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Extended Data Figure 7 | Gene structures of the strains and YidC mutants
used for in vivo genetic analyses. a, Schematic representations of the gene
structures of the yidC2-lacZ reporter strains used for the MifM-based assay.
spollIJ*-flag indicates either wild type or mutant spolll]. yidC2-lacZ represents
a translational gene fusion with the lacZ sequence in-frame after the sixth
codon of yidC2. The native mifM-yidC2 on the chromosome remained intact.
b, Deleted regions of Spolll], viewed from the extracellular side. Residue
numbers in SpollIlJ are indicated. A92-126-GG represents a mutant in
which the entire C1 region has been replaced by a glycine—glycine linker.
A97-103/A114-120 represents a mutant in which both the CH1 and CH2
helices have been shortened by seven residues. ¢, Schematic representations of
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the gene structures used for growth complementation assays. SpoIll] becomes
essential for the growth of B. subtilis when yidC2 is disrupted. Cells with a
disruption of chromosomal yidC2 were transformed with the rescue plasmid
pCH1805, which expresses wild-type spolllJ-flag under the control of the
IPTG-inducible Pspac promoter. The native spolll] on the chromosome was
replaced by either wild-type or mutant spoIII] (spolll*-flag). In the absence of
IPTG, spolll]-flag is not expressed from the plasmid, making the chromosomal
spollIJ*-flag the only source of cellular YidC. The complementation test
measures the global role of Spolll] in inserting a wide range of membrane
proteins, including single-spanning and multi-spanning membrane proteins.
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Extended Data Figure 8 | Schematic explanation of p-galactosidase activity
assay and MifM insertion activity. a, b, MifM is a single-spanning membrane
protein, and its membrane insertion is considered to be mediated by YidC
(SpolllJ)*'. To evaluate the MifM insertion activity of Spolll], we performed a
genetic analysis using B. subtilis. In B. subtilis, Spolll] is constitutively
expressed, whereas YidC2 is expressed only when the SpolllJ activity is
compromised, by the following mechanism. The expression of yidC2 is
regulated by the upstream cis regulator open reading frame of mifM, which
is co-transcribed with yidC2. During the synthesis of MifM, the C-terminal
region of nascent MifM interacts with the peptide exit tunnel of the ribosome
and causes translational arrest*>*°, When the Spolll] activity is normal, the
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Translation arrest
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translational arrest is released by the Spolllj-dependent membrane insertion of
MifM. Therefore, the translational arrest is transient or does not occur (a).
By contrast, when SpolllJ activity is compromised, MifM is not inserted into
the membrane, and its translation is arrested, which causes ribosome stalling.
The stalled ribosome disrupts the downstream stem-loop structure and
exposes the Shine-Dalgarno (SD) translation initiation signal sequence of the
yidC2 messenger RNA (b). Thus, we can estimate the in vivo Spolll] activity
by measuring the expression of the introduced yidC2-lacZ fusion (Extended
Data Fig. 7a): the reduction of MifM insertion efficiency by Spolll] elevates the
LacZ activity***°.
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Extended Data Figure 9 | Effects of N-terminal negatively charged residues
of substrates on insertion. a, Schematic representations of the N-terminal
negatively charged residues of MifM and the Pf3-MifM chimaeric protein.

b, Membrane insertion efficiencies of MifM mutants and Pf3-MifM mutants.
The efficiencies were determined by the LacZ activities (mean * s.d., n = 3).
The N-terminal negatively charged residues of MifM and Pf3-MifM and the
numbers of the charged residues are shown at the bottom (EDD, wild-type
MifM; DD, wild-type Pf3-MifM). Mutations of the acidic residues in the Pf3
coat protein had less pronounced effects than mutation of those in MifM,
probably because the membrane insertion is facilitated by multiple interacting
factors depending on the amino acid sequence.
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Extended Data Table 1 | Data collection and refinement statistics

YidCz7-266 YidCar-267 YidCar-266 (Y150C)
(Methyl HgCl)

Data collection

Space group P21 P2y P24
Cell dimensions

a, b, c(A) 43.9,60.6,58.9 54.0,70.1,83.1 43.8,59.7,58.6

a By (® 90, 100.3, 80 90, 92.0, 90 90, 100.3, 80

Peak Inflection
Wavelength 1.000 1.378 1.00000 1.00945
Resolution (A) 50-2.40 45-3.20 50-3.00 50-3.00
(2.44-2.40) (3.40~3.20) (3.05-3.00)  (3.05-3.00)

Reym 0.068 (0.318) 0.110 (0.472) 0.089 (0.350) 0.101 (0.456)
Haf 22.5(2.85) 10.1 (2.96) 29.3 (4.72) 21.5(2.75)
Completeness (%) 81.0 (85.6) 95.6 (99.4) 99.3 (98.3) 99.2 (98.3)
Redundancy 26(1.9) 3.9(3.8) 5.8 (4.4) 5.4 (3.5)
Refinement
Resolution (A) 240 3.20
No. reflections 10,879 19,127
Rwork/Riree 24.2/259 26.0/29.1
No. atoms

Protein 1,601 3,686

Ligand/ion 60 4

Water 8
B-factors

Protein 6524 96.2

Ligand/ion 77.73 121.0

Water 49.43
R.m.s deviations

Bond lengths (A)  0.002 0.002

Bond angles (°) 0.714 0.765
Ramachandran plot

Favoured (%) 89.5 986.1

Allowed (%) 0.5 3.6

Outliers (%) 0.0 0.2

*The numbers in parentheses are for the highest resolution sheli

©2014 Macmillan Publishers Limited. All rights reserved
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Crystal structure of a bacterial homologue of SWEET

transporters

Cell Research (2014) 24:1486-1489. doi:10.1038/cr.2014.144; published online 7 November 2014

Dear Editor,

SWEETS: represent a novel family of membrane sugar
transporters that have been identified in plants, worms,
and mammals. They selectively transport mono- or di-
saccharides across plasma or intracellular membranes,
and are involved in a number of essential physiologi-
cal processes [1]. The functions of SWEETS are best
characterized in plants. In Arabidopsis thaliana, AtS-
WEET1/4/5/7/8/13 mediate glucose efflux [1], AtS-
WEET11/12 function as sucrose transporters [2], and
AtSWEET17 permeates fructose [3, 4]. These SWEETs
are important for the growth and development of plants,
and some are hijacked by pathogens or symbionts for
their own sugar supply.

