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Abstract Photosystem Il (PSIl) generates an oxidant whose redox potential is high enough to
enable water oxidation , a substrate so abundant that it assures a practically unlimited electron
source for life on earth . Our knowledge on the mechanism of water photooxidation was greatly
advanced by high-resolution structures of prokaryotic PSIl . Here, we show high-resolution cryogenic
electron microscopy (cryo-EM) structures of eukaryotic PSII from the green alga Dunaliella salina at
two distinct conformations. The conformers are also present in stacked PSlII, exhibiting flexibility that
may be relevant to the grana formation in chloroplasts of the green lineage. CP29, one of PSI| asso-
ciated light-harvesting antennae, plays a major role in distinguishing the two conformations of the
supercomplex. We also show that the stacked PSII dimer, a form suggested to support the organisa-
tion of thylakoid membranes , can appear in many different orientations providing a flexible stacking
mechanism for the arrangement of grana stacks in thylakoids. Our findings provide a structural basis
for the heterogenous nature of the eukaryotic PSIl on multiple levels.

Editor's evaluation

The study provides exceptional new insights into the structural organization of the light energy
capturing machinery of photosynthesis by resolving the structure of the water-splitting photosystem
Il and associated complexes isolated from the green alga Dunaliella using cryo-electron microscopy
and modeling. The results indicate large-scale flexibility of photosystem Il - light harvesting complex
Il supercomplex, which are likely to have functional consequences for the stacking of thylakoid
membranes, interactions of complexes into mesoscale structures, which may control the funneling
light energy into the photosystems or photoprotective mechanisms, controlling light-driven fluxes of
electrons and protons.

Introduction

In eukaryotes, the light reaction of oxygenic photosynthesis occurs in chloroplasts. Four protein
complexes essential for the light reactions reside in an elaborate membrane system of flattened sacs
called thylakoids (Nelson and Ben-Shem, 2004). From these four complexes, the photosystem Il (PSII)
complex catalyses light-driven water oxidation and provides the electrons used for carbon fixation
(Vinyard et al., 2013; Nelson and Junge, 2015).

Thylakoids form a physically continuous three-dimensional network, differentiated into two distinct
physical domains: cylindrical stacked structures (called grana) and connecting single membrane
regions (stroma lamellae). Photosystem | (PSI) is mainly located in the stroma lamellae, while PSIl is
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found almost exclusively in the grana (Hankamer et al., 1997; Anderson, 2002; Kim et al., 2005).
Grana stacking is a dynamic process dependent on the internal osmotic pressure, the luminal ion
composition, and environmental cues and is thought to be supported by interactions among PSlII
complexes (Rubin et al., 1981; Barber et al., 1980; Kirchhoff, 2014; Liu et al., 2018, Dalal and
Tripathy, 2018, Garab and Mustardy, 2000; Kirchhoff et al., 2007).

PSIl is a homodimer with a molecular mass of ~500 kDa, each monomer contains cofactors such
as chlorophylls (Chls), quinones, carotenoids, and lipids which are coordinated by at least 20 protein
subunits (Shen, 2015; Cox et al., 2020, Barber, 2004). In each PSI| core, a cluster of four manganese
(Mn) and one calcium (Ca) carries out H,O oxidation and O, release (Nelson and Yocum, 2006; McEvoy
and Brudvig, 2006). The eukaryotic reaction centre is a dimer surrounded by tightly bound mono-
meric light-harvesting complexes (LHCs) and trimeric LHCIl complexes (Daskalakis, 2018, Mascoli
et al., 2020; Barber et al., 2002). Two monomeric LHCs, CP26, and CP29 are located between LHCII
trimers and PSII core subunits (Nield et al., 2000) additional LHCII trimers can bind PSIl depending
on light intensity and quality (Goldschmidt-Clermont and Bassi, 2015).

Although more than 3 billion years of evolution separate cyanobacteria, red algae, green algae
and plants, and high-resolution PSII structures show that each PSIl monomer along with its dimeric
arrangement is highly conserved, especially in the membrane-bound regions of the PSIl (Wei et al.,
2016; Su et al., 2017, Pi et al., 2019; van Bezouwen et al., 2017, Sheng et al., 2019; Ago et al.,
2016). Structural and spectroscopic investigations uncovered various aspects of PSll's water splitting
mechanism, but a complete model is still missing (Umena et al., 2011; Cox et al., 2014; Suga et al.,
2019, Kupitz et al., 2014; Kern et al., 2018). Most of the mechanistic and structural studies of
PSII were performed in thermophilic cyanobacteria, but structural studies of PSIl from the eukaryotic
lineage are lagging in terms of resolution and water molecules network (Ago et al., 2016; Sheng
et al., 2019, Shen et al., 2019, Wei et al., 2016; Su et al., 2017; Pi et al., 2019, van Bezouwen
et al., 2017, Nagao et al., 2019).

In this work, PSIl was isolated from the halotolerant green alga Dunaliella salina. A high-resolution
(2.43 A) structure of PSIl shows structural properties of the Dunaliella PSIl supercomplex. The eukary-
otic PSIl appears to exist in two distinct core conformations that differ substantially in their inner dimer
separation and the location of CP29, an important monomeric LHC. Structural analysis of stacked PSII
dimers showed highly flexible interactions which can play a role in the dynamic organisation of chlo-
roplast membranes. These findings introduce an additional, underlying, level of organisation, which
can impact its excitation energy transfer (EET) properties and the overall organisation of the thylakoid
membranes.

Results and discussion

Two distinct PSIl conformations in green alga

Highly active PSIl from D. salina cells was applied on glow-discharged holey carbon grids that were
vitrified for cryo-EM structural determination (see Methods). Initial classification of the dataset showed
that approximately 20% of the particle population were in a stacked PSII configuration, containing
two PSII dimers facing each other on their stromal side (Figure 1—figure supplement 1). From the
unstacked PSIl dimers, approximately 20% were in the C2S configuration (two Cores, one Stable
LHCII), which was previously identified by low-resolution cryo-EM (Drop et al., 2014; Figure 1—figure
supplement 1c). The majority of the PSII particles contained two LHCII in the C2S2 configuration. The
map of the C252 particles refined to a global resolution of 2.82 A (Figure 1—figure supplement 2).
Close examination of this map revealed that CP29, one of the monomeric LHC proteins, implicated
as a junction for EET from LHCII trimers to PSII core, appeared to be in lower resolution than the rest
of the supercomplex (Figure 1—figure supplement 2a). Indeed, when this particle set was further
classified, two distinct PSIl conformations of the PSIl supercomplex became apparent. In these two
conformations, the two PSII cores are shifted laterally with respect to each other (Figure 1). This lateral
shift is accompanied by several other associated movements, most noticeably, a large movement of
the CP29 subunit (Figure 1) in line with our initial observation. The two conformers were denoted
compact and stretched PSIl (C2S2¢omp and C2S2r, respectively), and the high-specific activity of
816 pmol O,/(mg Chl * hr) measured for the preparation prior to vitrification suggest that both are
highly active. The final reconstruction of the compact orientation refined to an overall resolution of
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Figure 1. Two conformations of the eukaryotic photosystem Il (PSIl). (a) Overall view of the PSII C252 map in the compact conformation. One
asymmetric unit is coloured in green, and in the other, each chain is coloured individually. PSIl is shown from a luminal view in panels a-c. (b) Low-
resolution model depicting the overall shifts in subunits between the two PSIl conformations. CP29 in red, light-harvesting complex Il (LHCII) in blue,
and the two PSII cores in grey. (c) The two PSIl conformations were superposed on one asymmetric unit (coloured in grey). The second asymmetric unit
is coloured in magenta for the stretched conformation (C2S52s) and green for the compact conformation (C252¢ows). A close up showing a 6 A shiftin
the position of LHCII and the lateral displacement between the two cores. (d) The stretched PSIl conformation shows substantial drop in the membrane
plane (13-15 A, depending on the precise location), contributing to a larger inward curve (compared to the luminal space) of the entire supercomplex.
Large deformations in the position of CP26 subunit which rotates by 16° between the two conformations. PSll is shown from a membrane plane view in
panels d—e. (e) Considerable changes in the position of CP29 affect the transfer rates between LHCIl and CP47. CP47 of both conformations (in red) is

Figure 1 continued on next page

Caspy et al. eLife 2023;12:e81150. DOI: https://doi.org/10.7554/eLife.81150 30of 20


https://doi.org/10.7554/eLife.81150

ELlfe Plant Biology | Structural Biology and Molecular Biophysics

Figure 1 continued

superposed, and distances between key chlorophylls (Chls) of CP29¢owe (light turquoise) and CP29r (dark green) show increased transfer distances in
the stretched conformation. The distances between LHCII and CP29 follow an opposite trend, decreasing in the stretched conformation (LHCllsrs in dark
red) and increasing in the compact conformation (LHCllcome in yellow). Distances were measured from the central manganese (Mg) atoms.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Figure supplement 1. Cryo-EM data collection and processing scheme for unstacked and stacked photosystem Il (PSIl) complexes.

