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During photosynthetic water oxidation, the Mn4Ca cluster in Photosystem Il
progresses through five intermediate S; (i = 0-4) states. X-ray crystallography
studies have reported the insertion of one new O ligand during the formation
of the S; state, but recent studies question the presence of this additional
ligand based on cryo-EM and earlier room-temperature crystallography data.
There is also controversy about whether the O-O bond interaction already
occurs in the S; state or in the subsequent S; to So transition. Here we report
conventional high-resolution data for the S;, S,, and S; states to a resolution of
~-1.9 A, and anomalous diffraction data at two energies (9.5 keV and 7 keV), that
was used to model the Mn positions, followed by determination of oxygen
positions using the high-resolution maps. We show that the new oxygen atom,
Oy (or 06), in the S5 state is observable as a distinct peak without any
restraints, confirming its ligation to Mnl1 and Ca. The Ox-O5 distance is ~2.1A,
supporting no strong interaction between them in the S; state, suggesting that
if this is the O-O bond formation site, it is formed during the S; to S transition

Published online: 22 August 2026
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initiated by the final oxidation of the cluster.

In oxygenic photosynthesis, energy from sunlight is harnessed and
converted to chemical energy in green plants, algae and cyanobacteria,
through a chain of reactions'. The very first step of these reactions
takes place in Photosystem Il (PS II), a multi-subunit membrane protein
complex, where electrons and protons are extracted from water using
light, as follows:

2H,0 — O, +4H" +4e~

PS II carries out this reaction by coupling the four-electron oxi-
dation of water at the oxygen-evolving complex (OEC—the Mn,Ca
cluster and surrounding water and amino acid residues), with the one-
electron photochemistry occurring at the reaction center, where light
is absorbed. It cycles through five intermediate S-states (Sp to S4) that
correspond to the abstraction of four successive electrons from the
OEC (Fig. 1)*°. During this multi-photon induced, multi-electron cata-
lysis, spatially and temporally controlled transport of electrons,

protons, and water substrate to and from the OEC is essential for
maintaining the intactness, efficiency, and turnover of the catalyst®.
The recent advent of characterization tools such as serial fem-
tosecond crystallography and cryo-electron microscopy (cryo-EM)
have been very consequential. Following extensive efforts in tradi-
tional synchrotron X-ray crystallography at cryogenic temperatures
(for example®”), X-ray free-electron laser (XFEL)-based crystal-
lography at room temperature has had a profound influence on the
structural and mechanistic studies of the water oxidation reaction.
The method has enabled researchers to follow the structural and
chemical changes under the enzyme’s functional conditions®™,
leading to the crystal structures of the intermediate states (So, S;, S»,
and S;) at -2 A, and also to the observation of structural changes
during S-state advancements'®**', Furthermore, single particle cryo-
electron microscopy has made it possible to investigate structures of
PS Il from diverse organisms”*2. However, conclusions about the
precise structure of the MnyCa cluster in its various S-states are
presently not possible from cryo-EM studies due to uncertainties
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Fig. 1| Overview of photosystem II (PS II), the oxygen evolving complex (OEC)
and the Kok cycle and the refinement workflow used in this paper. a Overall
structure of PS Il embedded in the thylakoid membrane. The electron transfer chain
is highlighted in color. It consists of the initial charge separation region (Pggo
reaction center chlorophylls), the electron acceptor side (Pheophytins—Pheo,
Quinones—Q,, Qg and associated components) and the electron donor side that
includes redox-active Y, and the OEC where the water oxidation reaction takes
place. b The OEC is a Mn4Ca cluster with several bridging oxygens and is ligated to
several waters and amino acids in the lumenal side of PS II. The Kok cycle is the

S =14 )
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4-step water oxidation cycle taking place at the OEC driven by the sequential 1
photon absorption (1F through 4F) in the P¢go region of PS I1. ¢ Structure of the OEC
in the S; and S; states from previous work'** show binding of an additional water
molecule (Ox or 06) upon application of 2 laser flashes. Mn centers are shown in
purple, Oy in yellow, O in red, and Ca in green. d Structural refinement workflow to
obtain the final OEC structures shown in this paper. Both anomalous and conven-
tional diffraction data were used to model the Mn locations and the O positions
precisely. We also validated the restraints used in the refinement. See Supple-
mentary Fig. 7 for a more detailed figure.

regarding the S-state population and the well-documented radiation
damage to the Mn,Ca cluster during data collection??,

A key structural insight gained from XFEL crystallography in PS II
is the visualization of a new oxygen ligand at the OEC during the S, to
S5 transition'>, followed by its disappearance when transitioning
from the S; to the Sy state'®". The results show that a newly inserted
ligand (Ox or 06) in the catalytic center can be distinctly identified in
the room temperature crystal structures taken at various time points
during the oxidative process, and its later disappearance in the S5 to So
transition indicate the involvement of this ligand in the O-O bond
formation and the release of molecular oxygen. While XFEL structural
studies point to the presence of this new ligand in the S; state'>>™,
there is ongoing debate about whether this ligand is even present and
if present what is the chemical nature of this oxygen, ie., whether it
exists as hydroxo (HO), or oxyl (O”) in which this oxygen interacts with
the neighboring 05"%*"% forming a putative 0-O bond. We also note
that there is ongoing controversy regarding the interpretation of the
XFEL serial crystallography data and whether it is sufficiently robust to
confirm the presence of this additional oxygen in the S; state’®”.
Recent theoretical studies challenge the XFEL crystallography data

analysis on the basis of a perceived mismatch of assigned Mn oxidation
states and reported Mn-Mn, Mn-O, and Mn-ligand distances?®**. While
the structural refinement process in crystallography involves multiple
intricate steps, typically only the final structural models are presented.
This makes step-by-step validation of the refinement process and
reproducibility and reliability of the structural models challenging. In
particular, modeling metal cofactors in metalloenzymes, which often
requires chemically meaningful stereochemical restraints, could dic-
tate atomic distances in the final model and potentially limit the flex-
ibility required to accurately represent biological systems.

The main goal of this study is to resolve the ongoing debate over
the structure of the S; state, a key intermediate formed after the sec-
ond laser flash from the dark S; state using two sets of data. Anomalous
diffraction data first provided a validation for the location of the Mn
atoms (Fig. 1d). For the second step, we then used higher-resolution
conventional diffraction data (~1.9 A), which reduces the modeling
error and the reliance on restraints compared to previous studies at
lower resolutions (2.1 A). Combining the results precisely define the
positions of the bridging O atoms and conclusively shows the presence
of an additional ligand in the S5 state. We further discuss the chemical

Nature Communications| (2026) 17:8818


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-76805-9

nature of the Ox ligand and its role in the O-O bond formation
mechanism. We show that the Ox-O5/other O-atom distances are
incompatible with the 0-O bond formation in the S; state, thereby
supporting the formation of such bond during the S; to S transition.

The method we describe here for evaluating the effect of chemical
restraints and estimation of coordinate errors in the derived OEC
model is also widely applicable to other metalloenzymes. An important
goal of many such studies®** is to detect and evaluate subtle yet
functionally important structural changes in time-resolved crystal-
lography data in which a multi-metal catalytic center goes through
complex redox changes. The techniques presented here address sev-
eral common challenges in interpreting functional data such as dis-
entangling multiple components and modeling light atoms
coordinated to metal centers.

Results

Use of anomalous signals for determining accurate Mn positions
in the OEC

XFEL crystallography data for the dark stable state (OF, predominantly
in the S; state), as well as the one flash (IF, 90% S,) and two flash (2F,
65% S; and 35% S,, see Methods for population estimates) data for PS Il
were collected at an X-ray energy of 9.5 keV and merged to a resolution
of 1.97 A, 1.98 A and 1.93 A, respectively. Details of the data collection
are described in the Methods section. We first assess and validate the
accuracy of the Mn positions in each S-state using anomalous electron
density maps (see below for explanation), including additional
anomalous data collected at an X-ray energy of 7 keV. This approach
allows deconvolution of the contribution by Mn to the electron density
and thereby making it easier to identify the O positions. Subsequently,
we present multiple lines of evidence for Oy insertion in the 2F state
using both anomalous and conventional diffraction data. Lastly, the
modeling of oxygen positions in the Mn4Ca cluster is analyzed along
with changes in the Mn/Ca ligand environment. We note that PS Il is
crystallized as a homo-dimer and out of the two PS Il monomer sites
(monomer I and II, see Supplementary Notes 2 for definition), the
results from monomer | are discussed here. While there are small
structural differences between the two monomers due to the packing
environment”?, the overall structural changes in monomer Il are very
similar to those of monomer I, and their equivalent of Figs. 2, 3 and 4
are provided in the Supplementary Figs. 2-4.

Figure 2a compares the regular 2F, - Fc map with the anomalous
maps around the Mn sites. The 2F, - F- map was generated using
conventional intensities (i.e., lops(+), lops(-), were averaged), which
represents the conventional method in X-ray crystallographic ana-
lysis for placing atoms such as Mn and O. In contrast, the anomalous
maps were generated by the difference in the intensity of the Friedel
pairs, (Iops(+), lops(-)). Metal atoms such as Mn in PS II scatter X-ray
strongly and the signal intensity in the anomalous diffraction map
depends on the atom’s anomalous scattering coefficients (7, see
Fig. 1d). Other key factors include resolution, flexibility, as well as
experimental errors. The intensity of f”is a function of X-ray energy;
at 9.5keV, f” of Mn is ~2.0 e which is about 50% of its maximum
intensity at the Mn K-edge (6.56 keV) (Fig. 2b) whereas the intensity
of f” for carbon or oxygen is only ~0.01 e". Therefore, metals such as
Mn dominate the signal in anomalous maps at the X-ray energies
studied here and the anomalous diffraction signal (4,,,,=| |[Fobs(+)| - |
Fobs()| |, where F is the complex form of the structure factor,
lobs™ |F,,,,s\2) is the most sensitive measure for identifying the loca-
tion of metals. The power of anomalous diffraction data is demon-
strated by their use in de novo phasing methods in X-ray
crystallography, enabling the precise localization of metal ions
within the unit cell without requiring prior knowledge of the protein
structure. In the approach presented here, we are able to identify
the Mn positions without any prior information about their place-
ment in the structure, minimizing model bias.