SWEETs belong to the MtN3 family in plants and
SLC50 sugar efflux transporter family in human [5]. It
was predicted that SWEETs comprise seven transmem-
brane (TM) helices that are folded into two parallel three-
helix bundles connected by one central TM [1, 5]. Homo-
logues of SWEETs were recently identified in bacteria [5].
Each bacterial SWEET monomer consists of three TMs,
reminiscent of one three-helix bundle in the eukaryotic
SWEETs. Therefore they are named SemiSWEETs. A
representative homologue from B. japonicum USDA 110,
BjSemiSWEET1, exhibited sucrose transport activity [S].

In an attempt to understand the molecular basis un-
derlying substrate selectivity and transport mechanism
of sugar transporters, we sought to determine the crystal
structure of SemiSWEETs. We have focused on BjSemi-
SWEETT1 and its close homologue from 7. yellowstonii
DSM 11347 (TySemiSWEET). Both homologues gave
rise to high-yield and well-behaved recombinant pro-
teins. We were able to crystalize both proteins purified in
detergent micelles using hanging-drop diffusion method.
However, these crystals never diffracted X-rays beyond
10 A resolution. Finally, crystals of TySemiSWEET were
obtained in the space group P2,2,2, using lipidic cubic
phase approach and diffracted X-rays beyond 2.4 A reso-
lution at BL32XU, SPring-8. The structure of TySemi-
SWEET was determined by molecular replacement using

the recently reported structure of a SemiSWEET protein
from L. biflexa (LbSemiSWEET) [6] as search model
and refined to 2.4 A resolution (Supplementary informa-
tion, Figure S1 and Table S1).

Six TySemiSWEET molecules that are arranged into
three dimers were found in each asymmetric unit (Figure
1A and Supplementary information, Figure S1). While
two dimers are arranged in a parallel fashion, the third
one is positioned in the opposite orientation, further
supporting the dimeric assembly of SemiSWEETs [6].
Within each dimer, the two parallel protomers that ex-
hibit almost identical conformations are related by 180°
rotation around an axis perpendicular to the membrane
plane. Within each protomer, TM1 and TM2 are con-
nected by an extended linker (L1-2), and TM3 is posi-
tioned between TM1 and TM2 (Figure 1A). Note that the
L1-2 linker is enriched with positively charged residues
(Supplementary information, Figure S2). According to
the “positive-inside rule” and the topological analysis of
AtSWEET11, the L1-2 should be located on the cyto-
plasmic side, which leaves the N-terminus of each pro-
tomer on the periplasmic side of the membrane (Figure
1A) [6, 7].

It is noteworthy that the basic structural and functional
unit of the major facilitator superfamily (MFS) transport-
ers is also the 3-helix bundle [8]. Interestingly, when
TM1 and TM2 in each 3-helix bundle are aligned on the
same plane, the position of TM3 in SemiSWEETSs is on
the opposite side to that of the MFS 3-helix bundle (Sup-
plementary information, Figure S3). The difference in
the organization of the 3-helix bundles may argue against
a common ancestor between SWEET and MFS transport-
ers.

The two protomers in each TySemiSWEET dimer
enclose a central cavity that is sealed from both sides
of the membrane. Therefore, the structure represents an
occluded conformation. The dimer interface is mediated
through three clusters of hydrogen bonds (H-bonds) be-
tween TM1 of one protomer and TM2 of the other (Figure
1B-1D) as well as extensive van der Waals contacts. Be-
cause of the 2-fold symmetry, described here are the in-
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teractions on one side of the dimer and the two protomers
are named Mol A and Mol B. On the extracellular side,
the hydroxyl group of Tyr57 of Mol A-TM1 donates a H-
bond to the carboxyl oxygen of Glu63 which demarcates
the beginning of TM2 in Mol B (Figure 1B). One helical
turn below, Trp54 of Mol A is H-bonded to the side chain
of Thr19 on Mol B-TM2 (Figure 1C). On the cytosolic
side, an extensive H-bond network exists between the
two L1-2 linkers, which appear to serve as the inner gate
(Figure 1D). The side chain of Asp38 of Mol A accepts
one hydrogen bond from the side chain hydroxyl group
of Ser35 and donates two hydrogen bonds to the main
chain amides of Arg37 and Asp38 of Mol B. The side
chain of GIn26 of Mol A is H-bonded to both the main
chain oxygen of Asp38 and the main chain amide of
Ser40 of Mol B.

TySemiSWEET shares sequence identities of 44.2%
and 40.2% with BjSemiSWEET1 and LbSemiSWEET,
respectively (Supplementary information, Figure S4).
The structure of LbSemiSWEET was also determined
in an occluded conformation [6]. The dimeric structures
of TySemiSWEET and LbSemiSWEET can be superim-
posed with a root mean squared deviation (r.m.s.d.) of
0.64 A over 144 Ca atoms. However, evident difference
can be observed in the central pockets of the two highly
similar structures (Figure 1E and 1F). The central pocket
of TySemiSWEET is 18 A long, with an overall surface
of 463 A? and volume of 613 A’. In contrast, the central
pocket of LbSemiSWEET is 11 A long, with an overall
surface of 327 A” and volume of 424 A’. The difference
is caused mainly by variation of one amino acid, Met47
in TySemiSWEET versus the corresponding Phe41 in
LbSemiSWEET. The bulky side groups of the two Phe41
in LbSemiSWEET dimer close the central pocket in the
midway of the membrane, whereas Met47 residues in
TySemiSWEET leave enough space for an elongated
central pocket (Figure 1E, 1F and Supplementary infor-
mation, Figure S4).

During structural refinement of TySemiSWEET, an
extended electron density was seen in the central cav-
ity. The quality of the density is insufficient for accurate

identification and assignment of a ligand. Nevertheless,
the crystals of TySemiSWEET were obtained in the
presence of 20 mM sucrose, and the contour of the elec-
tron density is reminiscent of a disaccharide molecule
(Supplementary information, Figure S5A). We therefore
tentatively built a sucrose molecule into the density. The
disaccharide molecule can be accommodated by the sur-
rounding residues in the central pocket (Figure 1E, and
Supplementary information, Figure S5B). Notably, all the
16 residues in each protomer that constitute the central
pocket are highly conserved, with 10 invariants, between
TySemiSWEET and BjSemiSWEET1 (Supplementary
information, Figure S5C), indicating a similar central
pocket in BjSemiSWEET1, the sucrose transporter. In
contrast, the pocket in LbSemiSWEET is too small to ac-
commodate a disaccharide molecule, consistent with its
function of being a glucose transporter (Figure 1F, right
panel).