Figure supplement 2. Local resolution and Fourier shell correlation (FSC) of Dunaliella photosystem Il (PSIl) supercomplexes.

Figure supplement 3. Map densities of unstacked Dunaliella photosystem Il (PSII).

Figure supplement 4. Comparing CP291z and CP29¢cp.
Figure supplement 5. Comparing CP29 positions between Dunaliella and Chlamydomonas reinhardtii (Cr).

Figure supplement 6. Principal component (PC) analysis of C2S2¢cp.
Figure supplement 7. Principal component (PC) analysis of C252.

Figure supplement 8. Changes in CP29 chlorophyll (Chl) positions between C2S52cour and C252+.

Figure supplement 9. Sucrose gradient and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of Dunaliella photosystem Il (PSII)
preparation.

Figure supplement 9—source data 1. Uncropped gel image of Figure 1—figure supplement 9b.

Figure supplement 9—source data 2. Oxygen evolution activity from Figure 1—figure supplement 9c in excel format.

2.43 A, the highest of any eukaryotic PSII structures (PDB ID 7PIO; Figure 1a; Supplementary file 1
and Figure 1—figure supplements 1-3).

The C2S2¢owmp structure is similar to the previously determined C2S2 supercomplex from Chlam-
ydomonas reinhardtii or higher plants (Shen et al., 2019; Sheng et al., 2019) and the cyanobacterial
core structures (Umena et al., 2011; Kato et al., 2021). The second, stretched conformer was solved
to 2.62 A resolution and accounted for about 37% of the unstacked C2S2 PSII particles. Figure 1
and Videos 1-2 depict the superposition of the polypeptide chains of the two conformers, showing
major differences in the location and orientation of PSIl monomers. Superposition of the Dunaliella
and Chlamydomonas C2S2 (PDB 6KAC) structures and maps suggests that the Chlamydomonas struc-
ture also contains these different conformers. This may explain the decreased local map resolution
presented in the aforementioned subunits, compared to the rest of the cryo-EM map (Sheng et al.,
2019).

Structures of D. salina unstacked PSII at high resolution
Thus far, available PSII structures suggested a single, highly conserved organisation of the two PSlI
cores (Su et al., 2017; Wei et al., 2016; Pi et al., 2019; Sheng et al., 2019, Umena et al., 2011,

Video 1. Different conformations of Dunaliella C2S2 Video 2. Different conformations of Dunaliella C252
photosystem Il (PSIl). Morph showing the transition photosystem Il (PSIl). Morph showing the transition
from the stretched (magenta) to the compact (green) from the stretched (magenta) to the compact (green)
conformation from a luminal view. conformation from a membrane plane view.
https://elifesciences.org/articles/81150/figures#video’ https://elifesciences.org/articles/81150/figures#video2
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Video 3. Continuous heterogeneity in C252¢coye PC1. Video 4. Continuous heterogeneity in C252¢oye PC3.
Transition between all states in C2S2cowe (green) PC1 Transition between all states in C2S2¢oe (green) PC3
from a luminal view, showing photosystem Il (PSII) from a membrane plane view, showing photosystem

monomers change in location and orientation along II (PSI) monomers change in location and orientation

the intermonomer space. along the membrane plane.

https://elifesciences.org/articles/81150/figures#video3 https://elifesciences.org/articles/81150/figurestvideod

Ago et al., 2016). The high-resolution structures

of Dunaliella C2S2¢op and C2S2¢; provide a new
perspective on the dynamic arrangement of eukaryotic PSIl and the interaction of the core complex
with its LHCs. To compare the C2S2¢oyp and C2S25r, the core complexes were aligned (Figure 1 and
Videos 1-2). Initial inspection showed that one of the major differences between the two confor-
mations is the orientation of CP29 (Figure 1e). In C2S24z CP29, helices A and C move towards the
LHCII trimer of the opposite monomer and away from CP47, with helix B of CP29 serving as a rotation
axis. Moreover, CP29oye contained only 9 Chls, compared to 11 in CP29¢; and 13 Chl in Chlamydo-
monas PSIl CP29 (Sheng et al., 2019 and Supplementary file 2). Chls 605 and 616 were absent in
both structures, and CP29our was also missing Chls 611 and 613. This might be attributed to the
flexibility of CP29 C-terminus (which is proximal to 613), or some side chains and ligands rearrange-
ment associated with the movement of CP29. The structure and b-factor of CP29ove and CP29¢; are
similar (Figure 1—figure supplement 4); however, superposition of C2S2.omp, C2S2sz, and Chlam-
ydomonas C252M2L2 (Sheng et al., 2019) suggests that CP29.oyr may be an intermediate confor-
mation between CP29;, that is bound to the S-trimer through its C-terminus, and Chlamydomonas
CP29, that binds the M- and L-trimers via the C-terminus (Figure 1—figure supplement 5).

In the C2S2¢z conformation, the PSIl monomers slid in the membrane plane along the central
symmetry axis separating them (Figure 1b and
Videos 1-2). The non-aligned core shows the
extent of the shift in the core peptides together
with the minor LHCs and LHCII trimer (Figure 1c
and d). As a result, all the interactions at the
core’s interface are modified, leading to local
changes in chain orientations and the conforma-
tions of some loops. Core subunits at the centre
of the monomer displayed a greater shift (D1, D2,
CPA47 CP43, and PsbO were displaced by 6-10 A;
Figure 1), and the peripheral subunits showed the
largest shift and tilt compared to C2S2¢opmp (PsbE,
PsbP, and CP26 moved by 13 A, PsbZ showed

the largest relocation of nearly 15 A, and CP26
showed a maximal tilt of 16°; Figure 1). Multi-
body refinement (Nakane et al., 2018) of both
C2S2comp and C2S2¢x demonstrated that the
two PSIl monomers in each conformation contain

Video 5. Continuous heterogeneity in C252¢rz PC1.
Transition between all states in C2S2¢; (magenta) PC1
from a luminal view, showing photosystem I (PSII)
monomers change in location and orientation along
the intermonomer space.
https://elifesciences.org/articles/81150/figurestvideo5
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additional structural heterogeneity (Figure 1—
figure supplements 6-7 and Videos 3-6).

