix*® and the model was manually modified with the
program COOT*4, After a few cycles of the restrained refinement, water molecules were
placed in positions corresponding to the water molecules in the higher-resolution
structure where positive peaks higher than 3.5¢ in the mFo-DF: map were clearly
identified. Then, based on the resulted mF,-DF. map, water molecules and glycerol
molecules were additionally located when the positive peaks higher than 36 were found.
Qs, OEC and its direct ligand residues were modeled in the final step. In our previous
work of XFEL structural analysis at the 1.95 A resolution®, the exact positions of the
oxo-bridges were identified in the mFo-DF. map by omitting the oxo-bridged oxygen
atoms; however, when the restrained refinement was performed in the same way in this

study, the temperature factors of the manganese and/or calcium atoms in OEC were not
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converged, and gave rise to very high values due to the limited resolution of 2.35 - 2.5
A. Thus, we built the OEC structure using the geometric restraints based on the
Mn4CaOs cluster in the 1.95 A resolution XFEL structure, and applied tight distance
restraints of ¢ = 0.02 A to the Mn-O bonds, Ca-O bonds and Mn-ligand residue
distances during the refinement. No restraints were given to the Mn-Mn distances and
Mn-Ca distances. The R-factor and R-free values obtained were 0.133, 0.171 for the
pre-flashed dark-state, and their corresponding values were 0.139, 0.186 for the
dark-state, 0.139, 0.187 for the 2F-state of the non-pre-flashed samples (Extended Data

Table 1).

Structural refinement for the pre-flashed 2F state

Given the population of the Ss state estimated from the FTIR measurement, the
diffraction data obtained from the 2F-illuminated sample is expected to contain those
partly from the S, and S; states of PSII, which means that the resulted electron density
would be a mixture of these S-states including the Sz state. Even with a high resolution
dataset, the structural refinement of the mixed states (or mixed structures) would be
challenging, especially when the mixed structures are very similar as in the case of PSII.
As we did not have the structure corresponding to the S, state, we refined the
pre-flashed 2F dataset as a mixture of the S; state structure and 2F state structure®. The
occupancies for the Si structure and 2F state structure was set to 0.2 and 0.8,
respectively, on the basis of the distributions of the temperature factors. The region in
which the structure was refined in multiple states were selected based on the large peaks
observed in the isomorphours difference Fourier map, and the rest was refined as a

single conformation. As a result, thirty-five amino acid residues, five water molecules,
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one non-heme iron, one Qg and one OEC per monomeric PSII were modeled as
multiple states. During the restrained refinement, the coordinate for the Si state
structure was fixed. Relatively loose geometric restraints for distance, angle and plane
with relatively high sigma values (three to ten times larger than the default values) were
applied to OEC and Qg during the refinement. A large positive peak of 10.3c for
monomer-A and 9.5¢ for monomer-B found at a position with distances of 1.5 A and
2.3 A to 05 and Mn1D, was modeled as a new oxo-oxygen O6 with an occupancy of
0.4, which gave rise to a temperature factor similar with its nearby atoms. This is also
consistent with the population of the Sz-state estimated from the FTIR results. The

R-factor and R-free values thus obtained were 0.129, 0.176, respectively.

Data availability

The structure factors and atomic coordinates have been deposited in Protein Data Bank
(PDB) with accession numbers 5WS5 and 5WS6 for the pre-flashed dark-stable S; state
and 2F states; 5GTH and 5GTI for the non-pre-flashed dark-stable S; state and 2F-state,
respectively. All other data associated with this manuscript are available from the

authors on reasonable request.
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Legends for Extended Data Figures and Tables

Extended Data Figure 1 | Micro-sized crystals of PSII, its diffraction image and
guality of the diffraction datasets. a, Micro-sized crystals of PSII used for TR-SFX. b,
A diffraction image from a micro-sized PSII crystal obtained with a single pulse from
SACLA-XFEL. c-f, Quality of the datasets. CC1/2 (c), Rspit (d), multiplicity (e) and
<l/a(l)> (f) vs resolution for the dark-data and the 2F-data of the pre-flashed samples.