Structural comparison of TySemiSWEET and Lb-
SemiSWEET provides important clue to understanding
substrate selectivity of SemiSWEETSs. If the central cavi-
ties observed in TySemiSWEET and LbSemiSWEET
represent the primary binding site for ligands in Semi-
SWEETs, two questions immediately stand out. First, is
there a second substrate binding site along the transport
path? Second, what is the transport mechanism?

All the known transporters utilize a general alternating
access mechanism which requires the structural shifts
of a transporter between at least two conformations, the
outward-open and inward-open, to upload and release
of the substrate(s) on the two sides of the membrane.
The positions of the cavity in TySemiSWEET and Lb-
SemiSWEET, both located closer to the periplasmic
side, deviate from those in the known structures of sugar
transporters, in which a primary substrate binding site
is usually placed in the midway of the membrane [8, 9].
Examination of the transport path of TySemiSWEET and
the other two SemiSWEET structures reveals that the
cytoplasmic half of the putative transport path is highly
hydrophobic, and may not constitute a stable binding site
for the highly polar substrate (Supplementary informa-

Figure 1 Crystal structure of the SemiSWEET from 7. yellowstonii (TySemiSWEET) in an occluded conformation. (A) Overall
structure of the dimeric TySemiSWEET. The two protomers are colored green and cyan. (B-D) The dimer interface of TySe-
mIiSWEET consists of three clusters of H-bonds between residues on TM1 of one protomer and TM2 of the other, including
a pair of H-bonds at the extracellular side (B), a pair close to the center of the membrane (C), and an extensive H-bond net-
work on the cytoplasmic side (D). The H-bonds, together with extensive van der Waals contacts between the two protomers,
sealed the dimer in an occluded conformation. (E-F) The central cavity of TySemiSWEET is considerably larger than that of
LbSemiSWEET. Residues Phe41 from the two protomers of LbSemiSWEET close the central pocket at approximately the
midway of the membrane, whereas the corresponding Met47 residues in TySemiSWEET leave enough space for an elongat-
ed cavity. A sucrose molecule can be accommodated by TySemiSWEET, but not LbSemiSWEET (right panels). All structure

figures were prepared with PyMol [10].
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tion, Figure S6) [6]. Notably, the hydrophobic half-path
is also observed in the transmembrane domains of the
ABC (ATP-binding cassette) maltose transporter MalFG.
Structures of the maltose transporter were obtained in
multiple conformations and a single binding site in the
transmembrane domain is identified [9]. It is possible
that TySemiSWEET only contains one substrate binding
site as observed in the structure. The enriched hydropho-
bic residues along the transport path may facilitate the
passage of the polar ligand by lowering potential resis-
tance during substrate penetration.

The structures of the outward-open and occluded
states have been obtained for the SemiSWEETs [6]. An
inward-open structure is yet to be captured to elucidate
the alternating access cycle of SemiSWEETs. On top of
that, an intriguing and critical question in the study of
SemiSWEETs and SWEETs is the driving force for their
conformational changes. It remains to be characterized
whether SemiSWEETs and SWEETs are facilitative uni-
porters or secondary active co-transporters. The struc-
tures reported here and previously lay out the foundation
to address these important questions.

The atomic coordinates have been deposited in the
Protein Data Bank with the accession code 4RNG.
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Native structure of photosystem II at 1.95 A
resolution viewed by femtosecond X-ray pulses

Michihiro Suga®*, Fusamichi Akita™*, Kunio Hirata®>, Go Ueno?, Hironori Murakami?, Yoshiki Nakajima’, Tetsuya Shimizu’,
Keitaro Yamashita?, Masaki Yamamoto?, Hideo Ago? & Jian-Ren Shen'

Photosynthesis converts light energy into biologically useful chem-
ical energy vital to life on Earth. The initial reaction of photosynthesis
takes place in photosystem II (PSII), a 700-kilodalton homodimeric
membrane protein complex that catalyses photo-oxidation of water
into dioxygen through an S-state cycle of the oxygen evolving com-
plex (OEC). The structure of PSII has been solved by X-ray diffrac-
tion (XRD) at 1.9 angstrém resolution, which revealed that the OEC
is a Mn CaO;s-cluster coordinated by a well defined protein environ-
ment'. However, extended X-ray absorption fine structure (EXAFS)
studies showed that the manganese cations in the OEC are easily re-
duced by X-ray irradiation?, and slight differences were found in the
Mn-Mn distances determined by XRD', EXAFS®*7 and theoretical
studies®’*. Here we report a ‘radiation-damage-free’ structure of PSIT
from Thermosynechococcus vulcanusin the S state at a resolution
of 1.95 angstroms using femtosecond X-ray pulses of the SPring-8
angstrom compact free-electron laser (SACLA) and hundreds of large,
highly isomorphous PSII crystals. Compared with the structure from
XRD, the OEC in the X-ray free electron laser structure has Mn-Mn
distances that are shorter by 0.1-0.2 angstroms. The valences of each
manganese atom were tentatively assigned as Mn1D(111), Mn2C(1v),
Mn3B(1v) and Mn4A (111), based on the average Mn-ligand distances
and analysis of the Jahn-Teller axis on Mn(11). One of the oxo-
bridged oxygens, O5, has significantly longer distances to Mn than
do the other oxo-oxygen atoms, suggesting that O5 is a hydroxide
ion instead of a normal oxygen dianion and therefore may serve as
one of the substrate oxygen atoms. These findings provide a structural
basis for the mechanism of oxygen evolution, and we expect that this
structure will provide a blueprint for the design of artificial catalysts
for water oxidation.

PSII is a multi-subunit pigment-protein complex embedded in the
thylakoid membranes of higher plants, green algae and cyanobacteria,
and is the only molecular machine capable of oxidizing water by use of
visible light. Water molecules are split into electrons, hydrogen atoms
and oxygen molecules at the catalytic centre of PSII, namely, the OEC,
through four electron and/or proton removing steps as described in the
S;-state cycle (with i = 0-4, where i indicates the number of oxidative
equivalents accumulated). Because of its ability to split water, the OEC
is considered a promising template for the synthesis of artificial catalysts
for water-splitting aimed at obtaining clean and renewable energy from
sunlight, which is considered a promising way to supplement the con-
sumption of limited and environmentally unfriendly fossil fuels.