Distinct CP29 conformations alter
LHCII to PSIl core connectivity
The observed conformational change of CP29
alters EET pathways from LHCII to the PSIl core
and may account for the differences between
calculated and measured EET (Chmeliov et al.,
2014; Chmeliov et al., 2016; Caffarri et al.,
2011; Mascoli et al., 2020; Croce and van Amer-
ongen, 2011; Croce and van Amerongen, 2020;
Video 6. Continuous heterogeneity in C252¢rz PC2. van der Weij-de Wit et al., 2011). To assess
Transition between all states in C252¢r (magenta) PC2 changes in transfer rates between the stretched
from a membrane plane view, showing photosystem and compact orientations, we measured how the
Il (PSI) monomers change in location and orientation distances between the closest Chls of CP47 (PSII
along the membrane plane. core), CP29, and LHCII change between the two
PSII conformations (all reported Chl distances are
measured from the central Mg atom). Overall,
we find that CP29 and LHCII move closer to each
other and away from CP47 in the stretched configuration. The average distances between CP29 Chls
603, 607, and 609 to the CP47 Chls 607 and 616, increased from 17 A to 20 A between the compact to
stretched conformations, suggesting faster transfer rates from CP29 to CP47 in the compact confor-
mation. In contrast to this, the average distances between CP29 Chls 604 and 612 to LHCII Chls 604
and 608 increased from 20 A in the stretched conformation to 23 A in the compact conformation,
suggesting that transfer from LHCIl to CP29 is slower in the compact orientation (Figure 1e). The
missing CP29 Chls 611 and 613 form part of the interface to LHCII and are missing in the compact
conformation, which should also contribute to slower transfer rates from LHCII to CP29 in the compact
configuration (Figure 1—figure supplement 8). Altogether, transfer from LHCII to the PSII core
should be considerably slower in the compact orientation from both distance and Chl occupancy
considerations. Similar features of altered Chl conformations were identified in molecular dynamics
(MDs) simulation of LHCII exploring its structural dynamics (Liguori et al., 2015) compared to its
crystal structure (Liu et al., 2004). The analysis showed differences in the excitonic coupling of Chl
clusters 606-607 and 611-612. MD suggested an increase in the interaction energies of 606-607 and
a decrease in the interaction energies of similar proportion in 611-612 (Liguori et al., 2015). The
611-612 Chl pair was proposed as a light-harvesting regulator of EET from CP29 to CP47 and as a
quenching site (Caffarri et al., 2011; Ruban et al., 2007, Novoderezhkin et al., 2005; Pascal et al.,
2005), as its change in fluorescence yield was attributed to a protein conformational change that leads
to a redistribution of the interpigment energetics (Valkunas et al., 2012).

https://elifesciences.org/articles/81150/figures#videocé

The compact and stretched PSIl conformations contain substantial
levels of continuous structural heterogeneity

Using multibody refinement (Nakane et al., 2018), with each PSIl monomer defined as a separate
rigid body, significantly improved the resolution and map quality in both C252.oy, and C2S2r,
showing that substantial structural heterogeneity exists in both datasets at the level of PSIl monomers.
Analysing the shape of the heterogeneity in C2S2cowe and C2S2:¢, using principal component analysis
(PCA) showed that the first six principal components (PCs) explain more than 85% of the variance in
the data and consist of continuous heterogeneity (Figure 1—figure supplements 6-7; Videos 3-6).
Substantial displacements of approximately 13 A are observed between the two monomers in the
compact conformation (Figure 1—figure supplement 6), and a larger range of displacements (up
to 20 A) exists in the stretched conformation (Figure 1—figure supplement 7). The direction of PCs
describes translations perpendicular and parallel to the membrane plane. This suggests that both
conformations are flexible and can respond to different membrane curvature (Videos 3-6). To examine
the possible effects on energy transfer, we measured the change in intermonomer Chl distances
across the different components. As expected, the PCs describing changes in the membrane plane
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Figure 2. Heterogeneity within photosystem Il (PSII) states.

(a) Continuous heterogeneity of C252oy particles distribution along the third principal component (PC) axis. Each PC was divided into 10 states
separated by 9% of the particle population along the PC axis. State 1 (corresponding to the position of the ninth percentile on the PC axis) is marked
with a green arrow and state 10 (corresponding to the position of the 91st percentile on the PC axis) with a red arrow. States 1 and 10 are coloured

in green and red in panels a—d. (b) To maximize the state differences on the left monomer, the maps were superposed along the region of the right

PSII monomer. Membrane plane view of the shift in position of C2S2¢oye in the third PC. (c) Luminal view of the shift in position of C2S2¢oye. CP29 and
light-harvesting complex Il (LHCII) are marked with a blue rectangle (d) Zoom-in on the change in CP29 position between states 1 and 10. The change
in distance between CP29 Chl 612 and LHCII M1 Chl 608 is shown. LHCII M1 (from the superposed PSIl monomer) is coloured light orange, and the
consensus position of Chl 612 is shown in grey. (e) Continuous heterogeneity of C252¢; particles distribution in the second PC. State 1 is marked with

a magenta arrow and state 10 with a teal arrow. Colours are maintained in panels e-h. (f) Membrane plane view of the shift in position of C252 in the
second PC. (g) Luminal view of the shift in position of C252¢z. CP29 and LHCII are marked with an orange rectangle. (h) Zoom-in on the change in CP29
position between states 1 and 10. The change in distance between CP29 Chl 612 and LHCII M1 Chl 608 is shown. LHCII M1 is coloured orange, and the
consensus position of Chl 612 is shown in grey.
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Figure 3. Water distribution and channels in eukaryotic photosystem Il (PSII).

(@) Water molecules distribution in Dunaliella C2S2coup structure. The protein scaffold is coloured grey, and water molecules are shown as red spheres.
(b) Water molecules distribution in Dunaliella C252comr compared to Thermosynechococcus elongatus. PSII core (PDBID 3WU2). T. elongatus water
molecules are shown as blue spheres. (c) Dunaliella PSIl water channels identified by CAVER analysis, shown as grey transparent maps. The Large,
Narrow, and Broad channels are annotated along with selected amino acids coloured according to their respective subunits. Water molecules are
presented as in panel b. (d) A hydrophobic patch identified in the large channel near the oxygen-evolving complex (OEC), which may serve as an O,
release pathway. The region shown is indicated by the blue arrow, but the orientation is different to improve visualisation.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Sequence alignment of the hydrophobic residues lining the large channel cavity near oxygen-evolving complex (OEC).

Figure supplement 2. Na* ion and post-translational modifications (PTMs) in Dunaliella photosystem Il (PSII).

markedly change some key distances between LHCII, CP29, and D1 across monomers (Figure 2). This
means that within each PSIl conformation, substantial levels of heterogeneity in transfer rates should
be considered. Changes in Chl positions were observed in CP29 Chls linking CP29 to PSII core and
those connecting CP29 with LHCII. These Chls moved by an average distance of more than 5 A, in
both conformations (Supplementary file 3). This implies that the association between PSIl monomers
and between PSII cores and LHCs contains a certain degree of freedom which can modulate EET;
the entire assembly may be affected by changes in thylakoid membrane properties such as fluidity,
composition, and curvature (Tardy and Havaux, 1997; Johnson and Wientjes, 2020).

Water channels and post-translational modifications in Dunaliella PSII
More than 1700 water molecules were detected in the C2S2.oyr model (Figure 3a-b), the first
detailed water molecules structure for a eukaryotic PSIl. Overall, water molecules are clearly excluded
from the membrane space in the PSII core, in contrast, the region occupied by LHC's shows a relatively
high number of water molecules in the membrane region. This stems from the presence of several
conserved charged amino acids in these antennae and is probably important for the inclusion of such
hydrophilic residues within the membrane. We used CAVER (Chovancova et al., 2012) to analyse
the structure of internal cavities around the oxygen-evolving complex (OEC). As expected from the
highly conserved environment around the OEC, the water channels identified previously in the high-
resolution cyanobacterial core structure (Suga et al., 2019; Kaur et al., 2019) are clearly visible in
the eukaryotic PSIl, and overlap with the results of the internal cavity analysis, these are shown in
Figure 3c and named ‘Large,’ ‘Narrow,” and ‘Broad,’ following Kaur et al., 2019. When analysing
the side chains lining the cavities around the OEC, a small hydrophobic patch, highly conserved in
prokaryotes and eukaryotes (Figure 3—figure supplement 1), was identified at the beginning of the
large channel (Figure 3d). This hydrophobic element may facilitate O, release as part of the catalytic
cycle (Figure 3d).
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Several unique map densities were identified during model building, close to the OEC of both
configurations a Na* ion was modelled. This Na* ion is coordinated by D1-His337, the backbone
carbonyls of D1-Glu333, D1-Arg334, D2-Asn350, and a water molecule, in agreement with the
recently identified (Wang et al., 2020) binding site (Figure 3—figure supplement 2a-b). This agrees
with several studies showing that Na* ions are required for optimal activity of PSIl (Wang et al., 2020;
Pogoryelov et al., 2003). Two additional densities, unique to C2S2.oyp, Were observed close to
CP29-Ser84 and CP47-Cys218 in the stromal interface between CP29, CP47, and PsbH and within
10 A of each other. These were modelled as post-translational modifications (PTMs) — Ser84 appears
to be phosphorylated and Cys218 seems to be sulfinylated (Figure 3—figure supplement 2c—d).
Thus far, PTMs were structurally seen in photosystems only as phosphorylated LHCII bound to PSI
during state transition (Pan et al., 2018; Huang et al., 2021; Pan et al., 2021). Although they were
not identified in-situ, several phosphorylation sites were shown to exist in CP29 large stromal loop
(Chen et al., 2013; Liu et al., 2009; Poudyal et al., 2020; Hansson and Vener, 2003). CP29 phos-
phorylation was suggested to be linked with various stress responses, photosynthetic protein degra-
dation, and state transition. Cysteine sulfinylation was shown to be linked to superoxide radical (O,.7)
accumulation, which is subsequently converted by superoxide dismutase to hydrogen peroxide (H,O,)
molecules (Sevilla et al., 2015; Rey et al., 2007, Matamoros and Becana, 2021). CP47-Cys218 is
positioned on the outer edge of PSII, close to the stromal end of the thylakoid membrane, and thus
is susceptible to oxidation by H,O,. The map density around Cys218 suggests two cysteine oxidation
events which result in the formation of sulfinic acid (RS-O,H).