The anomalous map peak heights at all 4 Mn atoms exceed 90,
with Mnl and Mn2 showing the highest peak heights (11-120) (Supple-
mentary Figs. 5), and Mn4 showing the lowest peak height with the
highest B-factors. The comparison of the 2F, - Fc map with the anom-
alous maps agrees well within the coordinate error of refinement® as
well as the grid spacing used for both maps (Fig. 2a top). Furthermore,
the Mn-Mn distances calculated from the centroids of Mn density in
both maps match closely (Supplementary Table 5). The results confirm
that the Mn positions determined from conventional map analysis and
refinement are consistent with those obtained from anomalous data.
The pure S-state refined models (after deconvolution of the flash data
based on population analysis; see modeling approach in Methods) are
overlayed in Fig. 2a. The Mn-Mn distances obtained from the current
data set at 9.5keV are shown in the 2nd row of the figure (see also
Supplementary Fig. 1 for alternate view of anomalous density). In the S;
to S, transition, we observe a slight shortening of the Mn3-Mn4 distance
from 2.78 + 0.03Ato 2.72 + 0.03 A. The errors reported in this paper,
unless otherwise stated, were calculated using the END/RAPID proce-
dure (see Supplementary Methods). In addition, changes to the ligation
environment of Mn4 are also observed (see section on ‘Mn-O distances
in the cluster’ below). These observations are compatible with the
oxidation of the Mn4 site. In the S, to S; transition, an expansion of the
OEC cluster is observed, with the increased distances of the Mn1-Mn3
(325 +0.04 Ato 3.41 £ 0.03 A) and Mn1-Mn4 (4.86 + 0.03At05.14 +
0.03 A) pairs. The Mn-Mn distances from anomalous density for the
three di-p-oxo bridges in the S-states are comparable to those from
extended X-ray absorption fine-structure (EXAFS) data* (2.7-2.8 A, see
Supplementary Table 10). In the S; to S, transition, the EXAFS mea-
surement shows a shortening of one of the di-p-oxo bridges, consistent
with contraction of the Mn3-Mn4 bridge in the crystallography data.
While the -3.3 A bridge is observed in the S; and S, states from both
techniques, a significant departure happens in the S; state where the
XFEL data shows an expansion of the Mn1-Mn3 bridge (- 3.4 A) that is
not observed in the EXAFS model. This can be attributed to the con-
tribution from the Mn-Ca bridges which are in the same distance range,
making it hard to deconvolute in the EXAFS data.

The elongation of the Mn1-Mn4 distance can be visualized in the
map by plotting a 1D trace along the Mn1-Mn4 vector, starting from the
Mnl1 position in each S-state (Fig. 2c). The expansion of the Mn,Ca
cluster in the 2F state can be independently confirmed by calculating
isomorphous difference maps using the conventional diffraction data.
These Fo - Fo maps are calculated between states A and B, denoted as
B-A maps in this paper, by taking the difference in measured intensities
for the 2 states and a common phasing model (from state A). Thus,
they have minimal model bias and can identify structural differences
between the states without detailed refinement. The data for the 2F - 1F
map shown in Fig. 3a (right side) shows the expansion of the OEC
cluster (features C, D, F; see Supplementary Note 1), in line with pre-
vious publications'®*, The data for the 1F - OF map (Fig. 3a, left side)
does not show any evidence for an expansion of the cluster.

The above observation was further confirmed by collecting
anomalous diffraction datasets for the OF and 2F states at 7.0 keV,
closer to the Mn K-edge energy (Fig. 2b). At 7.0 keV, the f”of Mnis 3.5 ¢’
which is about 85% of the maximum anomalous dispersion coefficient
value. Consequently, the Mn anomalous signal in the electron density
maps is higher compared to that at 9.5 keV. The modeling procedure
was similar to the 9.5 keV case and further details are provided in the
“Methods”. The 7 keV results independently corroborate the 9.5 keV
observations—we see an elongation of the Mn1-Mn4 (4.82 + 0.03A >
5.06 + 0.04 A) and Mn1-Mn3 (3.19 + 0.04 A~>3.36 + 0.04 A) distances
in the 2F state. This is evident both in the anomalous map centroid
positions (Supplementary Table 5) as well as in the final S5 state model
(Fig. 2b, c trace). The elongation of the Mn1-Mn4 and Mn1-Mn3 dis-
tances is consistent with the insertion of the new ligand (Ox) to bridge
Mnl and Ca, which we discuss in the following section.
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Fig. 2 | Accurate Mn positions in PS Il with anomalous diffraction data and
evidence for Mn,Ca cluster expansion in S; state. a Upper panel: Overlay of
anomalous diffraction maps at 9.5 keV and standard 2F, - Fc maps highlighting the
degree of similarity of the two maps in all 3 S-states. Lower panel: Anomalous
diffraction maps at 9.5 keV for the Mn,Ca cluster in the OF (Sy), 1F (S;) and 2F (S;
majority) states. Mn-Mn distances shown are for the model refined with anomalous
intensities and error estimates are from the END/RAPID procedure. The Mn-Mn
distances were subsequently restrained tightly to the values from the anomalous

data when we modeled oxygen positions with conventional intensity data.

b Anomalous diffraction maps at 7.0 keV for the Mn4Ca cluster in the OF (S;) and 2F
(S3 majority) states. Distances shown are for the model refined with anomalous
intensities. At 7.0 keV, the f" value of Mn is approximately 3.5 e". ¢ 1-d trace of the
anomalous diffraction map along the Mn1-Mn4 vector with the origin being the
modeled Mnl1 position. A shift in the relative Mn4 position can be seen, confirming
expansion of the Mn,Ca cluster in the S; state. Refer to Supplementary Fig. 2 for
results from monomer II. Source data for panel c is provided in the Source Data file.

Evidence for the presence of Oy in the S; state

Following the confirmation of cluster expansion in the S; state using
anomalous data, we provide evidence for a new ligand at Mnl, based
on a clear electron density signal from the higher resolution

conventional diffraction data. We first consider isomorphous differ-
ence maps between the consecutive flash state datasets (Fig. 3a).
Details of the difference features in the maps are discussed in Sup-
plementary Note 1. In the 2F state, we observed electron density
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Fig. 3 | Evidence for insertion of Oy in the S; state based on combining
anomalous and conventional data. a Isomorphous difference maps (Fo - Fo) for
the 1F - OF and the 2F - IF datasets contoured at +3.50. The Ox signal shows up as a
6.50 peak in the 2F - 1F difference map. Overlaid are the S, and S; structure in the
respective figures. For discussion see text and Supplementary Note 1. b Fo, - Fc omit
maps for the 04, O5, and Ox atoms in the S-states with the Oy omit peak height
being 8.50. Overlaid are the S;, S,, and S; structures. ¢ 1-d traces of the 2F, - Fc
experimental map for the 2F state along the bond vectors (05-Ox, Mn1-Ox, Ca-Ox)
and comparison with theoretical X-ray scattering map values from 2- or 3-atom

2F(65% S,, 35% S,)

models. In the simplified models, the Ox population was varied between 0 and
100%. An Oy population between 50 and 75% in the theoretical curves best match
the 2F state experimental profiles, supporting its modeling. A more precise esti-
mate of 65% Ox occupancy used in the modeling of the 2F state is obtained from
omit maps and multiple spectroscopic techniques. Additional details of the plots in
panel c are provided in the Supplementary Methods. Refer to Supplementary Fig. 3
for results from monomer II. Source data for panel (c) is provided in the Source
Data file.

corresponding to the additional ligand (Ox), located near Mn1 and Ca
ions (feature E). This density is detected in the isomorphous 2F - 1F
difference map as a 6.50 peak. No such peak is observed in the pre-
ceding S;-S, transition. We also observe movement of the Mn4 (posi-
tive/negative pair of density, features C, D) as well as evidence for
slight movement of the Mnl and Glul89 residue (features F, G). The
movement of the Mn centers in the 2F - 1F difference map suggests an
expansion of the Mn,Ca cluster in the S; state, which is consistent with
the observations from the anomalous data in Fig. 2. To validate the
presence of Oy in the 2F data, we calculated Fy - F- omit maps for OF,
1F, and 2F data (Fig. 3b) and compared the Oy intensity in these maps
with that of other bridging oxygens (04 and OS5) in the Mn,Ca cluster
(see Supplementary Fig. 8). Omit maps are a common tool to verify if a
region of interest in the structure is supported by the experimental

data. By excluding the atom(s) of interest, a residual Fp - Fc map is
calculated. If the model is supported by the data, the electron density
in the region of the omitted atoms is expected to show a positive
signal. The data here supports the presence of the new ligand bridged
between Mn1/Ca ions in the 2F data with a F, - Fc omit peak height of
8.50, in agreement with previously published work'?™,

More direct evidence for the presence of Ox is seen in the 2F, - F¢
electron density maps (Fig. 3¢). The improved resolution of the current
2F data close to 1.9 A enabled us to detect signal for Ox unambiguously
in the 2F, - F¢ electron density maps. In crystallography, 2F, - Fc maps
are considered to be the best estimate of the true electron density
from diffraction data with the least model bias and lower errors.
Therefore, a significant electron density peak exceeding 1-1.50 (where
o represents the RMS variation of the electron density) detected in the
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Fig. 4 | Mn and Ca ligand environment in the S;, S, S; states and coordination
bond distances. The OEC cluster and active site residues form coordination bonds
with the Mn/Ca atoms. Shown are the coordination environment for (a) Mn4 (b)
Mnl, and (c) Ca sites where the major structural changes occur. Mn, Ca, and O
atoms are shown as purple, green, and red spheres, respectively. The new inserted

water in the S; state, Oy, is shown in yellow. Blue arrows denote the main changes
observed. Significant distance contractions are highlighted with yellow shade and
distance expansions with blue shade. The ligand environments of Mn2 and Mn 3 are
shown in Supplementary Fig. 6. Refer to Supplementary Fig. 4 for results from
monomer Il

maps would provide strong evidence for the presence of an additional
atom, analogous to the assignment of water molecules elsewhere in
the structure. In the 2F, - F- map, the extra peak close to Mnl has a
height of 2.60, indicating the presence of the new ligand Ox. In Fig. 3¢,
we show 1D map profiles between Ox and neighboring atoms (05, Mn1,
Ca) for the 2F data. These 1D profiles were then compared with cal-
culated map profiles from linear two or three-atom models (Mn(3,4)-
05-Ox or Ops42-Mn1-Ox or Ca-Ox) where the distance/B-factor para-
meters for the oxygen atoms were kept fixed close to the S; model (see
Supplementary Methods for exact values used). While these simplified
models do not account for the contribution from every atom in the

OEC, their simplicity allows us to evaluate the effects of the presence/
absence of Ox. In these simulations, the occupancy of Oy in the S;
model was varied from 0 to 100% and compared with the experimental
data. We observe a peak for Oy in both the Ca-Oyx and 05-Ox experi-
mental trace as well as a shoulder in the Mn1-Ox trace. Such a peak in
the 2F, - F¢ profile supports the presence of an additional oxygen, as
seen in the calculated map traces. Comparison of the profiles suggests
an occupancy of Ox between 50 and 75% which is in the range of our
estimate of 65% for the population of the S; state in doubly flashed
samples from spectroscopic data'® and matches well with expected
yields of the S5 state based on excitation efficiency in PS Il samples®~.
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The B-factor of Ox (-30.5 A2) is comparable to other oxygen ligands
(including 05 ~28.3 A?) in the OEC and surrounding ordered waters
(Supplementary Table 9), indicating that its occupancy and placement
are consistent with the local environment. The OS5 peak height is vir-
tually unchanged in the 2F data compared to the OF/IF data, ruling out
any displacement of OS5 to a position in-between Mnl and Mn4 (see
Supplementary Fig. 8 for omit map peak heights). Separate refinement
of the 2F model with the Flat-bottom Harmonic restraints (FBHR, see
step 4b in Supplementary Table 4 and Supplementary Fig. 10) resulted
in negligible change in the OS5 position, even in the absence of Oy,
confirming that the Fy - F¢ difference peak cannot be explained by a
shift of O5. We also checked how sensitive the Oy signal is to phases
from the surrounding active site. This was done by calculating Polder
omit maps from phases obtained by deleting all first shell residues,
waters, and the OEC, randomly perturbing the remaining model and
subsequent long refinement (100 macrocycles) in order to remove
memory of the initial phases. The results, presented in Supplementary
Fig. 17, show features for an additional ligand in the 2F map. All the
above evidence thus supports the insertion of a new water, Oy, in the
S; state.