In order to elucidate the mechanism of the water-splitting reaction, the
structure of PSII has been studied extensively by XRD, with a resolution
that has gradually increased from 3.8 to 1.9 A using synchrotron radi-
ation (SR) X-ray sources™**%. In particular, the SR structure of PSII at
atomic resolution revealed that the OECis a Min,CaOs cluster organized
into a distorted-chair shape, in which the cuboidal part is composed of
Mn;CaO, and the outer manganese is attached via two i-oxo-bridges'.
The high-resolution structure also revealed that four water molecules

are coordinated to the Mn,CaOs cluster, among which, two are coordi-
nated to the Ca** ion and two are attached to the outer manganese!
(designated Mn4A; the naming of the Mn ions employed in this study
combines the nomenclatures of those used in the EXAFS* and XRD!
studies). Although these provided an important structural basis for the
mechanism of water-splitting, the average Mn-ligand and Mn-Mn dis-
tances were found to be slightly longer than those deduced from EXAFS*”
and from computational analysis based on the SR structure®*. This has
been suggested to result from radiation damage, as hydrated electrons
generated by X-ray irradiation'® are able to reduce metal catalytic cen-
tres (such as the OEC in PSII) rapidly, although the SR PSII structure
at 1.9 A resolution was obtained with an X-ray dose much reduced com-
pared to those used previously’***, Based on the EXAFS analysis, the
dose used for collecting the SR structure at 1.9 A resolution may cause
25% of the Mn jons in the OEC to be reduced to 2+ ions®. Such radi-
ation damage to biological samples is inevitable with SR X-ray sources,
since the shortest time to collect a diffraction image is of the order of one
second, which is long enough for structural changes to occur upon break-
age of covalent bonds by the radicals generated by the strong X-ray
irradiation.

In order to eliminate the radiation damage, a new approach employ-
ing a femtosecond X-ray free electron laser (XFEL) has been developed
which demonstrated that a radiation-damage-free structure may be ob-
tained by using the ultra-short and high-brilliance XFEL pulses to col-
lect diffraction images before the onset of radiation damage (a ‘diffraction
before destruction’ approach)®. So far XFEL has been mainly used to
collect diffraction data from nanocrystals using the method of serial fem-
tosecond crystallography (SFX), in which a stream of nanometre-to-
micrometre sized crystals flows across the XFEL beam and a large number
of single-crystal diffraction data are collected in random orientations
at room temperature, and the data obtained are processed by a Monte
Carlo approach*~*. However, as diffraction intensities are proportional
to the diffraction volume and inversely proportional to the unit cell
volume?, the resolution obtainable with this method is limited, especially
for large membrane protein complexes such as PSII and cytochrome ¢
oxidase (CcO), whose unit cell volumes exceed 6 MA®. In addition, the
nanometre-micrometre sized crystals used for SFX are often obtained
under sub-optimal conditions, and their properties are easily affected
by post-crystallization handling procedures; all of these will limit the
resolution of large membrane protein crystals. Very recently, it was
demonstrated that a radiation-damage-free structure can be obtained
from large crystals using the XFEL beam by collecting still diffraction
images at a cryogenic temperature from well separated positions in a
crystal and by using a number of large, highly isomorphous crystals.
This method has been used successfully to obtain a radiation-damage-
free structure of CcO at 1.9 A resolution®. Here we determined the
radiation-damage-free structure of PSII in the dark-stable S, state
by use of this method and hundreds of large PSII crystals with high
isomorphism.

!Photosynthesis Research Center, Graduate School of Natural Science and Technology, Okayama University, 3-1-1 Tsushima Naka, Okayama 700-8530, Japan. 2RIKEN SPring-8 Center, 1-1-1 Kouto Sayo,
Hyogo 679-5148, Japan. *Japan Science and Technology Agency (JST), Core Research for Evolutional Science and Technology (CREST), Kawaguchi, Saitama 332-0012, Japan.
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Figure 1 | Atomic structure of the OEC by XFEL.
a, Electron density maps of the OEC. Grey,

2mF, — DF map contoured at 7¢; magenta,
2mPF, — DF, map contoured at 157; green,

mF, — DF, map contoured at 66. The 2mF, — DF,
map was calculated before placing any atoms in the
OEC, and the mF, — DF, map was calculated
after introducing the manganese and calcium

© J ©

Mn3B

Still diffraction images were collected with XFEL provided by SACLA
and large PSII crystals (1.2 X 0.5 X 0.2 mm). Each irradiation point on
a crystal was separated by 50 pm (Extended Data Fig. 1a, b), which has
been shown to be enough to avoid the effect of radiation damage from
the previous irradiation point™ (see Methods). The crystals were rotated
in steps of 0.2° following the previous irradiation, which was smaller
than one-third of the typical mosaic spread of the PSII crystals; this en-
sured data quality high enough for the subsequent structural refinement®.
Diffraction spots up to 1.85 A resolution were observed (Extended Data

atoms but without the oxygen atoms and water
molecules. Colour codes for atoms: grey,
manganese; blue, calcium; red, oxo-oxygen; yellow,
O5; orange, water. Numbers 1-4 in the red
spheres indicate O1-O4 atoms, and 1D, 2C, 3Band
4A indicate the four manganese ions named by

a combination of crystal structure and previous
EXAFS numbering. b, Mn-Mn distances in the
OEC (in A). Roman numerals in the spheres
indicate the valence of manganese atoms assigned
in this work. Oxygen atoms in the OEC are
shown pink. ¢, Mn-Ca distances in the OEC

(in A). d, Mn-0, Ca-O, Mn-water and

Ca-water distances in the OEC (in A).