To summarize, the high-resolution structure of the eukaryotic PSIl revealed two distinct states of
the PSIl complex, adding a new dimension to the known, large compositional heterogeneity of this
important system (Croce and van Amerongen, 2011; Caffarri et al., 2009; Koui'il et al., 2020). The
increased map resolution resulted in the identification of PTM’s, and several conserved hydrophobic
residues near the OEC, which may serve as a pathway for the release of O,. In addition to the two
distinct conformations, large levels of continuous structural heterogeneity were discovered within
each individual state. Multibody analysis (Nakane et al., 2018) inherently treats the data as a collec-
tion of rigid bodies. This is a good approximation of the heterogeneity in photosynthetic systems but
should be regarded as a conservative estimation to additional modes of heterogeneity which exist in
this system within each body (Liguori et al., 2015).

The structure of D. salina stacked PSII at high resolution

The thylakoid membrane is made of two spatially distinct regions, stroma lamellae and grana stacks,
each serving a different role in the photosynthetic process (Pribil et al., 2014; Koochak et al., 2019).
Grana stacks size and numbers are affected by light intensity and ionic composition and can change
rapidly (Wood et al., 2019). Membrane stacking depends on the presence of cations, mainly Mg,
which is abundant in the thylakoid stroma (Ishijima et al., 2003), and between stacked PSII-LHCII
(Wood et al., 2019). In vitro, suspending chloroplast membranes in low-salt medium cause grana
unstacking, and addition of MgCl, reverts the membranes back to their stacked organisation (Izawa
and Good, 1966, Staehelin, 1976). Several low-resolution cryo-EM models of stacked PSIl were
obtained in recent years (Levitan et al., 2019; Grinzato et al., 2020; Albanese et al., 2017); these
studies were also supplemented by mass spectrometry analysis detecting cross-linked regions across
the stroma (Albanese et al., 2020), but a high-quality PSII structure that can shed light on the contri-
bution of the supercomplex to thylakoid membrane stacking is missing.

The stacked PSII dataset refined to a 3.68 A map after applying multibody refinement, with each
dimer defined as a rigid body. Subsequently, the stacked particles were classified according to the
higher quality PSIl dimer, and two distinct populations of stacked PSII dimers were obtained, as
observed for the unstacked PSlI: one in the C252cour conformation solved to 3.36 A, and the other in
the C252¢z conformation solved to 3.84 A (Figure 4; Figure 4—figure supplements 1 and 2). In both
classes, the compact conformation exhibited the best fit for the second, lower resolution, PSII dimer.

Roughly 20 A separate the two stacked dimers in both classes, as previously shown (Albanese
et al., 2017). In several regions, this value decreases to approximately 10 A (Figure 4d and |), owing
to PSII stromal loops in core subunits and LHCs protruding into the space between the two dimers.
Both PSII dimers are shifted by approximately 20 A relative to each other rather than being perfectly
aligned (Figure 4a; Figure 4—figure supplement 3a). Back projecting the stacked PSIl onto an in-vivo
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Figure 4. Heterogeneity, electrostatic interactions, and model for photosystem Il (PSII) stacking.

(a) Stacked Dunaliella PSIl C252¢oue maps, and the masks used for multibody refinement. Maps are coloured magenta and grey and masks in green and
red. (b) The particle distribution along the first principal component (PC) shows continuous heterogeneity in the stacked C2S2¢oyp. State 1 is marked
with a magenta arrow and state 10 with a teal arrow (colours are preserved in panels b—e). () Luminal view of the rotation of the upper PSII dimer
between state 1 and state 10 (the bottom dimer was kept in a fixed position). (d) Membrane plane view of the shift in position of the upper PSII dimer
in C2S2come second PC. The distance between the upper and lower PSIl is shown. (e) Particle distribution along the second PC of the stacked C252¢ome
shows continuous heterogeneity. (f) Membrane plane view of the tilt in the upper PSIl dimer in C2S2r; particle set first PC. The direction of the tilt is
marked with a dashed line. State 1 is coloured red and state 10 in cyan (colours are preserved in panels f—j). (g) Continuous heterogeneity in the stacked
C2S2r¢ particles distribution along the first PC. (h) Membrane plane view of the tilt in orientation of the upper PSIl dimer in C2S2¢; second PC (with
the bottom dimer kept fixed). The dashed line shows the tilt axis is opposite to that shown in panel f. (i) Continuous heterogeneity of stacked C2524r¢
particles distribution in the second PC. (j) Luminal view of the rotation of the upper PSII dimer between state 1 and state 10. (k) Coulombic electrostatic
potential of the stromal region of the stretched (left) and compact (right) conformations. Differences are marked for CP47 C-terminus (orange arrow),
the intermonomer space (green arrow) and CP29 (blue arrow). The negative potentials (0 ksT/e > ® > -10 kzT/e) are coloured red, and the positive
potentials (0 kgT/e < @<10 kgT/e) are coloured blue. (I) Proposed hypothetical model for PSII stacking mediated by negatively charged amino acids and
Mg?* ions (density for Mg?* ions is not observed in our map). Upper PSIl shown as a green surface and the lower PSlI as a white surface.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Principal component (PC) analysis of stacked C2S2¢opp.
Figure supplement 2. Principal component (PC) analysis of stacked C252¢+.
Figure supplement 3. Stromal interactions between photosystem Il (PSII) subunits in the stacked configurations.

Figure supplement 4. Similar membrane separation in purified and in-vivo detected stacked photosystem Il (PSIl) complexes.

Figure supplement 5. Light-harvesting complex (LHC) interactions limit stacked photosystem Il (PSII) rotation.

observed stacked PSII shows that the dimensions of the purified stacked PSII closely match the inter-
membrane separation observed in vivo (Wietrzynski et al., 2020; Figure 4—figure supplement 4).
Altogether in the stacked PSII structure we do not observe any direct protein — protein interac-
tions, this includes loops extending across the stromal gap, this contrasts with previous suggestions
(Albanese et al., 2017) but can also stem from the absence of loosely associated PSII subunits (specif-
ically PsbR). Below we discuss the extremely flexible nature of the stacked PSII dimer as revealed by
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Video 7. Continuous heterogeneity in stacked
C2S2comp PC1. Transition between all states in stacked
C2S52¢opmp (orchid) PC1 from a luminal view, showing
the rotation of the upper photosystem Il (PSIl) dimer
compared to the lower dimer.

https://elifesciences.org/articles/81150/figurest#video?