Extended Data Figure 2 | Measurement of the Sz state population upon
2F-illumination by FTIR. a, ATR-FTIR difference spectra upon the 1st (a) and 2nd (b)
flashes of the PSII crystal (red lines) and PSII solution (black lines). b, Result of the
least-squares fitting analysis of the 2nd-flash spectrum of the PSII crystal in the
symmetric COO™ region (1470-1300 cm ™). The spectrum of the PSII crystal (red line)
was fit with a linear combination of the 1st- and 2nd-flash spectra of the solution sample,
F1(v) and F2(v), respectively (black lines in panel a). The resultant fitting spectrum
(gray line) and the two components, 0.27F1(v) (blue line) and 0.64F2(v) (green line),
are also shown in panel b.

Extended Data Figure 3 | Anomalous signals obtained with the XFEL beam. a-b,
Anomalous difference Fourier maps for OEC atoms (a), a region around OEC (b), and a
newly identified Ca binding site in CP43 (c), of the non-pre-flashed dark-data are
shown. The maps are shown in cyan and magenta contoured at 46 and 12¢ (a), gray
contoured at 3o (b) and cyan contoured at 4c (c). d, Histogram analysis of the
anomalous map of the non-pre-flashed dark data.

Extended Data Figure 4 | Electron density maps and structural changes around Yp
between the non-pre-flashed 2F and dark-datasets. a, Isomorphous difference
Fourier map between the non-pre-flashed 2F-state and dark-state datasets shown in
green (positive) and red (negative) contoured at +5c, superimposed with the
non-pre-flashed dark-structure and 2F-structure. Non-pre-flashed dark and 2F structures
are colored in yellow and green, respectively. The two different positions of W508
observed in the 1.95 A resolution XFEL structure (W5081 and W508I1) are shown as
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black dots. b-c, 2mF,-DF¢ map and mF,-DF¢ map of the non-pre-flashed dark-state (b)
and 2F-state (c). 2mFo-DF¢ map is colored in gray contoured at 1.5¢, and mFo-F¢ map
is colored in cyan (positive) and brown (negative) contoured at +4c.

Extended Data Figure 5 | Electron density maps for the O4-water chain. The
mFo-DF¢ maps calculated for the O4-water chain by omitting the four water molecules
W567, W665, W542 and W546 are shown for the non-pre-flashed dark-state (a and b)
and 2F-state (c and d). The maps shown are for monomer-A (a and ¢) and monomer-B
(b and d) in cyan (positive) and orange (negative) contoured at £3c.

Extended Data Figure 6 | Distribution of the unit cell parameters and crystal
packing of PSII for the non-pre-flashed samples. a-c, Distributions of unit cell
parameters for the dark-state images (a), and 2F-state images (b) from the
non-pre-flashed samples and the dark-images when the post-crystallization procedure
was not adequate (c) are shown with their average lengths and the standard deviations.
No large differences were observed between the dark-images and the 2F-images,
whereas a longer ¢ axis was observed in (c). d-f, Comparison of the crystal packing
between the dark-state and the dataset with a longer ¢ axis is shown in a view direction
perpendicular to the bc plane. Color codes: PSII and the crystallographic symmetric
molecules in the dark state, cyan and blue; PSII, PsbY subunits in PSIlI and the
crystallographic symmetric molecules in the dataset with a long ¢ axis, gray, red and
khaki; Note that PsbY has considerable steric hindrance with the adjacent PSIlI molecule
in the crystal packing of the dark data (e).

Extended Data Table 1 | Statistics of the diffraction data and structural
refinements for the dark-state and 2F-state datasets of both pre-flashed and
non-pre-flashed samples, collected at SACLA (a), and the Riso values between the
different data sets (b).

Extended Data Table 2 | Statistics for the processing of the diffraction data for the
dark-state (a), 2F-state (b), pre-flashed dark-state (c), and pre-flashed 2F-state
collected at SACLA.

34



Extended Data Table 3 | List of the top 30 anomalous peaks identified in the
non-pre-flashed dark state and 2F state datasets.
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ED-Fig. 6
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ED-Table 1

a

preflash-dark-data
(5WS5)

preflash-2F-data
(5WS6)

dark-data
(5GTH)

2F-data
(5GTI)

Data collection statistics
Wavelength / A
No. of collected images
No. of hit images
No. of indexed images
No. of images used for
refinement