Fig. 2); we collected two independent data sets, data set 1 with 5,592 still
images from 254 crystals, and data set 2 with 2,058 images from 82 crys-
tals, from which two complete data sets were processed, both to 1.95 A
resolution. The total absorbed dose and photon density of each irradi-
ation point for both data sets were 1.4 MGy and 0.26 X 10™® photons
per um?, respectively, which were approximately equal to that each irra-
diation point received in the SR data set used for the analysis of the 1.9 A
structure’. Structure analysis was performed as described in Methods, and
the statistics for the diffraction experiments and structural refinement

Table 1 | OEC interatomic distances obtained using XFEL and SR techniques

XFEL SR XFEL SR XFEL SR
Mn-Mn Ca-0 B-factor
Mn1D-Mn2C 2.68 (0.05)* 2.8 Ca-01 2.61 (0.03)* 24 Mn1D 234 (3.3)* 243
Mn1D-Mn3B 3.20 (0.08)* 33 Ca-02 2.67 (0.06)* 25 Mn2C 234 (1.4)* 248
Mn1D-Mn4A 4.95 (0.04)* 5.0 Ca-05 2.54 (0.08)* 2.7 Mn3B 22.0 (2.2)* 24.5
Mn2C-Mn3B 2.70 (0.03)* 29 Mn4A 234 (1.6)* 275
Mn2C-Mn4A 5.21 (0.04)* 5.4 Water Ca 33.0 (3.8)* 26.0
Mn3B-Mn4A 2.87 (0.03)* 3.0 Mn4A-W1 2.25 (0.08)* 2.2 01 23.3 (3.6)* 23.8

Mn4A-W2 2.10 (0.09)* 22 02 22.6 (2.1)* 263

Mn-Ca Ca-W3 2.60 (0.01)* 24 03 26.3 (6.5)* 25.2
Mn1D-Ca 3.47 (0.03)* 35 Ca-W4 247 (0.04)* 25 04 20.7 (2.1)* 27.2
Mn2C-Ca 3.32 (0.03)* 34 05-w2 3.00 (0.09)* 3.1 05 17.7 (2.3)* 26.1
Mn3B-Ca 3.40 (0.06)* 34 05-w3 3.12(0.13)* 3.1 Overall OEC 23.6 (2.0)* 25.6
Mn4A-Ca 3.77 (0.06)* 38 W2-W3 3.26 (0.09)* 33 All atoms 35.1 352
Mn-0 Ligand
Mn1D-01 1.80 (0.05)* 1.9 Mn1D-E189 1.79 (0.02)* 19
Mn1D-03 1.87 (0.08)* 1.8 Mn1D-H332 2.12 (0.03)* 22
Mn1D-05 2.70(0.01)* 26 Mn1D-D342 2.22 (0.05)* 23
Mn2C-01 1.82 (0.07)* 21 Mn2C-D342 2.13 (0.04)* 22
Mn2C-02 1.83 (0.07)* 2.1 Mn2C-A344 1.90 (0.06)* 2.0
Mn2C-03 2.02 (0.06)* 21 Mn2C-E354+ 2.13 (0.05)* 2.2
Mn3B-02 1.90 (0.12)* 19 Mn3B-~E333 2.06 (0.03)* 2.1
Mn3B-03 2.06 (0.07)* 2.1 Mn3B-E354% 2.13(0.02)* 2.2
Mn3B-04 1.90 (0.02)* 2.1 Mn4A-D170 2.03 (0.04)* 2.1
Mn3B-05 2.20(0.14)* 24 Mn4A~E333 2.08 (0.02)* 22
Mn4A-04 2.02 (0.05)* 2.1 Ca~-D170 2.36 (0.08)* 24
Mn4A-05 2.33 (0.03)* 25 Ca-A344 243 (0.01)* 25

The Mn-Mn, Mn-Ca, Mn-0, Ca-0, water and ligand distances are given in A.Values for the XFEL structure are the average of four monomers, whereas values for the SR structure are the average of two monomers.
*Numbers in parentheses represent standard derivations calculated from four PSIl monomers. For the individual values in each monomer, see Extended Data Table 2.

+Residue from the CP43 protein.
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are given in Extended Data Table 1. The R values were 0.238 (data
set 1) and 0.225 (data set 2), which, together with the 1.95 A resolution,
allowed us to build the structure of the OEC unambiguously. In this
structure, the positions of heavy metals were confirmed clearly, even in
the anomalous difference Fourier map (Fig, 1a, Extended Data Fig, 3a,b).
In fact, the B-factors for the OEC atoms (23.6 A2) were found to be lower
than those observed in the overall protein atoms of both XFEL (35.1 A?)
and SR (35.2 A?) structures (Table 1, Extended Data Tables 1 and 2),
showing the reliability of the OEC structure. Nevertheless, we repeated
the same experiments using the crystals from different preparations in
the two data sets to verify the reproducibility of the bond distances
within the OEC, which showed a very good agreement among the four
PSII monomers in the two independent dimer structures.

The overall architecture of the OEC in the XFEL structure is very sim-
ilar to that of the SR structure (PDB ID 3ARC), but distinct differences
were observed in Mn—Mn and Mn-O distances (Figs 1b-d and 2a, Ex-
tended Data Table 3). For comparison, we take the average distances
from four monomers of the two independent dimers, and the average

Mn-Mn distances were 2.7 A for Mn1D-Mn2C, 3.2 A forMn1D- Mn3B
50A for Mn1D-MndA, 2.7 A for Mn2C-Mn3B, 5.2 A for Mn2C-Mn4A
and 2.9 A for Mn3B-Mn4A (Fig, 1b, Table 1, Extended Data Table 2). All
of these distances were 0.1-0.2 A shorter than those in the SR structure,
in good accordance with the results of EXAFS*” and theoretical calcul-
ations®'*. This clearly indicated that the X-ray damage possibly included
in the previous SR structure has been eliminated. In particular, we assigned
two 2.7 A Mn-Mn vectors to Mn1D-Mn2Cand Mn2C-Mn3B and one
2.8-2.9 A vector to Mn3B-Mn4A; the presence of these three vectors
has been suggested by precision EXAFS measurements, although their

LETTER [T

Figure 2 | Comparison of the OEC structures
obtained by XFEL and SR. a, Superposition of
three OEC structures, two from XFEL and one
from SR. The OEC is depicted as in Fig. la.

b, Superposition of the OEC and its ligand
environment from the three structures. For clarity,
the structures are rotated relative to that shown in
a. Additional water molecules close to the OEC
are also shown as spheres. ¢, An enlarged view of
the region boxed by red dashed lines in b. In all
three panels, the structure from XFEL data set 1

is coloured by atomic element as in Fig, 1a.
Structures from XFEL data set 2 and SR are
coloured in green and purple, respectively.

exact geometry may not be the same as that revealed from the crystal
structure®”. In contrast to the slightly shorter Mn~Mn distances, no clear
differences were observed in the Mn-Ca distances compared with those
in the SR structure (there were three proximal Mn-Ca distances with
3.5 A for Mn1D-Ca, 33 Afor Mn2C~Ca, 3.4 A for Mn3B-Ca, and one
distal distance of 3.8 A for Mn4A-Ca, see Fig. 1c, Table 1, Extended
Data Table 3). The OEC model proposed from the EXAFS studies has
possibly one to two interactions of Mn-Ca distance around 3.9 A, which
is different from the present XFEL structure®.