Mn-O distances in the cluster

Besides confirming the presence of Ox (or 06) in the S5 structure, our
workflow using the improved resolution of crystallographic data helps
model oxygen positions more precisely in the OEC. In this step, we
used conventional intensities for further structural refinement as they
have a higher signal-to-noise ratio compared to the anomalous inten-
sities (see Supplementary Table 1) due to the averaging of the anom-
alous pairs and are more suitable to model lighter atoms in the vicinity
of metal sites. The Mn positions were tightly restrained based on the
anomalous refinement (see Methods for details). Due to this, the
oxygen atom positions could be refined with minimal influence from
the adjacent Mn sites. Figure 4 shows the ligand environment for the
two important Mn centers (Mnl and Mn4). In order to derive the
optimal model for the Mn-O distances, we thoroughly examined the
effect of restraints which we discuss first.

In crystallographic refinement, restraints are necessary to refine
the atomic model of a structure when the data does not extend to
atomic resolution (i.e., better than 1.0 A). Therefore, almost all pro-
tein structures are refined with geometric restraints that help to
maintain their chemical integrity. While the Mn positions are well
determined from standard 2F, - F- and anomalous diffraction maps
(as shown in Fig. 2a), the position of oxygen atoms in the vicinity of
Mn still needs to be restrained for the stability of refinement at our
current resolution. For example, as shown in Supplementary Fig. 10,
using extremely loose restraints can often lead to the refinement
falling into a local minimum with large difference map features and
unphysical geometry. Thus, while the experimental data alone pro-
vides evidence for placement of the oxygen atoms in the structure,
restraints are needed to ensure they stay close to the density peak
during the refinement process. Our group’s previous work has used
harmonic restraints based on prior information from X-ray absorp-
tion spectroscopy of PS Il and model complexes as well as small
molecule crystallography data (used in refs. 10,14). We had used
custom restraints for the OEC with 0.05A < ¢ < 0.10 A for the bond
lengths'®, which is looser than most standard restraints for metal
clusters found in crystallographic software packages, including for
the Mn4Ca cluster in PS Il (6=0.02 A as found for OEX/OEY in the
CCP4 monomer library)”. The restraints we previously used pro-
vided sufficient weight to the experimental data for determining the
oxygen position while still maintaining a physically plausible geo-
metry for the cluster. A comparison of the different restraint sets is
shown in Supplementary Fig. 13. In this work, enabled by improved
resolution and use of anomalous data, we developed a set of
restraints (Supplementary Fig. 7).

We used the anomalous data to obtain the Mn positions and Mn-
Mn distances (Step 1, 2, 3a in Supplementary Fig. 7) and used harmonic
restraints (HR) to define the bridging Mn-O distances (o =0.05 A, Step
4a in Supplementary Fig. 7) in the cluster. We note that the Mn-amino
acid links are defined using extremely loose restraints (o= 0.50 A, see
Methods), providing virtually no penalty. No information regarding
oxidation states is used during the refinement process. Multiple vali-
dation checks were done to confirm that the restraints do not bias the
OEC model. This included quantifying the restraints penalty during
refinement, Fo, - Fc difference map flatness and running independent
refinements with flat-bottom harmonic restraints (FBHR, Step 3b and
4b in Supplementary Fig. 7; also see “Methods”). In FBHR, the penalty
over a wide range of Mn-O distances (1.6-2.3 A) is zero (flat bottom
part) with a harmonic ramp up beyond this domain (o= 0.05 A). Full
details of the validation procedure are provided in Supplementary
Methods. The results show no evidence of the HR restraints distorting
the OEC geometry towards a conformation inconsistent with the X-ray
data. For example, the final RMS deviation of the OEC cluster distances
between HR and FBHR restraints (step 4a vs step 4b) is ~0.05 A (Sup-
plementary Table 4). As a control, the same checks were also done for
the default restraints in the CCP4 monomer library (o = 0.02 A). In this
case, the OEC model was highly strained with strong disagreement
with the X-ray data, suggesting the default restraints are not suitable.
By contrast, calculations with the previously used restraints from our
group'®™* showed excellent agreement with the HR restraints devel-
oped in this paper with an RMS deviation between the two methods of
- 0.02 A (Supplementary Table 4). All results shown in this paper were
obtained with our current set of harmonic restraints (Step 4a in Sup-
plementary Fig. 7).

In the refined final models, the Mn-Opigge distances are less than
2.0 A and Mn-W1/W2 distances are longer (2.1-2.2 A, except for the
Mn4-05 distance which we discuss later), while the Mn-Ocarpoxyi dis-
tances range between 1.8 and 2.1 A. The Ca interactions with oxygens
are longer in the range of 2.3-2.9 A. Overall, these bond lengths are
consistent with those observed in inorganic complexes.

Figure 4 shows the ligand environment of two Mn centers, Mnl
and Mn4. These two Mn are considered to go through the oxidation
state changes during the S; to S; transitions (further details in Sup-
plementary Fig. 6). The major change in the S; to S, transition was seen
on the Mn4 site where a shortening of the Mn4 - Opyg333 distance is
observed (from 2.08 +0.05 A to 2.01 +0.04 A). This observation is
consistent with our previous 1F XFEL structures (PDB: 6DHF). Inter-
estingly, the Ca - Opy.g180 distance also shortens in this transition (2.92
+0.06 A102.79 £0.04 A).

In the subsequent S, to S; transition, changes at the Mnl, Mn4 and
Ca sites are observed, associated with insertion of the new ligand, Ox.
On the Mnl side, a contraction of the Mn1-Op;.p342 distance (2.11 + 0.04
At01.99 +0.06 A) is seen on the opposite side of the Mn1-Ox axis. The
E189 residue moves away from the cluster to accommodate the
insertion of the new ligand (positive density in Figs. 3a and 4), resulting
in elongation of the Cal-Opy.1s0 distance (2.79 +0.04 A to 3.01 +0.08
A). With the insertion of Oy in the S state, the Mnl is in a 6-coordinate
octahedral environment. On the Mn4 side, a shortening of the Mn4-
Op1p170 distance is seen (2.0 +0.04 A to 1.87 +0.05 A), suggesting
adjustments during the movement of Mn4 when the cluster expands.

In all 3 S-states, a long Mn4-O5 distance (2.2A) is observed,
regardless of the restraints parameters used (Supplementary
Table 3 and 4). No evidence for a shorter distance (<19 A), as pre-
dicted by the DFT calculations®, is found in the electron density map.
Thus, our experimental data supports assignment of a longer Mn4-05
distance, consistent with our previous XFEL structures'®**",

Comparison with previous S; and S, state structures
The high-resolution of the S-state structures allowed us to evaluate S;
to S, changes in the OEC and the ligand environment. The overall
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agreement of distances in the ligand environment with previous
structures'®* is excellent. The improved resolution and modeling here
lead to lower error in the Mn-O bond distances (Supplementary
Table 6). In the S; state, the Mnl is in a pentacoordinate geometry while
the other three Mn sites are hexacoordinate. The OEC geometry
remains mostly unchanged in the S; — S, transition with changes in the
Mn4 ligand environment as described above. The Mnl remains pen-
tacoordinate in the S, state. This open cubane-like geometry in the S,
state agrees well with previous structures and is consistent with
models of low spin S, (Sota1 = 1/2) with a bridge between Mn4 and O5,
with no Mn1-O5 bond. Also, there is no indication for a closed cubane-
like geometry with a Mn1-O5 bridge in the current model, in agreement
with previous data. Refinement done with different restraints (Sup-
plementary Table 4), show no propensity for a secondary OS5 con-
formation closer to Mn1 and this was further supported by the O5 omit
map feature (Fig. 3b).

Changes in the water and hydrogen-bond network

In the second coordination sphere of the OEC, we observed several
notable changes in the water and hydrogen-bond networks (Supple-
mentary Fig. 11). In the S;-S; transition, a strong negative isomorphous
difference density 1F-OF is observed at the W20 position in the O4
channel (feature B), indicating its disappearance or increased disorder,
consistent with previous observations™*>**%3 As a result, the
hydrogen-bond network of the 04 channel becomes disconnected
from the OEC. Additionally, major changes are observed in the W26,
W27 and W28 positions of the water wheel region (the pentagon of
waters W26-W30) in the O1 channel. The electron density of these
waters become weaker in the S, state, suggesting higher mobility. The
distances between these waters (W26-W27 and W26-W28) decreased
to -2.3-2.4A, the distance range consistent with shared protons
between them.

In the S, to S; transition, a significant shortening of the D61-W1
distance occurs (2.78 to 2.51A), while the changes in this region are
negligible between the S; and S; states. The short distance of the D61-
WI indicates a strong hydrogen bond with a shared proton between
them (feature C). This transition involves a proton release to the
lumen, and a CI1 channel pathway from W1 via D61 has been proposed
in the previous studies*’. Recent theoretical studies also support
these observations*>*., Our current observation supports a role of the
Cl1 channel for the release of proton in the S, to Sz transition. In
contrast, the 0O4 channel, another potential proton release
pathway****, remains disconnected, as evidenced by the absence of a
signal for W20 in the 2F,, - F- data. The W26-W28 position of the water
wheel region is well-defined again in the S; state, while the distances
remain short.

Discussion

Knowledge of the S; state structure is a prerequisite to determine the
mechanism of the water oxidation reaction in PS Il. The key observa-
tions in this study support the Ox-inserted S; structure as discussed
below. Based on these results, we illustrate experimentally observed
structural changes during the S;-S; states at the OEC and its environ-
ment in Fig. 5, and discuss the hypothesis of the sequence of changes.

Structure of the S; state

The XFEL structural studies published by us and other authors in the
recent years showed the insertion of a new ligand (Ox or 06) into the
cluster in the S state. However, recent reports***** interpreted these
XFEL data differently and proposed there is no binding of Oy in the S5
state. The experiments in this study present a combination of higher
resolution and anomalous diffraction data that provide crucial evi-
dence for the binding of a new ligand in the S; state, and support the
Ox-insertion model. The evidence for Oy includes (a) appearance of a
6.50 positive difference electron density (Fp - Fo) peak in the

coordination sphere of Mnl and Ca, (b) an 8.50 omit electron density
(Fo - Fo) peak for Oy, and (c) the 2F, - Fc map features in the vicinity of
Mnl, Ca and OS5 showing a distinct secondary peak. In addition, (d)
anomalous diffraction data collected at two different X-ray energies
(7.0keV and 9.5keV) show expansion of the Mn,Ca cluster upon
application of two laser flashes to PS II, indicative of the insertion of Ox.
No assumptions were made during the refinement regarding the oxi-
dation states of the Mn, including in the formulation of restraints
parameters. Therefore, the signal for Oy observed in the electron
density maps is not the result of imposing any specific oxidation states.