Space group

Unit cell / A

Resolution / A

No. of unique reflections

1.77
408,071
76,047
64,985

27,497

P2,2,2,
a=124.7, =229.9, c=285.5
50.0 - 2.35 (2.44 - 2.35)*
357,086 (35,393)*

1.77
273,550
60,885
51,482

21,680

P2,2,2,
a=125.0, b=230.2, c=286.0
50.0 - 2.35 (2.44 - 2.35)"
357,084 (35,393)*

1.77
462,343
70,083
54,956

22,341

P2,2,2,
a=126.2, b=231.1, c=287.5
50.0 - 2.50 (2.60 - 2.50)*
290,634 (28,847)"

1.77
876,874
165,463
63,711

23,903

P2,2,2,
a=126.5, b=231.2, ¢=287.5
50.0 - 2.50 (2.60 - 2.50)"
290,634 (28,847)*

Completeness / % 100 (100)* 100 (100)* 100 (100)* 100 (100)*
Multiplicity 978 (714)" 742 (546)* 760 (557)" 824 (605)*
R split* 0.054 (1.033)* 0.062 (1.045)* 0.057 (0.959)* 0.055 (0.931)*
cc1/2’ 0.994 (0.438)* 0.995 (0.445)" 0.997 (0.505)* 0.997 (0.535)"
mean l/o (1) 10.5 (1.1)* 9.2 (1.1)" 1.1 (1.2)* 10.6 (1.2)*
Refinement statistics
Resolution / A 50.0-2.35 50.0-2.35 50.0 - 2.50 50.0 - 2.50
R factor 0.133 0.129 0.139 0.139
R free 0.171 0.176 0.186 0.187
Wilson B / A? 59.9 58.3 71.5 71.4
Average B (overall) / A? 71.9 67.2 48.2 51.6
Average B (protein) / A>  71.9 67.2 48.1 51.4
Average B (OEC) / A? 60.1 53.1 35.5 36.4
Average B (solvent)lﬁ\2 72.4 66.7 494 54.9
RMSD bond length / A 0.008 0.009 0.008 0.008
RMSD bond angle / deg.  1.41 1.37 1.39 1.37
Ramachandran plotH
Favored / % 98.0 97.8 97.5 97.8
Allowed / % 1.9 2.0 2.3 2.0
Qutliers / % 0.2 0.2 0.2 0.2
‘Values in parenthesis indicate those for the highest resolution shells.
R =2 zw‘!m. = loaal / ZW(L‘-MHW)
SCC1/2 is the correlation coefficient between two half data sets.
'Calculated with MolProbility.
preflash-2F-data dark-data 2F-data
(5WS6) (5GTH) (5GTI)
preflash-dark-data 0.056 0.106 0.127
(5WS5) (0.209)* (0.281)* (0.344)*
preflash-2F-data - 0.118 0.112
(5WS6) - (0.319) (0.304)*
dark-data - 0.070
(5GTH) - (0.220)*

"Values in parenthesis indicate those for the highest resolution shells.
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ED-Table 2