Video 9. Continuous heterogeneity in stacked C252r¢
PC1. Transition between all states in stacked C252¢1¢
(red) PC1 from a luminal view, showing the rotation of
the upper photosystem Il (PSIl) dimer compared to the
lower dimer.

https://elifesciences.org/articles/81150/figures#video?

multibody analysis. This is consistent with cross-
linking results (Albanese et al., 2020) and strongly argues against direct protein — protein interactions
across the stromal gap.

PCA showed extensive displacements and rotations across the population with stacked PSII dimers
rotating relatively to their opposite dimer by as much as 30° and shifting by 80 A in C252coyp, while
in C2S52r;, the rotation is more restricted, showing a maximum of 19.8° and a shift of 57 A (Figure 4
and Videos 7-10). The rotation axis of C252cowe appears to be broad region containing the N-termini
stromal loops of D2 and CP29 on one dimer, and the stromal loop connecting D2 helices IV and V,
CP43 N-terminus, and the C-termini of CP43, CP47, and Psbl on the opposite dimer (Figure 4—figure
supplement 5). In the stacked C2S2¢y;, these stacking interactions also include a stromal loop from
D1 which is pushed in the stromal gap by a change in the position of the PsbT C-terminus (green
arrow in Figure 4k), this shift pushes this D1 loop (connecting helices IV and V) into the stromal space
and closer to the adjacent dimer (Figure 4—figure supplement 3c). On the axis of rotation which
consists of PSIl core subunits, additional interactions between different LHCs seem to be essential to
maintain stacking. All the rotation states include some degree of LHCs interaction across the stromal
gap between opposite PSIl dimers, and these seem to limit the extent of possible rotational states.
In the stacked C2S52.o\r particle set, the larger range of rotations means that at the extreme states

Video 8. Continuous heterogeneity in stacked Video 10. Continuous heterogeneity in stacked
C2S2comp PC2. Transition between all states in stacked C2S2¢z PC2. Transition between all states in stacked
C2S52¢opmp (orchid) PC2 from a membrane plane view, C2S521¢ (red) PC2 from a membrane plane view,
showing upper photosystem Il (PSIl) dimer tilting to and ~ showing upper photosystem Il (PSll) dimer tilting to and
from the lower dimer. from the lower dimer.

https://elifesciences.org/articles/81150/figures#video8 https://elifesciences.org/articles/81150/figures#video10
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CP26 and LHCII M2 are not involved in stacking interaction and can pair with additional complexes
(Figure 4—figure supplement 5a), while in the stacked C2S2; particle set, the smaller rotational
range seem to be restricted by CP26 and LHCIlI M2 interactions (Figure 4—figure supplement 5b).
These differences, when repeated over many stacked complexes (with additional LHCII complexes),
can translate into substantial changes in thylakoid membrane stacking (Yakushevska et al., 2003).

The Mg to Mg distances between Chls in each of the stacked complexes (all above 50 A) make
EET between them inefficient. The closest protein contacts are found at the interface between core
subunits from both PSIl dimers and CP29, supported by peripheral interactions between LHCII trimer
and CP26. Most of the PSII stromal surface is electronegative, and accordingly, most of the amino
acids that seem to be involved in stacking interactions are either negatively charged or uncharged
(Figure 4k). Interactions spanning 10 A are probably insufficient to maintain PSll in its stacked arrange-
ment; however, if mediated by a Mg?* ion and two-to-four H,O molecules, stacking can be stabilized
(Figure 4l). These interactions comply with the large degree of rotational freedom observed in the
stacked dimers and with the strong dependance of stacked dimers on the presence of Mg?* ions and
may contribute to thylakoid membrane stacking (Staehelin, 1976). Indeed, a cation current counter-
acting the positive charges of the proton influx during light is known to occur in chloroplasts (Hind
et al., 1974; Nami et al., 2021; Barber, 1980; Kaiia, 2016; Li et al., 2021; Kirchhoff et al., 2004;
Puthiyaveetil et al., 2017). This has been suggested as the basis for some light-dependent alteration
in the stromal spacing of thylakoid membranes (Puthiyaveetil et al., 2014; Kirchhoff et al., 2011).
We suggest that the stacked PSII structure (which strongly depends on the presence of cations during
purification) only relies on these weak interactions for its formation and is inherently extremely flexible
in all dimensions but the PSII dimer separation distance. This flexibility may explain why stacked PSII
structures are rarely detected in-vivo (Wietrzynski et al., 2020). However, when stacked PSII struc-
tures were detected using cryo-electron tomography, the identified configuration closely matched the
stacked PSII dimer identified in this work (Wietrzynski et al., 2020); it is possible that in the native
membrane state, range of motions in the stacked dimer or that the population of the extreme states
increases, leading to the larger variability observed in vivo.

Summary

The structure of PSIl from Dunaliella revealed an unexpected level of conformational flexibility in this
highly conserved system. The two stable conformations appear to differ in their antennae connectivity
and should be considered in PSIl modelling attempts. Within each state, the large degree of structural
heterogeneity also contributes to EET and may facilitate transitioning between the different states.
In the stacked PSIl dimer, we do not find any evidence for direct protein interaction connecting the
two stacked systems, instead, long range electrostatic interaction between the core PSIl subunits are
flexible enough to allow for a wide range of motion, and their dependance on cation concentration
provides a basis for light dependent regulation (Puthiyaveetil et al., 2017; Hind et al., 1974).

Methods

Dunaliella PSIl sample preparation

D. salina (strain CONC-007) cells were cultured in a 10 | BG11 medium, supplemented with 1.5 M
NaCl, 6 pg/ml ferric ammonium citrate, and 50 mM NaHCO; at pH 8 (Caspy et al., 2020). The cells
were grown with constant stirring and air bubbling under continuous white light (70 pE) at 25°C for 1
week. After reaching an OD;3, of 0.4, the culture was harvested by centrifugation at 4000 g for 10 min
and resuspended in a medium containing 50 mM HEPES pH 7.5, 300 mM sucrose, and 5 mM MgCl,.
The cells were washed once in the same buffer and suspended in a buffer containing 25 mM MES, pH
6.5, 10 mM CaCl,, 10 mM MgCl,, 1 M betaine, 5 mM EDTA, and 12.5% glycerol. Protease-inhibitors
cocktail was added to give final concentrations of 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 pM
pepstatin, 60 pM bestatin, and 1 mM benzamidine (Tokutsu et al., 2012). The cells were disrupted by
an Avestin EmulsiFlex-C3 at 1500 psi. Unbroken cells and starch granules were removed by centrifu-
gation at 5000 g for 5 min, and the membranes in the supernatant were precipitated by centrifugation
in Ti70 rotor at 181,000 g for 1 hr. The pellet was suspended in a buffer containing 25 mM MES, pH
6.5, 10 mM CaCl,, 10 mM MgCl,, 1 M betaine, 5 mM EDTA, and 12.5% glycerol giving a Chl concen-
tration of 0.4 mg/ml. n-Decyl-a-D-Maltopyranoside (a-DM) was added to a final concentration of
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1%, and following stirring for 30 min at 4°C, the insoluble material was removed by centrifugation at
10,000 g for 5 min (Tokutsu et al., 2012). Supernatant was concentrated by centrifugation in TI-75
rotor at 377,000 g for 80 min. The pellet was suspended in the above buffer containing 0.3% a-DM
at Chl concentration of about 1 mg/ml, loaded on sucrose gradients of 10 to 50% in SW-60 rotor and
run at 336,000 g for 15 hr. Figure 1—figure supplement 9a shows the distribution of green bands
in the tubes. The band containing PSIl was concentrated by centrifugation at 550,000 g for 2 hr, and
the pellet was suspended in a buffer containing 25 mM MES (pH 6.5), 1 mM CaCl,, 5 mM MgCl,, and
0.1% a-DM to give a Chl concentration of 2 mg Chl/ml. SDS-PAGE of the three bands is presented
in Figure 1—figure supplement 9b. The final preparation exhibited oxygen evolution activity of
816 pmol O,/(mg Chl * hr) under 560 pmol photons * m™ * s™" illumination (Figure 1—figure supple-
ment 9c).