The Ox-inserted S; structural model presented here was validated
by testing different restraint conditions. We confirmed that the har-
monic restraints (HR) used in this study are suitable for modeling the
OEC geometry and showed that the Oy signal is not a manifestation of
model bias. We also explored if a single-conformer model with no Ox
could fit the observed electron density, although this would contradict
independent spectroscopic evidence (MIMS, EPR, Mn KB XES)™°. No
evidence of an alternative O5 position was observed in this case, even
when starting from different O5 positions with no Mn-O5 restraints
(Supplementary Note 4 and Supplementary Fig. 10). In all cases, a
substantial Fo - F¢ difference electron density (>50) remains in the
coordination sphere of Mnl/Ca, that can only be described by the
presence of a new ligand in the OEC. In this context, the possibility of
alternative conformers of D1:E189 in the vicinity of Ox was also tested,
but the residue reverted back to the current S; conformation after
refinement.

The characteristics of a long Mn4-05 distance (2.2 A)!%2143
throughout the S-states has been discussed in the literature®. O5 forms
adistinct u3-oxo-bridge, connecting Mn3, Mn4, and Ca, a feature that is
maintained through the S-states. The oxidation states of Mn3 and Mn4
in the S; state are considered as Mn(IV) and Mn(lll), respectively. Mn4 is
most likely oxidized during the S; to S, transition to become +IV**’,
Our data supports this observation, as Mn4 is the only Mn site that
shows substantial changes in coordination distance during this tran-
sition (Fig. 4). However, the observed Mn4-05 distance (2.22A in S,
and S5) is considered too long for the typical Mn(IV)-Opyigge interaction.
DFT calculation of the OEC predicts it to be around 1.9 A in both the S,
and S; states. Synthetic Mn(IV);Ca0,, cubane and related complexes
also show Mn-O distances around 1.8-1.9 A*4°,

Our current high-resolution data confirmed the longer Mn4-O5
distance in the S; - S5 states. We speculate that this could be attributed
to the distinct p3-oxo character and a weakly bound Ca*" ion in the
cluster, giving 05, formally an oxo (0*) ligand, some hydroxo-like
character (see also’®). Another reason discussed for such elongation of
metal-ligand distances is radiation-induced reduction of the metal
centers, a frequent artifact in synchrotron experiments®. However, this
is not a concern in XFEL experiments, where ultrashort, intense X-ray
pulses outrun such secondary damage processes™**. We confirmed
the absence of radiation damage under our experimental conditions
using in situ X-ray emission spectroscopy (XES)*’; the XES data show
the normal advancement of the S-state cycle, including the expected
Mn oxidation during the S; > S5 transitions and reduction during the
S5~ So transition'>%,

Nature of Ox and the 05-Oy interaction

The improved resolution of the S; state data helped clarify the nature
of Ox and the 05-Oy interaction. The Ca-Ox distance in the current
study is 2.68 A (+0.09 A) and Mn1-Oy distance is 1.75 A (+0.10 A) which
are consistent with previous measurements'®". Thus, both the Ca-Ox
and Mnl1-Ox distances confirm that Oy is a bridging ligand between
Mnl and Ca in the S; state.

The 05-Ox trace in the 2F data (Fig. 3¢, left plot) exhibits a distinct
but broad peak ranging from 2.0 to 2.3 A near the Ox position. We find
no evidence of the presence of a peroxide bond (1.4-1.5A) between
05-Ox in the S; state, as has been proposed>” or an oxo-oxyl
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Fig. 5 | Summary of the changes in the S,, S, and S; states near the OEC. The
most important observation is the insertion of a new ligand, Ox (OH) bridging Mn1
and Ca in the S; state with expansion of the OEC (shown in red dashed circle).
Significant changes in the Mn and Ca coordination environment are also observed.
Modifications in the water/H-bond network indicate protonation rearrangements.

Mn atoms are shown in yellow (Mn(lll)) and purple (Mn(IV)) while Ca and bridging
oxygens in the cluster are green and red, respectively. Water molecules, including
WI1-W4 are shown as blue spheres with hypothesized proton positions shown as
white spheres. Residues that change the most in a certain state are colored in teal
while the rest are in light gray.

interaction (1.9 A®%). In our current S; structure, Ox refined to a dis-
tance of 2.06 A (+0.11A) from O5. This is similar to the geometry
modeled in our previous work'®". Previous QM calculations have
proposed an 05-Ox distance of 2.2-2.5 A assuming a protonated Oy>**°,
The close distance between the DI:E189 and Oy (2.5A) points to the
presence of a shared proton (Fig. 5), making it likely that Oy is in the
OH state.

Water network and protonation state changes near the OEC

The improved resolution of the S-states data offers an enhanced
understanding of changes in the water network and possible proto-
nation patterns. The S; to S, transition occurs with an oxidation of
Mn (likely Mn4 from formally 3+ to 4+) without the release of a
proton**¢%"%_ A possible mechanism to compensate for the positive
charge at the OEC in the S, state is the relocation of a proton from the
MnyCa cluster to a nearby region. Several groups proposed that the

D61-W1 region could serve for this purpose, by sharing a proton
between them. Our data, however, did not show notable changes in
this area in the S; to S, transition. In contrast, there are two regions
that are changing; one is the water wheel region and the other is the
W20 region. In the water wheel region, we observe shorter W28-W27
and W27-W26 distances accompanied by increased mobility of
waters in the S, state. Such changes in the mode of interaction
between the OEC and the water wheel region through O1 and W26
may compensate excess charges during the transitions. In the W20
region that is proximal to 04 in the OEC via W19, W20 disappears or
becomes highly disordered in the S, state. This disconnects the
H-bond network in the 04 channel for proton egress in the sub-
sequent S-state transitions until it is restored in the So state. These
structural changes could suggest the excess proton is parked
somewhere in the O4 channel or in the vicinity of the water
wheel (Fig. 5).
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In the S; state, the overall interaction between the OEC and the
water wheel region remains the same as that in the S, state, but with
better refined water positions of W26-28. A clear difference is seen in
the D61 and W1 interaction that forms a strong H-bond interaction,
possibly with a shared proton. This has important implications for the
subsequent S3-Sg transition where the first proton release step via D61
to the CI1 channel is postulated to take several hundred
microseconds™** ¢,

During charge transfer between Yz and the OEC, as well as
subsequent chemical changes at the OEC, Glul89 likely plays key
roles through the S-state transitions. Glul89 is proximal to Yz/His190
via the backbone and forms a bridge between the water wheel (W26-
W30) and Y7 (via W25). Therefore, Glul89 probably senses the hole
transfer in the early stage of the S-state transition, to change its
chemical configuration. The 1* oxygen of Glul89 is always bound to
Mnl in all the S-states, while the 2nd oxygen changes its mode of
interaction; in the S; state, Glu189 is a monodentate ligand, stabilized
by surrounding water (W25, W26). In the S, state, this oxygen is
bound to Ca to form a bidentate connection with Mnl and Ca. In the
S; state, Glul89 goes back to monodentate form, in which the 2nd
oxygen is stabilized by H-bonding to the new ligand Ox (OH). We
think this coordination mode change (monodentate vs. bidentate) of
Glul89 is determined by the charge distribution between two elec-
tronegative oxygen atoms influenced by multiple parameters such as
the oxidation state of Mnl ligated to the 1st carboxylate oxygen, and
energetic competition for the 2nd carboxylate oxygen between the
Ca ion and the water network. The motion of Glul89 thus give us
atomistic insights into the finely tuned dynamics utilized by biolo-
gical catalysts.

In conclusion, in this study, we resolved existing ambiguities in
the stable intermediate S-state structures, particularly in the S; state,
by utilizing higher-resolution data to precisely determine Mn positions
through anomalous density analysis. The anomalous density maps
show well-defined metal positions, offering insight into the coordina-
tion environment of each metal in the catalytic site. Our data con-
firmed the presence of the new ligand (Ox/06) in the S; state, bridging
Mn1and Ca. The results set the stage for the study of the subsequent S5
to Sp transition where the O-O bond is formed. In addition, the
refinement workflow presented here provides a robust framework for
analyzing serial crystallography data of metalloenzymes, effectively
overcoming common challenges like limited resolution inherent to
data collected under functional conditions.

Methods

Sample preparation

For the XRD measurements, 20-40 um microseeding crystals of PS Il
dimers isolated from Thermosynechococcus vestitus (previously
named, Thermosynechococcus elongatus) were obtained by using a
modified microseeding protocol from®. PS Il microcrystals were
grown in a buffer containing 100 mM Tris, pH 7.5, 100 mM ammo-
nium sulfate and 15 % (w/v) PEG 5000MME. Following the post-
crystallization protocol as described in ref. 68, PS Il microcrystals
were gradually transferred into a buffer with 100 mM Tris, pH 7.5,
100 mM ammonium sulfate and 35 % (w/v) as a final PEG con-
centration. To obtain the maximum oxygen activity, PS Il micro-
crystal suspensions were exchanged from a Tris buffer at pH 7.5 to a
final MES buffer at pH 6.5, 100 mM ammonium chloride and 35% (w/
v) PEG 5000MME. PS II crystal suspension, at ~0.5-1.2 mM chlor-
ophyll concentration, was loaded into a syringe (Hamilton gastight
syringe, 1 ml) and dark-adapted for 1 h before data collection. Mem-
brane inlet mass spectroscopy was used to determine the O, evolu-
tion, turnover parameters and S-state populations as described
previously'®. The PS Il crystals showed no Mn (II) contamination
based on XES and EPR measurements and exhibited an activity of
2500 +100 pmol O,/(mg(Chl) x h).

Sample injection and illumination

Acoustic droplet ejection (ADE) was used in combination with the
Drop-on-Tape (DOT) sample delivery method®. For capturing the
stable intermediates S,, S, each droplet of the crystal suspension was
illuminated by 120 ns laser pulses at 527 nm using a Nd:YLF laser
(Evolution, Coherent) at LCLS via three fiber-coupled outputs with a
delay time of 200 ms between each illumination, and of 200 ms
between the last illumination and the X-ray probe, similar to what was
used previously in order to accommodate the acceptor quinone Qu
and Qg kinetics, and efficiently drive S-state transitions. We imple-
mented a feedback control system of the belt speed and deposition
delay, and the flashing delay and droplet phase were adjusted
accordingly. At the XFELs, a light intensity of 120 +10 mJ/cm? was
applied as O, evolution was found to be saturated at 70 m)/cm? for the
dimensions and concentrations of samples used in our experiments’.

X-ray data collection

X-ray diffraction (XRD) data was collected at the MFX endstation at
LCLS (SLAC, Menlo Park, USA)° as part of proposals L1013621,
11019822, and L1035323. PS Il crystals were measured with a beam
energy of 9.5keV, pulse energy of 1.5 mJ and pulse length of 35 fs. The
X-ray spot size was 2.5 um x 2.5 um (FWHM), determined based on a
wire scan. Measurements were also taken with a 7 keV beam energy,
the average pulse energy was 1.5 mJ, pulse length was 35 fs and the
X-ray spot size 2.5 um x 2.5 um (FWHM). The data was collected on the
Rayonix MX-340HS detector used in a 3 x 3 binning mode (20 Hz data
collection). This mode allows for collecting a sufficient number of
images while maintaining enough spot separation between adjacent
Bragg spots.