A distinct feature of the SR OEC structure is the unusual position of
05, which binds weakly to Mn1D, Mn3B, Mn4A and Ca with distances
ranging from2.4t02.7 Al Inthe XFEL structure, the average bond dis-
tances were 2.2 A for Mn3B-05,2.3 A for Mn4A-05,2.7 A for Mn1D-
05, and 2.5 A for Ca-05 (Fig. 1d, Table 1, Extended Data Table 3).
Compared with the SR structure, three bond distances from O5 to Mn3B,
Mn4A and Ca were shortened by 0.2 A; in contrast, the distance to Mn1D
was elongated by 0.1 A. The longer Mn4A—O5 distance in the SR struc-
ture may imply that Mn4A has received some reduction by the attack
of hydrated electrons generated by the radiation damage, leading to a
longer distance to O5 in the SR structure; this in turn implies that Mn4A
is more prone to radiation damage than Mn1D because of its dangling
position which leads to a larger exposure to the solvent (and hence easier
access by the free radicals), whereas Mn1D exists in the solid cuboidal
part of the structure with less exposure to the solvent. Recent compu-
tational studies failed to reproduce the long bond distances from O5 to
the Mn ions, and instead resulted in strong binding to either Mn1D or
Mn4A (with bond lengths shorter than 1.9 A), giving rise to either R-
type (right-side open) or L-type (left-side open) structures, when O5 is
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assumed to be in a deprotonated state'™*®. Our XFEL structure showed
that O5 indeed exists in a position closer to Mn4A than to Mn1D, how-
ever, such preference for Mn4A was much less than that shown by typ-
ical theoretical analyses, and the unusual nature of the bonds involving
05 islargely preserved. Therefore, we confirmed that the longer distances
of p-oxo bridges from O5 were an intrinsic and remarkable feature of
the OEC structure, not an artefact of X-ray reduction. Based on this,
we propose that O5 is a hydroxide ion rather than an oxygen dianion
(deprotonated oxygen) in the S; state. Indeed, theoretical calculations
based on the assumption that O5 is a hydroxide ion have yielded long
bond distances between O5 and nearby Mn ions that are largely com-
parable with the present XFEL structure'*.

Another feature of the Mn~O bond distances in the XFEL structure
was that all of the oxo-bridges connected with Mn2C were 0.1-0.3 A
shorter than the corresponding distances in the previous SR structure’,
which may indicate that Mn2C was also partially photo-reduced in the
SR structure. Furthermore, structural differences were also found in the
ligand environment around the OEC between the XFEL and SR struc-
tures. All of the ligand groups coordinated to the OEChad slightly shorter
distances, some of them faced in slightly different directions and some
water molecules existed in different positions (Table 1, Fig. 2b and 2¢,
Extended Data Table 3). In contrast, no apparent differences were ob-
served in the acceptor side (the bound plastoquinone acceptors Qu and
Qg, and the non-haem iron) or the region surrounding Yp, (D2-Y160)
in the D2 subunit.

Based on the current XFEL structure, all of the four Mn ions are six-
coordinated (Extended Data Fig. 4a-d). The averaged ligand distances,
including those to amino acids, oxo-bridges and terminal water ligands,
are 2.1 A for Mn1D, 2.0 A for Mn2C, 2.0 A for Mn3B and 2.1 A for
Mn4A (Extended Data Table 4). Because of the longer pair of Mn1D~
05/0D2 (D1-Asp342) and Mn4A-O5/W1 (one of the two water ligands
to Mn4A) distances, the average ligand distances of Mn1D and Mn4A
are slightly longer than those of Mn2C and Mn3B. These longer pairs
also contributed to the non-uniform distribution of the ligand distances,
which is a typical characteristic of Mn ions in the 3+ oxidation state hav-
inga Jahn-Teller axis (Extended Data Fig. 5a, b, Extended Data Table 4).
Based on the high oxidation scenario—that the oxidation states of the
four Mn ions are (IIL, ITI, IV, IV) in the S; state—we propose that the
valences of Mn1D, Mn2C, Mn3B and Mn4A can be assigned as IIL, IV,
IV and I11, respectively. This assignment is supported by the near-centre
localization of the O5 atom, as the III valence of the two Mn ions (Mn1D
and Mn4A) connected to the two sides of the O5 atom would lead to a
longer and almost equal distance for the two Mn-O bonds as observed
in the XFEL structure (Fig. 3). The assignment of Mn1D as in a 3+
valence state is consistent with the proposal from the combined study
of multi-frequency electron paramagnetic resonance, *>Mn-electron nu-
clear double-resonance and theoretical calculations showing that Mn1D
is a 3+ ion in the S, state”.

The present XFEL structure provides important clues to the mech-
anism of water oxidation. The unusual properties of O5 and the proposal
thatitisan OH™ ion in the S, state suggests that it is a water molecule in
the S state; upon transition from Sq to Sy, a proton is released from the
O5 site, leading to the OH™ species in the S; state. These inferences
strongly suggest that O5 provides one of the substrate water molecules
for the O=0 bond formation, which is in agreement with recent 1’0
electron-electron double resonance-detected NMR experiments®®. Based
on the involvement of O5, formation of the O=0 bond in the water
oxidation reaction can proceed between O5 and another nearby oxygen
atom, which could be a newly inserted water molecule, as proposed
in ref. 29 and supported by a recent advanced EPR study™ (Fig. 3). It
should be pointed out, however, that the second oxygen atom might in-
stead be provided by one of the already present terminal water ligands,
W2 or W3, without imposing the insertion of a new water molecule
(Fig. 3), as both W2 and W3 are within hydrogen-bond distances to
O5 and therefore may be able to move towards to O5 to form the O=0
bond during the S-state transition. Determination of which mechanism
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Figure 3 | Possible mechanisms for the oxygen-evolving reaction. O5 in the
S, state is connected to both Mn1D(1) and Mn4A(mm). Upon transition from
S; to S,, an electron may be removed from Mn4A, leading to a right-side
open structure (‘R-type’), or from Mn1D, leading to a left-side open structure
(‘L-type’). Both structures will allow insertion of a new water molecule
during the subsequent S-state transition, preparing for the transition state
immediately before O=0 bond (indicated by a red bond in the right-hand
structure in the bottom row) formation. Alternatively, the transition state ready
for O=0 bond formation may be formed by moving either W2 or W3
towards O5 (indicated by orange arrows in the left-hand structure in the
bottom row). See text for more details. Colour code is the same as Fig. la.