Cryo-EM data collection and processing

Concentrated PSII solution (3pl) was applied on glow-discharged holey carbon grids (Cu Quantifoil
R1.2/1.3) that were vitrified for cryo-EM structural determination using a Vitrobot FEI (3 s blot at 4°C
and 100% humidity). The images were collected using a 300 kV FEI Titan Krios electron microscope,
with a slit width of 20 eV on a GIF-Quantum energy filter, at the EMBL cryo facility, Heidelberg,
Germany. A Gatan Quantum K3-Summit detector was used in counting mode at a magnification of
130,000 (yielding a pixel size of 0.64 A), with a total dose of 51.81 e A"2 EPU was used to collect a
total of 13,586 images, which were dose-fractionated into 40 movies frames, with defocus values of
0.8-1.9 um at increments of 0.1 um. The collected micrographs were motion-corrected and dose-
weighted using MotionCor2 (Zheng et al., 2017). The contrast transfer function parameters were
estimated using CtfFind v.4.1 (Rohou and Grigorieff, 2015). A total of 401,467 particles were picked
using LoG reference-free picking in RELION3.1 (Zivanov et al., 2018). The picked particles were
processed for reference-free two-dimensional (2D) averaging. After several rounds of 2D classifica-
tion, which resulted in 253,804 particles, two initial models was generated using RELION3.1 (Zivanov
et al., 2018), for the unstacked and stacked PSII.

3D classification of the unstacked PSlI revealed two organisations of the LHCs surrounding the core
complex — C2S and C252. C2S contained 21,066 particles were resampled at a pixel size of 0.896 A,
pooled together, and processed for 3D homogeneous refinement and multibody refinement (Nakane
et al., 2018) using RELION3.1 (Zivanov et al., 2018), giving a final resolution of 3.61 A. The C2S2
configuration was composed of 75,904 particles with a C2 symmetry, and these were resampled at
a pixel size of 0.896 A, pooled together, and processed for 3D homogeneous refinement and post-
processing using RELION3.1 (Zivanov et al., 2018), giving a final resolution of 2.82 A.lnan attempt
to improve the map density of C2S2, mainly in the vicinity of CP29 and LHCII trimer, 3D classifica-
tion without refinement was performed and revealed two distinct C252 conformations — compact
(C2S2comp) and stretched (C2S2rg). C2S2¢omp Was composed of 39,357 particles that undergone
symmetry expansion, 3D homogeneous refinement, and multibody refinement (Nakane et al., 2018)
in C1 symmetry to give a final resolution of 2.43 A, and C2S2, was composed of 23,014 particles that
undergone symmetry expansion, 3D homogeneous refinement, and multibody refinement (Nakane
et al., 2018) in C1 symmetry to give a final resolution of 2.62 A.

23,874 particles that were assigned to the stacked PSIl arrangement were resampled at a pixel size
of 0.96 A, pooled together, and processed for 3D homogeneous refinement and multibody refine-
ment (Nakane et al., 2018) in C1 symmetry using RELION3.1 (Zivanov et al., 2018) and yielded a
final resolution of 3.68 A.

Focused refinement on each individual PSIl complex yielded similar resolutions before multibody
refinement (3.53 A and 3.58 A on each complex), showing both positions are occupied roughly by the
same number of complexes. Focused classification was carried out on the upper dimer of the stacked
PSlI particles to determine if the compact and stretched conformations were also present in the stacked
PSIl arrangement. This analysis showed that the stacked PSlI also contained a mixed population of the
compact and stretched conformations. The compact set was composed of 9,567 particles, and these
were pooled together and processed for 3D homogeneous refinement followed by multibody refine-
ment (Nakane et al., 2018) to give a final resolution of 3.36 A. The stretched set composed of 14,307
particles, these were pooled together and processed for 3D homogeneous refinement followed by
multibody refinement (Nakane et al., 2018) to give a final resolution of 3.84 A. Performing focused
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refinement on the lower PSIl dimer of both conformations suggested a conformation mixture as well
but was less conclusive due to the lower map quality of the lower PSIl dimer, and both were fitted
with the PSllcomp model (using rigid body refinement) which gave the best overall fit to the map. All
the reported resolutions were based on a gold-standard refinement, applying the 0.143 criterion on
the Fourier shell correlation between the reconstructed half-maps. (Figure 1—figure supplement 2).

PCA was performed using relion_flex_analyse as detailed in Nakane et al., 2018. In short, the
differences between each particle alignment parameters following the convergence of multibody
refinement (at this point, each particle is aligned differently, optimally for each rigid body) are used
to represent the heterogeneity in dataset. To generate state maps, the final, consensus, maps of each
rigid body are translated along the PC axis to a position corresponding to the stated fraction of the
particle population and then added together to generate the specific state map.

Maps

Focused maps obtained after multibody refinement were combined using the phenix_combined_
focused_maps tool (Liebschner et al., 2019). Complete models were first refined into the consensus
maps and then used to define the combined part of each map, per combined_focused_maps
instructions.

Model building

To generate the C2S2 PSII, the cryo-EM structure of the C2S2 C. reinhardtii PSIl model PDB 6KAC
(Sheng et al., 2019) was selected. This model was fitted onto the cryo-EM density map using phenix.
dock_in_map in the PHENIX suite (Liebschner et al., 2019) and manually rebuilt using Coot (Emsley
et al., 2010). Stereochemical refinement was performed using phenix.real_space_refine in the PHENIX
suite (Liebschner et al., 2019). The final model was validated using MolProbity (Chen et al., 2010).
The refinement statistics are provided in Supplementary file 1. Local resolution was determined using
ResMap (Kucukelbir et al., 2014), and the figures were generated using UCSF Chimera (Pettersen
et al., 2004) and UCSF ChimeraX (Goddard et al., 2018). Representative cryo-EM densities are
shown in Figure 1—figure supplement 3.
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The following datasets were generated:

Author(s) Year Dataset title Dataset URL Database and Identifier
Caspy |, Fadeeva M, 2022 Unstacked compact https://www.rcsb.org/ RCSB Protein Data Bank,
Mazor Y, Nelson N Dunaliella PSII structure/7PI0 7PI0

Caspy |, Fadeeva M, 2022 Unstacked compact https://www.ebi.ac. EMDB, EMD-13429
Mazor Y, Nelson N Dunaliella PSII uk/emdb/EMD-13429

Caspy |, Fadeeva M, 2022 Unstacked stretched https://www.rcsb.org/ RCSB Protein Data Bank,
Mazor Y, Nelson N Dunaliella PSII structure/7PI5 7PI5

Caspy |, Fadeeva M, 2022 Unstacked stretched https://www.ebi.ac. EMDB, EMD-13430
Mazor Y, Nelson N Dunaliella PSII uk/emdb/EMD-13430

Caspy |, Fadeeva M, 2022 Unstacked compact https://www.rcsb.org/ RCSB Protein Data Bank,

Mazor Y, Nelson N

Dunaliella PSII

structure/7PNK

7PNK
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Caspy |, Fadeeva M, 2022 Unstacked compact https://www.ebi.ac.  EMDB, EMD-13548
Mazor Y, Nelson N Dunaliella PSII uk/emdb/EMD-13548

Caspy |, Fadeeva M, 2022 Stacked compact Dunaliella https://www.rcsb.org/ RCSB Protein Data Bank,
Mazor Y, Nelson N PSII structure/7PIN 7PIN

Caspy |, Fadeeva M, 2022 Stacked compact Dunaliella https://www.ebi.ac. =~ EMDB, EMD-13444
Mazor Y, Nelson N PSlII uk/emdb/EMD-13444

Caspy |, Fadeeva M, 2022 Stacked stretched https://www.rcsb.org/ RCSB Protein Data Bank,
Mazor Y, Nelson N Dunaliella PSII structure/7PIW 7PIW

Caspy |, Fadeeva M, 2022 Stacked stretched https://www.ebi.ac. EMDB, EMD-13455
Mazor Y, Nelson N Dunaliella PSII uk/emdb/EMD-13455