X-ray diffraction data processing

The data collected for the different illumination states were pro-
cessed using the program dials.stills process”’* with a target unit cell
of a=117.0A, b=221.0A, c=309.0A, a=B=y=90° and the space
group P2;2;2,. Bragg spots were integrated to the corners of the
detector. Prior to integration, we also performed ensemble refine-
ment of the crystal and detector parameters using the program
cctbx.xfel.stripe experiment which has been shown to narrow the unit
cell distribution and improve the final isomorphous difference maps.
Finally, the intensities were merged using the program cctbx.xfel.-
merge which applies a per-image resolution cutoff based on spot
signal-to-noise and filtering of the lattices using a unit cell threshold
of 1% from the reference model”®’*. The errors on the merged
intensities were estimated using the MM24 error model” that uses
concepts from robust statistics to reliably calibrate non-normal
intensity statistics and outlier observations. No absorption correc-
tion from the kapton tape was applied in this work as the error is
minimal compared to Bragg spot partiality and thus the correction
does not lead to any appreciable improvement in data quality. During
preliminary merging, we observed the skew of the unscaled signal-to-
noise (I/o(l)) showed an unusually high value in certain resolution
bins. Theoretically, the skew is expected to go down monotonically
toward zero at progressively higher resolutions (as the highest-angle
bins, beyond the diffraction limits of the crystal sample, capture only
Gaussian noise with an unskewed Normal distribution). Further
investigation showed that in a few images ( < 0.1%), certain pixels had
very high intensity count, possibly related to detector readout. These
reflections were removed prior to scaling and merging, by imple-
menting an additional reflection filter to reject Bragg spot outliers
that particularly improves data in higher resolution bins (better than
2.5A). The filter uses the isolation forest algorithm in the sklearn
python library and is available in the filter step of cctbx.xfel. merge
(using the isolation_forest parameter). We merged the data to the
same resolution in 2 ways—by keeping the anomalous intensity pairs
i.e, lops(+), lops(-), separate (called anomalous intensities in this
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paper) as well as averaging them (called conventional intensities).
The final unit cells and number of lattices merged for each dataset
are tabulated in Supplementary Table 1 and 2.

Model building and refinement
Each dataset was refined in multiple steps using the workflow shown in
Supplementary Fig. 7. The high resolution PS II structure (1.89 A)
published in a previous work (PDB ID: 7RF1) was used as the starting
point for refinement using the program phenix.refine’®. The B-factors
of all the atoms were set to 30 and the OEC (oxygen evolving complex)
atoms and waters were removed from the starting model. In our
starting model, we also changed the Phe4l residue in chain H/h
(encoded by gene PsbH) to Cys based on our sequencing results. The
initial refinement involved rigid body refinement to fit it into the unit
cell, and subsequently tandem reciprocal space coordinate refinement
and isotropic B-factor using the anomalous intensities. We used cus-
tom bonding restraints for chlorophyll-a (CLA, to allow correct pla-
cement of the Mg relative to the plane of the chlorin ring), and
unknown lipid-like ligands (STE) in the refinement. By analyzing the
anomalous diffraction maps, we placed the Mn and Ca in the centroid
positions of each peak in the map. The model was then refined without
any Mn-Mn or Mn-Ca restraints. We used custom bonding restraints
for the amino acids coordinating the respective Mn/Ca atoms with a
very loose set of restraints (6 = 0.50 A, see Supplementary Data 2, item
a). These custom restraints were used for the rest of the refinement
workflow. We also refined the dispersive and anomalous scattering
coefficients (f, f) for the Mn, Ca and Fe atoms with each element
treated as one group in phenix.refine. In the next step, in order to
improve the phases of the anomalous diffraction map, we added the
bridging oxygens (and coordinating waters W1-W4) of the OEC in the
center of the Fp - Fc map density peaks and refined the model using two
parallel strategies to evaluate the dependence of restraints (steps 3a,
3b in Supplementary Fig. 7). In strategy 3a, only Mn-O/Ca-O harmonic
restraints (HR) were used with 6=0.05A with the mean distances
defined from previous OF structure®. The Mn-Mn distances were
unrestrained in this step. In strategy 3b, done to validate the harmonic
restraints, we used a flat-bottom harmonic restraints (FBHR, see profile
in Supplementary Fig. 13 and implementation details in Supplementary
Methods) with the region of 1.6-2.3 A having no penalty for Mn-O
coordination and then a harmonic penalty at either ends with
0=0.05A. This was done in phenix.refine using an edits file (Provided
in Supplementary Data 4) where we can provide a slack term to define
the top hat region. The results of these 2 strategies are summarized in
Supplementary Table 3 for all 3 flash states. The validation results
showed very good overall agreement for the two strategies (RMS
deviation -0.05 A over all OEC bond distances), leading us to use the
refinement from strategy 3a (using Mn-O/Ca-O harmonic restraints).
For OF and 1F datasets, we moved next to using conventional inten-
sities and tried different strategies to evaluate the dependence of the
restraints. In strategy 4a, we used the same Mn-O restraints (from 3a)
and tightly restrained the Mn-Mn distances (o=0.01A) to the dis-
tances obtained from anomalous refinement in strategy 3a. This way
we could incorporate the information from anomalous refinement into
our mean intensity-based refinement. Strategy 4b used the FBHR
restraints, similar to strategy 3b. Strategy 4c used the restraints from
our previous publication™. The results from the three strategies are
shown in Supplementary Table 4. We saw very good agreement for Mn-
O distances in all 3 cases and no evidence for bias induced by the HR
restraints. The results from strategy 4a were used for the final pub-
lished model in this paper. The results from strategy 4c showed good
agreement for the Mn-O and Mn-Mn distances (RMSD =0.02A),
underscoring our previously published restraints do an adequate job
of modeling the OEC.

For the 2F dataset, an extra step (3a”) involving the splitting of the
model into 2 components was needed since the turnover in PS Il is not

100% efficient resulting in about 60-75% S5 population (from previous
spectroscopy and EPR measurements'®). In our single component
refinement of the 2F data in step 3 (a, b), when we turned on water
picking in phenix.refine’® using default parameters for adding ordered
solvent, a water (Ox) was automatically added to the Mn,Ca cluster
bridging Mn1 and Cal and about 2.2 A from O5. No such water was
added for the OF and IF case. We further refined this water’s occu-
pancy, and also defined custom bonding restraints with Mn1/Ca/O5 to
avoid non-bonded clashes in phenix.refine. We obtained the occupancy
to be ~-65% (See Supplementary Note 6 for further details). In accor-
dance with this occupancy, the 2F model was split into a 2-component
model in the active site region around the OEC - 65% Sz (conformer B)
and 35% S, (conformer A). The occupancy of the S, and S3 components
(including Ox) were kept fixed in the 2-component model. The
2-component region included portions of chains A/a (residues 54-66,
159-191, 296-300, 327-344 and the OEC), chains C/c (residues 327-329,
353-359) and chains D/d (residues 311-318, 351-352). The S, portion was
taken from the IF refined model and its coordinates were kept fixed
and only a group B-factor adjustment (group_adp strategy in phe-
nix.refine) was done. For the S3 component, reciprocal space xyz
refinement + individual isotropic B-factor refinement was done. The
refinement here was first done using anomalous intensities with Mn-O
restraints (step 3a”). We then did steps 4 (a, b, ¢, d) as detailed above.
All waters (except the OEC coordinating W1-W4) were treated as a
single component in this paper. For the 2F modeling, we also did a scan
of different X-ray data weightings (wxc term in phenix.refine), from 0.1
(X-ray data weighted less) to 10.0 (X-ray data weighted more) and
observed no significant change in the Ox geometry (RMS of bond
distance changes is 0.1 A between the two extreme cases) or the OEC.
We started seeing evidence for overfitting (Reree - Rwork > 5%) for wxc
values - 7 and determined that the automatic weighting optimization
settings in phenix.refine provides the optimal Rgee value (wxc ~2.5).
These settings were used for the final 2F model. For the 7 keV anom-
alous datasets shown in this paper (Fig. 2), we used the method in
strategy 1, 2, 3a for the data evaluation. In Supplementary Note 5, we
show the effect of simultaneously refining the S, coordinates in the 2F
model instead of keeping them fixed. The analysis justifies our strategy
of keeping the S, coordinates fixed and also highlights factors to
consider when modeling multi-component datasets. Our approach is
further supported by the fact that the resolution of the 1F and 2F
datasets are similar.

Structural data visualization

Manual model building and visualization was performed in Coot”” and
figures were generated using PyMol (version 3.1.4.1)”, Raw diffraction
images during data collection and reduction were visualized using the
dials.image viewer program in the cctbx.xfel package.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The atomic coordinates and structure factors have been deposited in
the Protein Data Bank (PDB) under PDB codes 9733 (OF, anomalous,
9.5 keV), 9734 (1F, anomalous, 9.5 keV), 9735 (2F, anomalous, 9.5 keV),
9736 (OF, anomalous, 7 keV), 9737 (2F, anomalous, 7 keV), 9768 (OF,
conventional, 9.5keV), 9769 (1F, conventional, 9.5keV), 976A (2F,
conventional, 9.5 keV). Data used in this study from previously pub-
lished datasets are available in the PDB under codes 6DHF (IF dataset
at 2.08 A) and 7RF1 (average S-state structure of PS II). Restraints and
edits parameters used in phenix.refine for each of the dataset have
been deposited in Zenodo as listed in Supplementary Table 11 and the
DOIs are also available in the PDB mmcif file under the category
_pdbx_related_exp_data_set.data reference. The raw X-ray free-
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electron laser diffraction images have been deposited in the Coherent
X-Ray Imaging Database, www.cxidb.org (ID 246) with a DOI: 10.11577/
3366809. Source data for Figs. 2c and 3¢ and Supplementary Figs. 2c,
3¢, 5, 8,10b, 12,13, 14 and 18 are provided as a Source Data file. Source
Data are provided as a Source Data file. Source data are provided with
this paper.

Code availability

The open-source programs dials.stills process, the cctbx.xfel GUI and
cctbx.xfel. merge are distributed with DIALS packages available at
http://dials.github.io, with further documentation available at http://
cci.lbl.gov/xfel. Instructions are provided in the CXIDB entry 246 for
processing the raw diffraction data with cctbx.xfel. All structural
refinement were done using the phenix.refine program as part of
phenix-2.0 development version. Custom code developed for the
results shown in this paper is available at https://github.com/asmit3/
eden’® with instructions therein to run these scripts.

References

1. Stirbet, A., Lazar, D., Guo, Y. & Govindjee, G. Photosynthesis: Basics,
history and modelling. Ann. Bot. 126, 511-537 (2020).

2. Joliot, P., Barbieri, G. & Chabaud, R. A New Model of Photochemical
Centers in System Il. Photochem. Photobiol. 10, 309-329 (1969).