is correct will require further XFEL experiments to analyse the inter-
mediate structures at atomic resolution, using the approach established
in this study.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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Il LETTER

METHODS

Pulse parameters of SACLA. The pulse parameters of SACLA were as follows:
pulse duration, 10 fs or shorter; pulse flux, 2.6 X 10'° photons; photon energy, 10.0 keV;
beam size, 4.0 (H) X 2.5 (V) um* (FWHM) at a position 20 mm downstream from
the focal position of the X-ray beam; pulse frequency, 30 Hz.
Preparation of crystals of T. vulcanus PSII in the S, state. Highly active dimeric
PSII core complexes were purified from the thermophilic cyanobacterium T. vul-
canusand crystallized as described previously'. The crystals appeared in a few days
and reached their maximum size of 1.2 X 0.5 X 0.2 mm within one week. The crys-
tals were stored at 12 °C in the crystallization buffer’ to which glycerol, PEG 1,450
and PEG 5,000 MME were added gradually with an increment of 1% for each of the
reagents every 30 min. When the cryoprotectant reagents reached the final concen-
trations of 25% glycerol, 10% PEG 1,450 and 10% PEG 5,000 MME, the crystals were
quickly frozen in a nitrogen stream at 100 K. Purification, crystallization and freez-
ing of the crystals were performed in the dark or under dim green light. Therefore,
the crystals were fixed into the dark-stable S, state.
Evaluation of radiation damage propagation induced by XFEL irradiation.
Before image data collection, the distance that radiation damage induced by each
XFEL pulse may propagate was evaluated by following the protocol developed by
our group using PSII crystals®®. In brief, a point on a large PSII crystal was exposed
to an XFEL pulse with full intensity, followed by irradiation by weak XFEL pulses
with an intensity attenuated by two orders of magnitude applied to various points
separated by 1 um to 50 um with a step of 1 um in both vertical and horizontal
directions from the originally irradiated point. The numbers of diffraction spots of
each still image obtained with the weak XFEL pulses were counted at various dis-
tances from the originally irradiated point, and the radiation damage was defined
to occur when the number of diffraction spots was lower than that expected from a
crystal without prior exposure to the full intensity XFEL pulse. The distance of pro-
pagation of radjation damage determined in this way for PSII crystals was very sim-
ilar to those determined for other protein crystals such as lysozyme and CcO, which
is around 10 pm®. No perceptible radiation damage was detected beyond 11 pm
from the irradiation point with a full intensity XFEL pulse. Thus we estimated that
as long as each irradiation point was spatially separated by 15 pum, they would not
be affected by other XFEL pulses and the diffraction images would be essentially
identical to the ones from intact PSII crystals. In order to ensure a complete avoid-
ance of radiation damage from adjacent XFEL pulses, we adopted a distance of
50 pm (an additional 35 pm ‘safety margin’ was used) between each irradiation point
to collect consecutive still images from the large PSII crystals.
Diffraction experiments. All images were collected at beamline 3 of SACLA using
a Rayonix MX225-HE detector. The very strong X-ray pulse of SACLA at its focused
position produced physical damage in crystals placed at that focus; some cracked
or burst, making data collection difficult. To avoid such damage, the samples were
set at a position 20 mm downstream from the focal position of the X-ray beam to
reduce the flux density of XFEL pulses irradiated onto the crystals. This basically
eliminated physical damage, thereby enabling more efficient data collection.
Still diffraction images were recorded from the large PSII crystals sequentially.
Before the irradiation by an XFEL pulse, the crystal was moved by at least 50 pm
and rotated by 0.2° (Extended Data Fig. 1a, b). This stepwise rotation was aimed to
record consecutive still diffraction images so that they could be processed in the same
manner as the conventional oscillation diffraction method. Here, the size of the ro-
tation step should be smaller than one-third of the crystal mosaicity to ensure the
consecutiveness of the images based on the studies using crystals of lysozyme and
CcO?. Asthe typical mosaicity of the PSII crystals was 0.60° to 0.80°*,2 0.2° step was
adequate.
Processing of the diffraction images. Some of the images recorded had signifi-
cantly lower or higher intensities than typical images, probably due to fluctuations
in the XFEL pulses. This situation was more severe for the first half of the images of
data set 1 than for the rest of data set 1 and data set 2 because of a larger variation in
the pulse intensities during collection of the firsthalf of the images of data set 1. The
intensities of the first half images of data set 1 were therefore scaled for each crystal
on the basis of the Iy values from an X-ray beam monitor placed in the optics hutch.
The standard deviations of the averaged pixel values in the groups derived from the
same crystal decreased by 30% after the scaling process (Extended Data Fig. 6a, b).
Among these images, (1) the images that showed characteristics of ‘not single’ or
‘cracked’ crystals, or (2) a block of images that had a significant discontinuity in the
course of the crystal rotation that made the data processing as continuous rotational
images impossible, were not processed. In these cases, we restarted the diffraction
experiments with a new crystal to cover all the unique reflections in the asymmetric
unit of the reciprocal space. The images selected based on these criteria were pro-
cessed with the programs ipmosflm and scala in CCP4?2 The final images used for
structural refinement were selected as follows: we discarded the ‘block’ of processed
images whose diffraction limit was lower than 2.5 A resolution, or the ones that
made the statistics worse significantly. Those images were selected one-by-one by

eye. Since we collected multiple images at similar rotational angles with multiple
crystals, the selection of images with resolution higher than 2.5 A did not affect the
completeness of our data as shown in Extended Data Table 1.