References

Ago H, Adachi H, Umena Y, Tashiro T, Kawakami K, Kamiya N, Tian L, Han G, Kuang T, Liu Z, Wang F, Zou H,
Enami |, Miyano M, Shen J-R. 2016. Novel features of eukaryotic photosystem Il revealed by its crystal structure
analysis from a red alga. The Journal of Biological Chemistry 291:5676-5687. DOI: https://doi.org/10.1074/jbc.
M115.711689, PMID: 26757821

Albanese P, Melero R, Engel BD, Grinzato A, Berto P, Manfredi M, Chiodoni A, Vargas J, Sorzano cos,
Marengo E, Saracco G, Zanotti G, Carazo JM, Pagliano C. 2017. Pea PSII-LHCII supercomplexes form pairs by
making connections across the stromal gap. Scientific Reports 7:10067. DOI: https://doi.org/10.1038/
s41598-017-10700-8, PMID: 28855679

Albanese P, Tamara S, Saracco G, Scheltema RA, Pagliano C. 2020. How paired PSII-LHCII supercomplexes
mediate the stacking of plant thylakoid membranes unveiled by structural mass-spectrometry. Nature
Communications 11:1361. DOI: https://doi.org/10.1038/s41467-020-15184-1, PMID: 32170184

Anderson JM. 2002. Changing concepts about the distribution of photosystems | and Il between grana-
appressed and stroma-exposed thylakoid membranes. Photosynthesis Research 73:157-164. DOI: https://doi.
org/10.1023/A:1020426525648, PMID: 16245117

Barber J. 1980. An explanation for the relationship between salt-induced thylakoid stacking and the chlorophyll
fluorescence changes associated with changes in spillover of energy from photosystem Il to photosystem .
FEBS Letters 118:1-10. DOI: https://doi.org/10.1016/0014-5793(80)81207-5

Barber J, Chow WS, Scoufflaire C, Lannoye R. 1980. The relationship between thylakoid stacking and salt
induced chlorophyll fluorescence changes. Biochimica et Biophysica Acta 591:92-103. DOI: https://doi.org/10.
1016/0005-2728(80)90223-6, PMID: 7388018

Barber J, Nield J, Tommos C. 2002. Organization of transmembrane helices in photosystem Il: comparison of
plants and cyanobacteria. Philosophical Transactions of the Royal Society of London. Series B, Biological
Sciences 357:1329-1335. DOI: https://doi.org/10.1098/rstb.2002.1132, PMID: 12437871

Barber J. 2004. Water, water everywhere, and its remarkable chemistry. Biochimica et Biophysica Acta
1655:123-132. DOI: https://doi.org/10.1016/j.bbabio.2003.10.011, PMID: 15100024

Caffarri S, Kouril R, Kereiche S, Boekema EJ, Croce R. 2009. Functional architecture of higher plant photosystem
Il supercomplexes. The EMBO Journal 28:3052-3063. DOI: https://doi.org/10.1038/emboj.2009.232, PMID:
19696744

Caffarri S, Broess K, Croce R, van Amerongen H. 2011. Excitation energy transfer and trapping in higher plant
photosystem Il complexes with different antenna sizes. Biophysical Journal 100:2094-2103. DOI: https://doi.
org/10.1016/j.bpj.2011.03.049, PMID: 21539776

Caspy |, Malavath T, Klaiman D, Fadeeva M, Shkolnisky Y, Nelson N. 2020. Structure and energy transfer
pathways of the dunaliella salina photosystem | supercomplex. Biochimica et Biophysica Acta. Bioenergetics
1861:148253. DOI: https://doi.org/10.1016/j.bbabio.2020.148253, PMID: 32569661

Chen VB, Arendall WB, Headd JJ, Keedy DA, Immormino RM, Kapral GJ, Murray LW, Richardson JS,
Richardson DC. 2010. MolProbity: all-atom structure validation for macromolecular crystallography. Acta
Crystallographica. Section D, Biological Crystallography 66:12-21. DOI: https://doi.org/10.1107/
S0907444909042073, PMID: 20057044

Chen YE, Zhao ZY, Zhang HY, Zeng XY, Yuan S. 2013. The significance of CP29 reversible phosphorylation in
thylakoids of higher plants under environmental stresses. Journal of Experimental Botany 64:1167-1178. DOI:
https://doi.org/10.1093/jxb/ert002, PMID: 23349136

Chmeliov J, Trinkunas G, van Amerongen H, Valkunas L. 2014. Light harvesting in a fluctuating antenna. Journal
of the American Chemical Society 136:8963-8972. DOI: https://doi.org/10.1021/ja5027858, PMID: 24870124

Chmeliov J, Gelzinis A, Songaila E, Augulis R, Duffy CDP, Ruban AV, Valkunas L. 2016. The nature of self-
regulation in photosynthetic light-harvesting antenna. Nature Plants 2:16045. DOI: https://doi.org/10.1038/
nplants.2016.45, PMID: 27243647

Caspy et al. eLife 2023;12:e81150. DOI: https://doi.org/10.7554/eLife.81150 16 of 20


https://doi.org/10.7554/eLife.81150
https://www.ebi.ac.uk/emdb/EMD-13548
https://www.ebi.ac.uk/emdb/EMD-13548
https://www.rcsb.org/structure/7PIN
https://www.rcsb.org/structure/7PIN
https://www.ebi.ac.uk/emdb/EMD-13444
https://www.ebi.ac.uk/emdb/EMD-13444
https://www.rcsb.org/structure/7PIW
https://www.rcsb.org/structure/7PIW
https://www.ebi.ac.uk/emdb/EMD-13455
https://www.ebi.ac.uk/emdb/EMD-13455
https://doi.org/10.1074/jbc.M115.711689
https://doi.org/10.1074/jbc.M115.711689
http://www.ncbi.nlm.nih.gov/pubmed/26757821
https://doi.org/10.1038/s41598-017-10700-8
https://doi.org/10.1038/s41598-017-10700-8
http://www.ncbi.nlm.nih.gov/pubmed/28855679
https://doi.org/10.1038/s41467-020-15184-1
http://www.ncbi.nlm.nih.gov/pubmed/32170184
https://doi.org/10.1023/A:1020426525648
https://doi.org/10.1023/A:1020426525648
http://www.ncbi.nlm.nih.gov/pubmed/16245117
https://doi.org/10.1016/0014-5793(80)81207-5
https://doi.org/10.1016/0005-2728(80)90223-6
https://doi.org/10.1016/0005-2728(80)90223-6
http://www.ncbi.nlm.nih.gov/pubmed/7388018
https://doi.org/10.1098/rstb.2002.1132
http://www.ncbi.nlm.nih.gov/pubmed/12437871
https://doi.org/10.1016/j.bbabio.2003.10.011
http://www.ncbi.nlm.nih.gov/pubmed/15100024
https://doi.org/10.1038/emboj.2009.232
http://www.ncbi.nlm.nih.gov/pubmed/19696744
https://doi.org/10.1016/j.bpj.2011.03.049
https://doi.org/10.1016/j.bpj.2011.03.049
http://www.ncbi.nlm.nih.gov/pubmed/21539776
https://doi.org/10.1016/j.bbabio.2020.148253
http://www.ncbi.nlm.nih.gov/pubmed/32569661
https://doi.org/10.1107/S0907444909042073
https://doi.org/10.1107/S0907444909042073
http://www.ncbi.nlm.nih.gov/pubmed/20057044
https://doi.org/10.1093/jxb/ert002
http://www.ncbi.nlm.nih.gov/pubmed/23349136
https://doi.org/10.1021/ja5027858
http://www.ncbi.nlm.nih.gov/pubmed/24870124
https://doi.org/10.1038/nplants.2016.45
https://doi.org/10.1038/nplants.2016.45
http://www.ncbi.nlm.nih.gov/pubmed/27243647

eLife

Plant Biology | Structural Biology and Molecular Biophysics

Chovancova E, Pavelka A, Benes P, Strnad O, Brezovsky J, Kozlikova B, Gora A, Sustr V, Klvana M, Medek P,
Biedermannova L, Sochor J, Damborsky J. 2012. CAVER 3.0: a tool for the analysis of transport pathways in
dynamic protein structures. PLOS Computational Biology 8:€1002708. DOI: https://doi.org/10.1371/journal.
pcbi.1002708, PMID: 23093919