3. Kok, B., Forbush, B. & McGloin, M. Cooperation of charges in pho-
tosynthetic O, evolution. 1. A linear four-step mechanism. Photo-
chem. Photobiol. 11, 457-475 (1970).

4. Shevela, D., Kern, J. F., Govindjee, G. & Messinger, J. Solar energy
conversion by photosystem Il: principles and structures. Photosynth
Res. 156, 279-307 (2023).

5. Loll, B., Kern, J., Saenger, W., Zouni, A. & Biesiadka, J. Towards
complete cofactor arrangement in the 3.0 A resolution structure of
photosystem II. Nature 438, 1040-4 (2005).

6. Umena, Y., Kawakami, K., Shen, J.-R. & Kamiya, N. Crystal structure
of oxygen-evolving photosystem Il at a resolution of 1.9 A. Nature
473, 55-60 (2011).

7. Tanaka, A., Fukushima, Y. & Kamiya, N. Two different structures of
the oxygen-evolving complex in the same polypeptide frameworks
of photosystem Il. J. Am. Chem. Soc. 139, 1718-1721 (2017).

8. Kern, J. et al. Simultaneous femtosecond X-ray spectroscopy and
diffraction of photosystem Il at room temperature. Science 340,
491-5 (2013).

9. Young, I. D. et al. Structure of photosystem Il and substrate binding
at room temperature. Nature 540, 453-457 (2016).

10. Kern, J. et al. Structures of the intermediates of Kok’s photo-
synthetic water oxidation clock. Nature 563, 421-425 (2018).

1. Suga, M. et al. Native structure of photosystem Il at 1.95 A resolution
viewed by femtosecond X-ray pulses. Nature 517, 99-103 (2015).

12. Suga, M. et al. Light-induced structural changes and the site of O=0O
bond formation in PSII caught by XFEL. Nature 543, 131-135 (2017).

13. Suga, M. et al. An oxyl/oxo mechanism for oxygen-oxygen coupling
in PSIl revealed by an x-ray free-electron laser. Science 366,
334-338 (2019).

14. Ibrahim, M. et al. Untangling the sequence of events during the
S,>S; transition in photosystem Il and implications for the water
oxidation mechanism. Proc. Natl. Acad. Sci. USA 117,

12624-12635 (2020).

15. Bhowmick, A. et al. Structural evidence for intermediates during O,
formation in photosystem Il. Nature 617, 629-636 (2023).

16. Li, H. et al. Oxygen-evolving photosystem Il structures during
S1-S,-S5 transitions. Nature 626, 670-677 (2024).

17. Wei, X. et al. Structure of spinach photosystem II-LHCII super-
complex at 3.2 A resolution. Nature 534, 69-74 (2016).

18. Su, X. et al. Structure and assembly mechanism of plant C,S,M,-
type PSII-LHCII supercomplex. Science 357, 815-820 (2017).

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sheng, X. et al. Structural insight into light harvesting for photo-
system Il in green algae. Nat. Plants 5, 1320-1330 (2019).

Kato, K. et al. High-resolution cryo-EM structure of photosystem ||
reveals damage from high-dose electron beams. Commun. Biol. 4,
1-11 (2021).

Gisriel, C. J. et al. High-resolution cryo-electron microscopy struc-
ture of photosystem Il from the mesophilic cyanobacterium,
Synechocystis sp. PCC 6803. Proc. Natl. Acad. Sci. USA 119,
e2116765118 (2022).

Hussein, R. et al. Cryo-electron microscopy reveals hydrogen
positions and water networks in photosystem Il. Science 384,
1349-1355 (2024).

Yamaguchi, K. et al. Theory of chemical bonds in metalloenzymes
XXI. Possible mechanisms of water oxidation in oxygen evolving
complex of photosystem Il. Mol. Phys. 116, 717-745 (2018).
Yamaguchi, K. et al. Theoretical elucidation of the structure, bonding,
and reactivity of the CaMn4Ox clusters in the whole Kok cycle for
water oxidation embedded in the oxygen evolving center of photo-
system Il. New molecular and quantum insights into the mechanism
of the O-O bond formation. Photosynth. Res. 162, 291-330 (2024).
Cox, N., Pantazis, D. A. & Lubitz, W. Current understanding of the
mechanism of water oxidation in photosystem Il and its relation to
XFEL data. Annu Rev. Biochem. 89, 795-820 (2020).

Wang, J. Cryo-EM meets crystallography: A model-independent
view of the heteronuclear Mn,Ca cluster structure of photosystem
Il. Proc. Natl. Acad. Sci. 122, 2423012122 (2025).

Li, H., Suga, M. & Shen, J.-R. Comment on Photosystem lII: light-
dependent oscillation of ligand composition at its active site: exis-
tence of O6 in S; -state photosystem Il revealed by omit maps. Acta
Crystallogr. D Struct. Biol. 82, 574-586 (2026).

Drosou, M., Comas-Vila, G., Neese, F., Salvador, P. & Pantazis, D. A.
Does serial femtosecond crystallography depict state-specific cat-
alytic intermediates of the oxygen-evolving complex? J. Am. Chem.
Soc. 145, 10604-10621 (2023).

Amin, M. Predicting the oxidation states of Mn ions in the
oxygen-evolving complex of photosystem Il using supervised
and unsupervised machine learning. Photosynth Res. 156,
89-100 (2023).

Srinivas, V. et al. High-resolution XFEL structure of the soluble
methane monooxygenase hydroxylase complex with its regulatory
component at ambient temperature in two oxidation states. J. Am.
Chem. Soc. 142, 14249-14266 (2020).

Einsle, O. & Rees, D. C. Structural enzymology of nitrogenase
enzymes. Chem. Rev. 120, 4969-5004 (2020).

Zhang, M. et al. Structural insights into the light-driven auto-
assembly process of the water-oxidizing Mn,CaOs-cluster in pho-
tosystem |l. Elife 6, 26933 (2017).

Lunin, V. Y., Afonine, P. V. & Urzhumtsev, A. G. Likelihood-based
refinement. I. Irremovable model errors. Acta Cryst. A 58,
270-282 (2002).

Glockner, C. et al. Structural changes of the oxygen-evolving
complex in photosystem Il during the catalytic cycle. J. Biol. Chem.
288, 22607-22620 (2013).

Forbush, B., Kok, B. & McGloin, M. P. Cooperation of charges in
photosynthetic oxygen evolution. Il. Damping of flash yield
oscillation, deactivation. Photochem. Photobiol. 14, 307-21
1971).

Messinger, J. & Renger, G. Photosynthetic Water Splitting. in Pri-
mary Processes of Photosynthesis, Part 2: Principles and Apparatus
(eds Renger, G. & Renger, G.) vol. 9 O (The Royal Society of
Chemistry, 2007).

. Vagin, A. A. et al. REFMACS5 dictionary: Organization of prior che-

mical knowledge and guidelines for its use. Acta Cryst. D. 60,
2184-2195 (2004).

Nature Communications | (2026) 17:8818

12


http://www.cxidb.org
http://dials.github.io
http://cci.lbl.gov/xfel
http://cci.lbl.gov/xfel
https://github.com/asmit3/eden
https://github.com/asmit3/eden
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-76805-9

38.

39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Li, H. et al. Capturing structural changes of the S; to S, transition of
photosystem Il using time-resolved serial femtosecond crystal-
lography. IUCrJ 8, 431-443 (2021).

Hussein, R. et al. Structural dynamics in the water and proton
channels of photosystem Il during the S, to S; transition. Nat.
Commun. 12, 6531 (2021).

Liu, J. et al. Mechanism of tyrosine-driven deprotonation in photo-
system Il revealed by multiscale simulations. J. Am. Chem. Soc. 148,
9255-9267 (2026).

Allgéwer, F., Gamiz-Hernandez, A. P., Rutherford, A. W. & Kaila, V. R.
I. Molecular principles of redox-coupled protonation dynamics in
photosystem Il. J. Am. Chem. Soc. 144, 7171-7180 (2022).

Takaoka, T., Sakashita, N., Saito, K. & Ishikita, H. pK(a) of a proton-
conducting water chain in photosystem Il. J. Phys. Chem. Lett. 7,
1925-32 (2016).

Saito, K., Rutherford, A. W. & Ishikita, H. Energetics of proton release
on the first oxidation step in the water-oxidizing enzyme. Nat.
Commun. 6, 8488 (2015).

Wang, J., Armstrong, W. H. & Batista, V. S. Do crystallographic XFEL
data support binding of a water molecule to the oxygen-evolving
complex of photosystem Il exposed to two flashes of light? Proc.
Natl. Acad. Sci. USA 118, 2023982118 (2021).

Ariafard, A., Longhurst, M., Swiegers, G. F. & Stranger, R. Why O
appears and disappears in the Sz state of photosystem IlI: Insights
from the low oxidation state model. Chem. Commun. 62,
6387-6390 (2026).

Lubitz, W., Chrysina, M. & Cox, N. Water oxidation in photosystem II.
Photosynth. Res. https://doi.org/10.1007/s11120-019-00648-
3(2019).

Cox, N. et al. Electronic structure of the oxygen-evolving complex
in photosystem Il prior to O-O bond formation. Science 345,
804-808 (2014).

Kanady, J. S., Tsui, E. Y., Day, M. W. & Agapie, T. A synthetic model of
the MnsCa subsite of the oxygen-evolving complex in photosystem
Il. Science 333, 733-736 (2011).

Chen, C. et al. Artificial Mn4SrO4-cluster mimicking the structural
changes of the photosynthetic oxygen-evolving center. J. Am.
Chem. Soc. 147, 41012-41022 (2025).

Yamaguchi, K., Shoji, M., Isobe, H., Miyagawa, K. & Nakatani, K.
Theory of chemical bonds in metalloenzymes XXII: a concerted
bond-switching mechanism for the oxygen-oxygen bond formation
coupled with one electron transfer for water oxidation in the
oxygen-evolving complex of photosystem Il. Mol. Phys. 117,
2320-2354 (2019).

Garman, E. F. Radiation damage in macromolecular crystal-
lography: what is it and why should we care? Acta Crystallogr D.
Biol. Crystallogr 66, 339-51 (2010).

Neutze, R., Wouts, R., van der Spoel, D., Weckert, E. & Hajdu, J.
Potential for biomolecular imaging with femtosecond X-ray pulses.
Nature 406, 752-757 (2000).

Spence, J. C. H. XFELs for structure and dynamics in biology. IUCrJ
4, 322-339 (2017).

Barends, T. R. M., Stauch, B., Cherezov, V. & Schlichting, I. Serial
femtosecond crystallography. Nat. Rev. Methods Prim. 2,

1-24 (2022).

Fransson, T. et al. Effects of x-ray free-electron laser pulse intensity
on the Mn K3, 3 x-ray emission spectrum in photosystem |I—A case
study for metalloprotein crystals and solutions. Struct. Dyn. 8,
064302 (2021).

Fransson, T. et al. X-ray emission spectroscopy as an in situ
diagnostic tool for X-ray crystallography of metalloproteins
using an X-ray free-electron laser. Biochemistry 57, 4629-4637
(2018).