The total dose was calculated with the program RADDOSE?®, which showed that
the total dose absorbed and photon density were 1.4 MGy and 0.26 X 10'® photons
per pum?, respectively, for each irradiation point in a crystal. This total dose and
photon density was approximately equal to that each point received for the data set
collected previously at the SR source’, The conditions and statistics for diffraction
experiments are provided in Extended Data Table 1, which showed that the unit cell
constants were slightly different between the XFEL and SR data. This is because, as
we have shown previously™, post-crystallization treatment is very important to
obtain better and isomorphous diffracting PSII crystals. Our crystals are very sen-
sitive to cryo-conditions, and the conditions (that is, the composition of the final
cryo-protectant buffer) we used in this work were slightly different from those used
in the previous work. We used 25% glycerol, 10% PEG 1,450 and 10% PEG 5,000
MME for the final cryo-protectant solution, whereas 25% glycerol and 20% PEG
3000 were used in the previous cases for the SR data collection. This may be the rea-
son for the unit cell change between the XFEL and SR data.

The R-factor between data set 1 and data set 2 is 0.177. This is larger than the R-
factors among sub-data sets obtained from the same data sets, which is typically less
than 0.05 based on our studies at synchrotron sources. This is largely due to an
insufficient isomorphism among the crystals grown from different batches of sam-
ples between data sets 1 and 2, although we cultured, purified and crystallized the
sample using the same protocols.

Structural determination. The initial phase information up to 3.0 A resolution was
obtained by the molecular replacement method with the Phaser program in CCP4*
using the 1.9 A resolution structure (PDB ID 3ARC) as a search model, in which all
of the cofactors including OEC, amino acid residues coordinating OEC and water
molecules were omitted. The phases obtained were then extended and improved
using the program DM in CCP4°2. Because the XFEL structure and the SR structure
were essentially equivalent at 3,0 A resolution, the phases obtained after density mod-
ification should not be biased by the SR structure. The model was built manually
using COOT* in the resulting electron density map (F, X exp (ioipp))- The struc-
tural refinement was carried out with Phenix**, OEC was not included in the struc-
tural model until the final stage of the structural refinement which is described in
the next section.

Refinement of the OEC structure. The positions of four manganese atoms, one
calcium atom and ligand residues were clearly visible in the 2mF, — DF, map be-
fore placement of any of these atoms (Fig. 1a), whereas the positions of the five oxo-
oxygen atoms were clearly identified in the mF, — DF, map after placement of the
manganese and calcium atoms as shown in Fig. 1a. When we started to build the
OEC model, we placed the MnsCaOs cluster manually, and performed the struc-
tural refinement with strict restraints for bond distances (Mn-O and Ca-O) that
were taken exactly from the SR structure (PDB ID 3ARC). This refinement resulted
in a shortening of all Mn-Mn distances compared to the SR structure, and some of
the positions of the refined oxo-oxygen atoms using ‘the strict SR structure restraints’
for Mn-0O and Ca-O distances did not agree well with the positions identified from
the mF, — DF map calculated before placing any oxo-oxygen atoms. Moreover, the
refinement with ‘the strict SR structure restraints’ for Mn-Mn distances but loose
restraints for Mn-O and Ca-O led to a significant increase in the residual density
in the mF, — DF. map. Therefore, although the overall shape was very similar, the
OEC in the XFEL structure was apparently different from that in the SR structure
in terms of the positions of the individual atoms. Therefore, the refinements were
accomplished with rounds of geometry optimizations in which the optimal geo-
metry for the MnyCaOs cluster was determined from the previous refined structure
under loose constraints for bond distances of Mn-O and Ca-O. Then the restrained
refinement was performed successively using the modified ‘new’ library for the
bond distances. This geometry optimization procedure was repeated several times
until no further changes in the bond distances were observed, and the correctness
of the structural refinements was confirmed by checking the decrease in the resid-
ual density of the mF, — DF, maps. In the final refined structure obtained, all of the
0x0-oxygen atoms existed in the central position of the density in the mF, — DF,
map calculated before placing them, and the residual electron density in the mF, —
DF, map was minimized. The average and standard deviation of the distances of
Mn-Mn, Mn~Ca, Mn-O and Mn-ligand were calculated from four independent
PSII monomers (two dimers in each data set) and are listed in Extended Data Table 3,
which shows that they had very small deviations, therefore enabling comparisons
of the inter-atomic distances between the XFEL and SR structures.
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0.2°-step rotation

Extended Data Figure 1 | Diffraction experiment using the XFEL beam at  on the rotational angle, so that the irradiation points were also separated by
SACLA. a, Schematic drawing of the diffraction experiment. Still diffraction 50 pm in the vertical direction. b, A picture of the PSII crystal in a cryo-loop

images were recorded from different points on large PSII crystals. The after the XFEL diffraction experiment. Note that the path where the XFEL
crystals were rotated by 0.2° between each image over a range of 180°. Adjacent ~ beam passed through became hollowed out, and resulted in footprints of the
irradiation points were separated by 50 um in the horizontal direction for irradiation points, which were well separated.

any rotational angle. Translation in the vertical direction was varied depending
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Extended Data Figure 2 | A diffraction image from a PSII crystal obtained with the XFEL beam. A typical diffraction image is shown; the boxed area at the
right is shown enlarged in the inset, where diffraction spots at the maximum resolution are visible.
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D1-H215 D2-H214

Extended Data Figure 3 | Anomalous signals of the metal ions obtained with the XFEL beam. Shown are anomalous difference Fourier maps contoured at 5¢
distributions. a, Manganese atoms of the OEC. b, The non-haem iron in the acceptor side between Q4 and Q.
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D1-A344

CP43.E3544

'D1-D170

Extended Data Figure 4 | Coordination environment of Mn1D, Mn2C, that Mn1D is in a pseudo-five-coordinated, trigonal bipyramidal geometry
Mn3B and Mn4A. The ligand environment of a, Mn1D, b, Mn2C, ¢, Mn3B  with additional weak interaction to O5. Colour code: grey, manganese; green,
and d, Mn4A are drawn in stereo view. The ligand bonds involving O5 carbon; blue, nitrogen; red, oxo-oxygen; yellow, O5; orange, water.

coordination are slightly longer than the others in both Mn1D and Mn4A. Note
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Extended Data Figure 5 | Jahn-Teller axes on Mn1D and Mn4A. Theligand  parallel. Colour codes are the same as those in Extended Data Fig. 4. Light
environments of Mn1D and Mn4A are drawn in a stereo view. Based on the blue lines indicate two Jahn-Teller axes found in the OEC in the S state.
longer ligand bonds involving the O5 coordination as shown in Extended Data  a, View direction almost orthogonally oriented relative to the two Jahn-Teller
Fig. 4a, d, two possible Jahn-Teller axes were assigned which are approximately ~ axes. b, View direction rotated by 90° from a.
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