a
ongue completeness  measured
resolution (A)  reflections (%) reflections  redundancy Ha(l) CCyp R oo (%)
9.00 36,825 100.0 66,021,239 1,793 23.07 0992 4.34
4.40 35,963 100.0 46,364,827 1,289 2314 0.994 4.52
3.88 35,769 100.0 37,386,049 1,045 1871 0.994 5.28
328 35,670 100.0 31,907,310 895 1344  0.990 7.16
3.02 35,557 100.0 31,040,638 873 9.71 0.985 9.82
2.82 35,568 100.0 29,573,853 832 6.61 0.971 14.96
267 35,456 100.0 28,189,990 795 430 0939 23.58
2.54 35,470 100.0 27,079,798 764 269 0847 39.60
244 35,415 100.0 26,090,530 737 1.68  0.664 65.62
2.35 35,393 100.0 25,255,891 714 1.08 0438 103.25
overall 357,086 100.0 348,910,125 977 10.51 0.994 5.40
b
unigue completeness . measured
resolution (A)  reflections (%) reflections  redundancy Ha(l) CCyp R spir (%)
9.00 36,823 100.0 48,804,995 1,325 19.82 0.994 5.00
4.40 35,964 100.0 35,278,411 981 20.35 0.983 5.05
3.68 35,769 100.0 28,642,604 801 16,40  0.981 6.10
3.28 35,670 100.0 24,378,251 683 10.99 0.984 9.19
3.02 35,556 100.0 23,732,000 668 8.45 0979 11.55
2.82 35,568 100.0 22,611,764 636 583 0960 17.34
267 35,456 100.0 21,561,321 608 3.89 0920 26.85
2.54 35,470 100.0 20,719,126 584 252 0.826 43.08
244 35,415 100.0 19,940,363 563 1.63 0.642 68.97
2.35 35,393 100.0 19,310,841 546 1.08  0.445 104.47
overall 357,084 100.0 264,979,716 742 9.16  0.995 6.24
C
TNIGUC complelenass . measured
resolution (A) reflections (%) reflections  redundancy Ho(l) CCyp R oot (%)
9.49 30,009 100.0 40,691,907 1,356 2700  0.99 379
468 29,313 100.0 29,392,721 1,003 2500 0.997 3.89
3.92 29,112 100.0 25,034,725 860 1974 0.996 4.87
349 29,028 100.0 20,173,931 695 12.83 0992 7.66
3.21 28,988 100.0 19,347,973 667 8.28 0.981 12.50
3.00 28,840 100.0 18,611,348 645 543 0.953 2011
2.84 28,899 100.0 17,898,661 619 3.69 0.907 30.31
2.71 28,821 100.0 17,176,315 596 251 0820 45.06
2.59 28,777 100.0 16,572,575 576 1.71 0.694 66.15
2.50 28,847 100.0 16,077,916 557 121 0.505 95.93
overall 290,634 100.0 220,978,072 760 11.09  0.997 567
d
unique completeness measured
resolution (A) reflections (%) reflections  redundancy Ho{l) CCyp R gt (%o)
9.49 30,009 100.0 43,880,782 1,462 26.79  0.996 3.58
458 29,313 100.0 31,866,344 1,087 2443 0997 3.81
3.92 29,112 100.0 27,192,707 934 19.12  0.996 4.90
3.49 29,028 100.0 21,909,015 755 12.36  0.992 7.76
a.z21 28,988 100.0 21,010,918 725 7.99 0.981 12.56
3.00 28,840 100.0 20,214,259 701 526 0.954 2013
2.84 28,889 100.0 19,430,046 672 3.80 0907 30.29
2.71 28,821 100.0 18,647,894 647 246 0.827 44.89
2.59 28,777 100.0 17,994,968 625 170 0.703 65.79
2.50 28,847 100.0 17,445,736 505 1.21  0.535 93.11
overall 290,634 100.0 239,592,669 824 10.58 0.997 5.54
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ED-Table 3

dark 2F
peak hight (o) location Monomer peak hight (o) location Monomer
1 227 Mn1D B 222 Mn1D B
2 20.7 Mn1D A 21.2 Mn2C A
3 19.0 Mn3B A 19.7 Mn1D A
4 18.0 Mn3B B 19.0 Mn3B A
5 17.7 Mn4A A 17.1 Mn3B B
6 17.4 Mn4A B 16.4 Mn4A A
7 6.6 Ca1-OEC A 15.0 Mn4A B
8 6.3 CL1 B 6.3 CL1 A
9 6.3 Ca-PsbO B 59 Cys44-PsbO A
10 6.2 Cys44-PsbO A 59 Ca1-CP43 B
11 6.2 Met396-CP43 A 59 Met40-Cytb557 B
12 6.0 Met331 A 5.8 Ca2-CP43 B
13 59 Met35-PsbH A 56 Cys288-CP43 A
14 5.7 Met198-D2 B 5.6 Met359-CP47 B
15 5.6 Met293 A 55 Met138-CP47 A
16 55 Cys71-D2 A 53 Met25-CP47 A
17 5.5 Met183 B 5.3 Met329-D2 A
18 5.5 Met330-CP47 B 52 CL2 B
19 55 Met37-CP47 B 52 Met342-CP43 B
20 55 Cys37-PsbV A 5.1 Ca1-OEC B
21 5.5 Met359-CP47 B 5.0 Ca-PsbO A
22 5.3 Met194 A 5.0 Ca2-CP43 A
23 52 Cys44-PsbO B 5.0 Met1-PsbT B
24 5.2 Met198-D2 A 5.0 Met256-CP47 A
25 5.2 SQDG A 5.0 Met271-D2 A
26 5.1 Met1-PsbT A 4.9 Met330-CP47 A
27 5.1 Cys19-PsbO A 4.9 Met246-D2 B
28 5.0 Met469-CP43 B 49 Met293 A
29 5.0 Cys47 A 4.8 Met60-CP47 B
30 5.0 Cys150-CP47 B 4.8 Met104-PsbV A
10 (e / A°) 0.00933 0.00988
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