Pushkar, Y., Pineda-Galvan, Y., Ravari, A. K., Otroshchenko, T. &
Hartzler, D. A. Mechanism for O-O bond formation via radical

58.

50.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

coupling of metal and ligand based radicals: A new pathway. J. Am.
Chem. Soc. 140, 13538-13541 (2018).

Corry, T. A. & O'Malley, P. J. Evidence of O-O bond formation in the
final metastable S3 state of nature’s water oxidizing complex
implying a novel mechanism of water oxidation. J. Phys. Chem. Lett.
9, 6269-6274 (2018).

Ariafard, A., Longhurst, M., Swiegers, G. F. & Stranger, R. XFEL-
detected peroxide formation from the S3 state supports the low
oxidation state over the high oxidation state paradigm in photo-
system Il. Chem. - A Eur. J. n/a, e03024 (2025).

Schlodder, E. & Witt, H. T. Stoichiometry of proton release from the
catalytic center in photosynthetic water oxidation. Reexamination
by a glass electrode study at ph 5.5-7.2. J. Biol. Chem. 274,
30387-92 (1999).

Messinger, J. et al. Absence of Mn-centered oxidation in the S, -> S5
transition: Implications for the mechanism of photosynthetic water
oxidation. J. Am. Chem. Soc. 213, 7804-7820 (2001).

Suzuki, H., Sugiura, M. & Noguchi, T. Monitoring proton release
during photosynthetic water oxidation in photosystem Il by means
of isotope-edited infrared spectroscopy. J. Am. Chem. Soc. 131,
7849-57 (2009).

Zaharieva, |. et al. Room-temperature energy-sampling Kbeta X-ray
emission spectroscopy of the Mn4Ca complex of photosynthesis
reveals three manganese-centered oxidation steps and suggests a
coordination change prior to O2 formation. Biochemistry 55,
4197-211 (2016).

Gerencseér, L. & Dau, H. Water oxidation by photosystem Il: H,O-D,O
exchange and the influence of pH support formation of an inter-
mediate by removal of a proton before dioxygen creation. Bio-
chemistry 49, 10098-106 (2010).

Razeghifard, M. R. & Pace, R. J. EPR kinetic studies of oxygen relaese
in thylakoids and PSIl membranes: A kinetic intermediate in the S3
to S transition. Biochemistry 38, 1252-1257 (1999).

Rappaport, F., Blancharddesce, M. & Lavergne, J. Kinetics of
Electron-Transfer and Electrochromic Change during the Redox
Transitions of the Photosynthetic Oxygen-Evolving Complex. Bio-
chim. Biophys. Acta-Bioenerg. 1184, 178-192 (1994).

Ibrahim, M. et al. Improvements in serial femtosecond crystal-
lography of photosystem Il by optimizing crystal uniformity using
microseeding procedures. Struct. Dyn. 2, 041705 (2015).
Hellmich, J. et al. Native-like photosystem Il superstructure at 2.44
A resolution through detergent extraction from the protein crystal.
Structure 22, 1607-15 (2014).

Fuller, F. D. et al. Drop-on-demand sample delivery for studying
biocatalysts in action at X-ray free-electron lasers. Nat. Methods 14,
443-449 (2017).

Sierra, R. G. et al. The macromolecular femtosecond crystal-
lography instrument at the Linac coherent light source. J. Syn-
chrotron Rad. 26, 346-357 (2019).

Winter, G. et al. DIALS as a toolkit. Protein Sci. 31, 232-250 (2022).
Brewster, A. S. et al. Improving signal strength in serial crystal-
lography with DIALS geometry refinement. Acta Cryst. D. 74,
877-894 (2018).

Brewster, A. S. et al. cctbx.xfel: a suite for processing serial crys-
tallographic data. 2025.05.04.652045 Preprint at https://doi.org/
10.1101/2025.05.04.652045 (2025).

Brewster, A. S., Young, I. D., Lyubimov, A., Bhowmick, A. & Sauter, N.
K. Processing serial crystallpgrahpic data from XFELs or synchro-
trons using the cctbx. xfel Gui. Comp. Cryst. Newsl. 10,

22-39 (2019).

Mittan-Moreau, D. W. et al. Robust error calibration for serial crys-
tallography. Acta Crystallogr D. Struct. Biol. 81, 265-275 (2025).
Liebschner, D. et al. Macromolecular structure determination using
X-rays, neutrons and electrons: Recent developments in Phenix.
Acta Crystallogr. D. 75, 861-877 (2019).

Nature Communications |

(2026) 17:8818

13


https://doi.org/10.1007/s11120-019-00648-3
https://doi.org/10.1007/s11120-019-00648-3
https://doi.org/10.1007/s11120-019-00648-3
https://doi.org/10.1101/2025.05.04.652045
https://doi.org/10.1101/2025.05.04.652045
https://doi.org/10.1101/2025.05.04.652045
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-76805-9

77. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Cryst. D. 66, 486-501 (2010).

78. Schrodinger LLC. The PyMOL molecular graphics system, version
3.0. (2025).

79. Bhowmick, A. eden v0.1.2. https://doi.org/10.5281/zenodo.
21363790 (2026).

Acknowledgements

We thank Johannes Blaschke for help with NERSC data management. We
are grateful to Isabel Bogacz, Sophia Flagg, Kanishk Kondaka, Stephanie
Haupt, Steve Keable, Larissa Kurth, Anthony Lan, Sasha Levy, and
Christina Park for help with sample preparation, data collection, and
processing at XFELs.

Author contributions

N.K.S, J.M, J.F.K, V.K.Y and J.Y designed research, A.B, M.Z, P.S.S, H.M,
LN, E.S, M.K, M.D.D, N.M.M, R.H, O.H, K.C, A.O.A, M.H.C, N.C, P.C, T.F,
1.D.Y, D.W.M-M, D.W.P, R. A-M, U.B, A.S.B, N.K.S, J.M, J.F.K, V.KY, J.Y
performed research, V.T, H.S, P.S, R.L, G.G, M.H, JM.G, F.P.P, D.J.R, S.D,
L.B.G, K.T, S.0, A.O, D.O, M.S, R.M, H.T.L, R.A-M operated the beamline
and provided instrumentation support, A.O.A, D.S, M.H.C, F.M, H.D, A.Z,
U.B contributed new reagents and analytic tools, A.B, J.M.H, D.W.M-M,
D.W.P, P.V.A, N.\W.M, P.D.A, A.S.B, N.K.S analyzed data, A.B, J.M, J.FK,
V.K.Y, J.Y wrote the paper with input from all authors.

Funding

This work was supported by the Director, Office of Science, Office of
Basic Energy Sciences (OBES), Division of Chemical Sciences, Geos-
ciences and Biosciences (CSGB), of the US Department of Energy (DOE)
for X-ray spectroscopy and crystallography data collection and analysis,
and methods development for photosynthetic systems (to J.Y., V.K.Y.,
and J.K.); by the National Institutes of Health (NIH), National Institute of
General Medical Sciences for PS Il biochemistry (R35GM149528 to
V.K.Y.), instrumentation development for XFEL experiments (GM110501
to J.Y. and GM126289 to J.K.) and development of computational pro-
tocols for XFEL data (R35GM151988 to NKS), and maintenance of the
DIALS software package (R24GM154040 to A.S.B.). Deutsche For-
schungsgemeinschaft (DFG) via the Collaborative Research Center
(SFB1078 to A.Z. and H.D., Humboldt Universitat zu Berlin), and the
Swedish Vetenskapsradet (2024-04804 to J.M.) are acknowledged for
support. E.S. acknowledges support from the M. Hildred Blewett Fel-
lowship of the American Physical Society and the NIH fellowship
1F32GM156053. R.H. acknowledges support from the DFG (grant
SFB1507, Goethe University Frankfurt). PVA, NWM, and PDA acknowl-
edge funding from the NIH (grants RO1IGM071939, PO1GM063210, and
R24GM141254), as well as support from the Phenix Industrial Consortium
and the US DOE under Contract No. DE-AC02-05CH11231. This research
used resources of the National Energy Research Scientific Computing
Center (NERSC), a US DOE Office of Science User Facility, using NERSC
award BES-ERCAP0031621 (project lcls, 2025) and NERSC award BES-
ERCAPO033245 (project m3289, 2025). XFEL data were collected at
LCLS/SLAC, Stanford, the SwissFEL, and SACLA, Japan. This work was
conducted at the MFX beamline at LCLS (proposals L1013621, L1019822
and 1.1035323), the BL3EH2 of SACLA with the approval of the Japan
Synchrotron Radiation Research Institute (JASRI) (Proposal No.

2023B8068), and at the Bernina instrument of the SwissFEL ARAMIS/
ATHOS branch of Paul Scherrer Institute (Villigen, Switzerland; proposal
20231131). Testing of the crystals and the setup was carried out at syn-
chrotron facilities at the ALS in Berkeley and SSRL in Stanford. ALS, a US
DOE Office of Science User Facility (DE-AC02-05CH11231), is supported
in part by the ALS-ENABLE program funded by the NIH grant P30
GM124169-01. The SSRL Structural Molecular Biology Program is sup-
ported by the US DOE, OBES and by the NIH (P41GM103393), and the
structural biology work at the LCLS is supported by the NIH
(P41GM139687). The Rayonix and Jungfrau 16 M detectors were funded
by the NIH Shared Instrumentation grants S10 OD023453 and
$100D034436, respectively. Use of the LCLS and SSRL, SLAC National
Accelerator Laboratory, was supported by the US DOE, Office of Sci-
ence, OBES (DE-AC02-76SF00515).

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-026-76805-9.

Correspondence and requests for materials should be addressed to
Johannes Messinger, Jan F. Kern, Vittal K. Yachandra or Junko Yano.

Peer review information Nature Communications thanks James Allen,
David Vinyard and the other, anonymous, reviewer(s) for their con-
tribution to the peer review of this work. A peer review file is available.

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

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. You do not have permission under this licence to share adapted
material derived from this article or parts of it. The images or other third
party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2026

Asmit Bhowmick ® '8, Miao Zhang"'®, Philipp S. Simon ® "', Hiroki Makita® '3, Isabela I. Nangca®", Erzsi Szilagyi',

1,15

Moritz Kretzschmar'?, Margaret D. Doyle', Natalie M. Minnetian', Rana Hussein ® %3, Olli Hart?, Kuntal Chatterjee"™,

A. Orkun Aydin*®, Dmitry Shevela®, Mun Hon Cheah ® 4, Nicholas Croy?*, Petko Chernev*'®, Thomas Fransson’,
Vandana Tiwari®, Humberto Sanchez®, Pamela Schleissner®, Randy Lemons ® 8, Greg Gate®, Meredith Henstridge®,
James M. Glownia®, Frédéric Poitevin®, Daniel J. Rosenberg?®, Sebastian Dehe ® 8, Leland B. Gee ® &, Kensuke Tono ® °'°,

Nature Communications | (2026) 17:8818

14


https://doi.org/10.5281/zenodo.21363790
https://doi.org/10.5281/zenodo.21363790
https://doi.org/10.5281/zenodo.21363790
https://doi.org/10.1038/s41467-026-76805-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://orcid.org/0000-0002-6154-6635
http://orcid.org/0000-0002-6154-6635
http://orcid.org/0000-0002-6154-6635
http://orcid.org/0000-0002-6154-6635
http://orcid.org/0000-0002-6154-6635
http://orcid.org/0000-0002-2859-4475
http://orcid.org/0000-0002-2859-4475
http://orcid.org/0000-0002-2859-4475
http://orcid.org/0000-0002-2859-4475
http://orcid.org/0000-0002-2859-4475
http://orcid.org/0000-0002-4968-914X
http://orcid.org/0000-0002-4968-914X
http://orcid.org/0000-0002-4968-914X
http://orcid.org/0000-0002-4968-914X
http://orcid.org/0000-0002-4968-914X
http://orcid.org/0000-0003-4159-1970
http://orcid.org/0000-0003-4159-1970
http://orcid.org/0000-0003-4159-1970
http://orcid.org/0000-0003-4159-1970
http://orcid.org/0000-0003-4159-1970
http://orcid.org/0000-0001-6292-2375
http://orcid.org/0000-0001-6292-2375
http://orcid.org/0000-0001-6292-2375
http://orcid.org/0000-0001-6292-2375
http://orcid.org/0000-0001-6292-2375
http://orcid.org/0000-0001-5732-1524
http://orcid.org/0000-0001-5732-1524
http://orcid.org/0000-0001-5732-1524
http://orcid.org/0000-0001-5732-1524
http://orcid.org/0000-0001-5732-1524
http://orcid.org/0000-0002-5608-0455
http://orcid.org/0000-0002-5608-0455
http://orcid.org/0000-0002-5608-0455
http://orcid.org/0000-0002-5608-0455
http://orcid.org/0000-0002-5608-0455
http://orcid.org/0000-0002-9206-9106
http://orcid.org/0000-0002-9206-9106
http://orcid.org/0000-0002-9206-9106
http://orcid.org/0000-0002-9206-9106
http://orcid.org/0000-0002-9206-9106
http://orcid.org/0000-0002-5817-3997
http://orcid.org/0000-0002-5817-3997
http://orcid.org/0000-0002-5817-3997
http://orcid.org/0000-0002-5817-3997
http://orcid.org/0000-0002-5817-3997
http://orcid.org/0000-0003-1218-3759
http://orcid.org/0000-0003-1218-3759
http://orcid.org/0000-0003-1218-3759
http://orcid.org/0000-0003-1218-3759
http://orcid.org/0000-0003-1218-3759
www.nature.com/naturecommunications

Article https://doi.org/10.1038/s41467-026-76805-9

Shigeki Owada®'°, Roland Oggenfuss', Dmitry Ozerov", Mathias Sander ® "', Roman Mankowsky ® ", Henrik T. Lemke ® ",
Iris D. Young ® ", James M. Holton ® "2, David W. Mittan-Moreau®", Daniel W. Paley ®', Pavel V. Afonine®",

Nigel W. Moriarty ®", Paul D. Adams ® '3, Fikret Mamedov ® 4, Holger Dobbek ® 2, Athina Zouni®?, Roberto Alonso-
Mori® 2, Uwe Bergmann® ", Aaron S. Brewster ®", Nicholas K. Sauter®", Johannes Messinger®*°/ 7, Jan F. Kern®' ,
Vittal K. Yachandra®'' * & Junko Yano®'

"Molecular Biophysics and Integrated Bioimaging Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. 2Department of Biology, Humboldt-
Universitat zu Berlin, Berlin, Germany. 3Institute of Biochemistry, Biocenter, Goethe University Frankfurt, Frankfurt am Main, Germany. “Molecular Biomi-
metics, Department of Chemistry-Angstrém, Uppsala University, Uppsala, Sweden. ®Department of Plant Physiology, Umea Plant Science Centre, Umea
University, Ume&, Sweden. ®Department of Chemistry, Umea University, Umed, Sweden. "Department of Theoretical Chemistry and Biology, KTH Royal
Institute of Technology, Stockholm, Sweden. 8Linac Coherent Light Source, SLAC National Accelerator Laboratory, Menlo Park, CA, USA. ®Japan Synchrotron
Radiation Research Institute, Hyogo, Japan. "°RIKEN SPring-8 Center, Hyogo, Japan. "SwissFEL, Paul Scherrer Institut, Villigen, Switzerland. ?Department of
Biochemistry and Biophysics, University of California, San Francisco, San Francisco, CA, USA. "*Department of Bioengineering, University of California,
Berkeley, CA, USA. “Department of Physics, University of Wisconsin-Madison, Madison, WI, USA. "®Present address: Lam Research Corporation, Tualatin,
OR, USA. "®Present address: Tandem Laboratory, Department of Physics, Uppsala University, Uppsala, Sweden. Present address: Institute of Nanostructure
and Solid State Physics, University of Hamburg, Hamburg, Germany. ®These authors contributed equally: Asmit Bhowmick, Miao Zhang, Philipp S. Simon,
Hiroki Makita. e-mail: johannes.messinger@umu.se; jfkern@lbl.gov; vkyachandra@lbl.gov; jyano@lbl.gov

Nature Communications | (2026) 17:8818 15


http://orcid.org/0000-0001-9045-9824
http://orcid.org/0000-0001-9045-9824
http://orcid.org/0000-0001-9045-9824
http://orcid.org/0000-0001-9045-9824
http://orcid.org/0000-0001-9045-9824
http://orcid.org/0000-0001-6784-0344
http://orcid.org/0000-0001-6784-0344
http://orcid.org/0000-0001-6784-0344
http://orcid.org/0000-0001-6784-0344
http://orcid.org/0000-0001-6784-0344
http://orcid.org/0000-0003-1577-8643
http://orcid.org/0000-0003-1577-8643
http://orcid.org/0000-0003-1577-8643
http://orcid.org/0000-0003-1577-8643
http://orcid.org/0000-0003-1577-8643
http://orcid.org/0000-0003-4713-9504
http://orcid.org/0000-0003-4713-9504
http://orcid.org/0000-0003-4713-9504
http://orcid.org/0000-0003-4713-9504
http://orcid.org/0000-0003-4713-9504
http://orcid.org/0000-0002-0596-0137
http://orcid.org/0000-0002-0596-0137
http://orcid.org/0000-0002-0596-0137
http://orcid.org/0000-0002-0596-0137
http://orcid.org/0000-0002-0596-0137
http://orcid.org/0000-0002-3193-571X
http://orcid.org/0000-0002-3193-571X
http://orcid.org/0000-0002-3193-571X
http://orcid.org/0000-0002-3193-571X
http://orcid.org/0000-0002-3193-571X
http://orcid.org/0000-0003-1161-5142
http://orcid.org/0000-0003-1161-5142
http://orcid.org/0000-0003-1161-5142
http://orcid.org/0000-0003-1161-5142
http://orcid.org/0000-0003-1161-5142
http://orcid.org/0000-0002-5052-991X
http://orcid.org/0000-0002-5052-991X
http://orcid.org/0000-0002-5052-991X
http://orcid.org/0000-0002-5052-991X
http://orcid.org/0000-0002-5052-991X
http://orcid.org/0000-0001-8857-9464
http://orcid.org/0000-0001-8857-9464
http://orcid.org/0000-0001-8857-9464
http://orcid.org/0000-0001-8857-9464
http://orcid.org/0000-0001-8857-9464
http://orcid.org/0000-0001-9333-8219
http://orcid.org/0000-0001-9333-8219
http://orcid.org/0000-0001-9333-8219
http://orcid.org/0000-0001-9333-8219
http://orcid.org/0000-0001-9333-8219
http://orcid.org/0000-0002-6218-3039
http://orcid.org/0000-0002-6218-3039
http://orcid.org/0000-0002-6218-3039
http://orcid.org/0000-0002-6218-3039
http://orcid.org/0000-0002-6218-3039
http://orcid.org/0000-0002-4122-3898
http://orcid.org/0000-0002-4122-3898
http://orcid.org/0000-0002-4122-3898
http://orcid.org/0000-0002-4122-3898
http://orcid.org/0000-0002-4122-3898
http://orcid.org/0000-0003-0561-6990
http://orcid.org/0000-0003-0561-6990
http://orcid.org/0000-0003-0561-6990
http://orcid.org/0000-0003-0561-6990
http://orcid.org/0000-0003-0561-6990
http://orcid.org/0000-0002-5357-0934
http://orcid.org/0000-0002-5357-0934
http://orcid.org/0000-0002-5357-0934
http://orcid.org/0000-0002-5357-0934
http://orcid.org/0000-0002-5357-0934
http://orcid.org/0000-0001-5639-166X
http://orcid.org/0000-0001-5639-166X
http://orcid.org/0000-0001-5639-166X
http://orcid.org/0000-0001-5639-166X
http://orcid.org/0000-0001-5639-166X
http://orcid.org/0000-0002-0908-7822
http://orcid.org/0000-0002-0908-7822
http://orcid.org/0000-0002-0908-7822
http://orcid.org/0000-0002-0908-7822
http://orcid.org/0000-0002-0908-7822
http://orcid.org/0000-0003-2786-6552
http://orcid.org/0000-0003-2786-6552
http://orcid.org/0000-0003-2786-6552
http://orcid.org/0000-0003-2786-6552
http://orcid.org/0000-0003-2786-6552
http://orcid.org/0000-0003-2790-7721
http://orcid.org/0000-0003-2790-7721
http://orcid.org/0000-0003-2790-7721
http://orcid.org/0000-0003-2790-7721
http://orcid.org/0000-0003-2790-7721
http://orcid.org/0000-0002-7272-1603
http://orcid.org/0000-0002-7272-1603
http://orcid.org/0000-0002-7272-1603
http://orcid.org/0000-0002-7272-1603
http://orcid.org/0000-0002-7272-1603
http://orcid.org/0000-0002-3983-7858
http://orcid.org/0000-0002-3983-7858
http://orcid.org/0000-0002-3983-7858
http://orcid.org/0000-0002-3983-7858
http://orcid.org/0000-0002-3983-7858
http://orcid.org/0000-0001-6308-9071
http://orcid.org/0000-0001-6308-9071
http://orcid.org/0000-0001-6308-9071
http://orcid.org/0000-0001-6308-9071
http://orcid.org/0000-0001-6308-9071
mailto:johannes.messinger@umu.se
mailto:jfkern@lbl.gov
mailto:vkyachandra@lbl.gov
mailto:jyano@lbl.gov
www.nature.com/naturecommunications

	An additional water is introduced into the manganese cluster during the formation of the S3 state of photosystem II
	Introduction
	Results
	Use of anomalous signals for determining accurate Mn positions in the OEC
	Evidence for the presence of OX in the S3 state
	Mn-O distances in the cluster
	Comparison with previous S1 and S2 state structures
	Changes in the water and hydrogen-bond network

	Discussion
	Structure of the S3 state
	Nature of OX and the O5-OX interaction
	Water network and protonation state changes near the OEC

	Methods
	Sample preparation
	Sample injection and illumination
	X-ray data collection
	X-ray diffraction data processing
	Model building and refinement
	Structural data visualization
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