Cox N, Retegan M, Neese F, Pantazis DA, Boussac A, Lubitz W. 2014. Photosynthesis. electronic structure of the
oxygen-evolving complex in photosystem Il prior to O-O bond formation. Science 345:804-808. DOI: https://
doi.org/10.1126/science.1254910, PMID: 25124437

Cox N, Pantazis DA, Lubitz W. 2020. Current understanding of the mechanism of water oxidation in photosystem
Il and its relation to XFEL data. Annual Review of Biochemistry 89:795-820. DOI: https://doi.org/10.1146/
annurev-biochem-011520-104801, PMID: 32208765

Croce R, van Amerongen H. 2011. Light-Harvesting and structural organization of photosystem II: from individual
complexes to thylakoid membrane. Journal of Photochemistry and Photobiology. B, Biology 104:142-153.
DOI: https://doi.org/10.1016/j.jphotobiol.2011.02.015, PMID: 21402480

Croce R, van Amerongen H. 2020. Light harvesting in oxygenic photosynthesis: structural biology meets
spectroscopy. Science 369:eaay2058. DOI: https://doi.org/10.1126/science.aay2058, PMID: 32820091

Dalal VK, Tripathy BC. 2018. Water-stress induced downsizing of light-harvesting antenna complex protects
developing rice seedlings from photo-oxidative damage. Scientific Reports 8:5955. DOI: https://doi.org/10.
1038/s41598-017-14419-4, PMID: 29654242

Daskalakis V. 2018. Protein-protein interactions within photosystem Il under photoprotection: the synergy
between CP29 minor antenna, subunit S (psbs) and zeaxanthin at all-atom resolution. Physical Chemistry
Chemical Physics 20:11843-11855. DOI: https://doi.org/10.1039/c8cp01226a, PMID: 29658553

Drop B, Webber-Birungi M, Yadav SKN, Filipowicz-Szymanska A, Fusetti F, Boekema EJ, Croce R. 2014. Light-
harvesting complex Il (LHCII) and its supramolecular organization in Chlamydomonas reinhardltii. Biochimica et
Biophysica Acta 1837:63-72. DOI: https://doi.org/10.1016/].bbabio.2013.07.012, PMID: 23933017

Emsley P, Lohkamp B, Scott WG, Cowtan K. 2010. Features and development of coot. Acta Crystallographica.
Section D, Biological Crystallography 66:486-501. DOI: https://doi.org/10.1107/50907444910007493, PMID:
20383002

Garab G, Mustardy L. 2000. Role of LHCIl-containing macrodomains in the structure, function and dynamics of
grana. Functional Plant Biology 27:723. DOI: https://doi.org/10.1071/PP99069_C1

Goddard TD, Huang CC, Meng EC, Pettersen EF, Couch GS, Morris JH, Ferrin TE. 2018. UCSF chimerax:
meeting modern challenges in visualization and analysis. Protein Science 27:14-25. DOI: https://doi.org/10.
1002/pro.3235, PMID: 28710774

Goldschmidt-Clermont M, Bassi R. 2015. Sharing light between two photosystems: mechanism of state
transitions. Current Opinion in Plant Biology 25:71-78. DOI: https://doi.org/10.1016/].pbi.2015.04.009, PMID:
26002067

Grinzato A, Albanese P, Marotta R, Swuec P, Saracco G, Bolognesi M, Zanotti G, Pagliano C. 2020. High-Light
versus low-light: effects on paired photosystem Il supercomplex structural rearrangement in pea plants.
International Journal of Molecular Sciences 21:8643. DOI: https://doi.org/10.3390/ijms21228643, PMID:
33207833

Hankamer B, Barber J, Boekema EJ. 1997. Structure and membrane organization of photosystem Il in green
plants. Annual Review of Plant Physiology and Plant Molecular Biology 48:641-671. DOI: https://doi.org/10.
1146/annurev.arplant.48.1.641, PMID: 15012277

Hansson M, Vener AV. 2003. Identification of three previously unknown in vivo protein phosphorylation sites in
thylakoid membranes of Arabidopsis thaliana. Molecular & Cellular Proteomics 2:550-559. DOI: https://doi.
org/10.1074/mcp.M300050-MCP200, PMID: 12883043

Hind G, Nakatani HY, [zawa S. 1974. Light-dependent redistribution of ions in suspensions of chloroplast
thylakoid membranes. PNAS 71:1484-1488. DOI: https://doi.org/10.1073/pnas.71.4.1484, PMID: 4524652

Huang Z, Shen L, Wang W, Mao Z, Yi X, Kuang T, Shen J-R, Zhang X, Han G. 2021. Structure of photosystem
I-LHCI-LHCII from the green alga Chlamydomonas reinhardtii in state 2. Nature Communications 12:1100. DOI:
https://doi.org/10.1038/s41467-021-21362-6, PMID: 33597543

Ishijima S, Uchibori A, Takagi H, Maki R, Ohnishi M. 2003. Light-induced increase in free mg2+ concentration in
spinach chloroplasts: measurement of free mg2+ by using a fluorescent probe and necessity of stromal
alkalinization. Archives of Biochemistry and Biophysics 412:126-132. DOI: https://doi.org/10.1016/s0003-9861(
03)00038-9, PMID: 12646275

Izawa S, Good NE. 1966. Effect of salts and electron transport on the conformation of isolated chloroplasts. II.
electron microscopy. Plant Physiology 41:544-552. DOI: https://doi.org/10.1104/pp.41.3.544, PMID: 16656286

Johnson MP, Wientjes E. 2020. The relevance of dynamic thylakoid organisation to photosynthetic regulation.
Biochimica et Biophysica Acta. Bioenergetics 1861:148039. DOI: https://doi.org/10.1016/j.bbabio.2019.06.
011, PMID: 31228404

Karia R. 2016. Role of ions in the regulation of light-harvesting. Frontiers in Plant Science 7:1849. DOI: https://
doi.org/10.3389/fpls.2016.01849, PMID: 28018387

Kato K, Miyazaki N, Hamaguchi T, Nakajima Y, Akita F, Yonekura K, Shen JR. 2021. High-resolution cryo-EM
structure of photosystem Il reveals damage from high-dose electron beams. Communications Biology 4:382.
DOI: https://doi.org/10.1038/s42003-021-01919-3, PMID: 33753866

Kaur D, Cai X, Khaniya U, Zhang Y, Mao J, Mandal M, Gunner MR. 2019. Tracing the pathways of waters and
protons in photosystem Il and cytochrome c oxidase. Inorganics 7:14. DOI: https://doi.org/10.3390/
inorganics7020014

Caspy et al. eLife 2023;12:e81150. DOI: https://doi.org/10.7554/eLife.81150 17 of 20


https://doi.org/10.7554/eLife.81150
https://doi.org/10.1371/journal.pcbi.1002708
https://doi.org/10.1371/journal.pcbi.1002708
http://www.ncbi.nlm.nih.gov/pubmed/23093919
https://doi.org/10.1126/science.1254910
https://doi.org/10.1126/science.1254910
http://www.ncbi.nlm.nih.gov/pubmed/25124437
https://doi.org/10.1146/annurev-biochem-011520-104801
https://doi.org/10.1146/annurev-biochem-011520-104801
http://www.ncbi.nlm.nih.gov/pubmed/32208765
https://doi.org/10.1016/j.jphotobiol.2011.02.015
http://www.ncbi.nlm.nih.gov/pubmed/21402480
https://doi.org/10.1126/science.aay2058
http://www.ncbi.nlm.nih.gov/pubmed/32820091
https://doi.org/10.1038/s41598-017-14419-4
https://doi.org/10.1038/s41598-017-14419-4
http://www.ncbi.nlm.nih.gov/pubmed/29654242
https://doi.org/10.1039/c8cp01226a
http://www.ncbi.nlm.nih.gov/pubmed/29658553
https://doi.org/10.1016/j.bbabio.2013.07.012
http://www.ncbi.nlm.nih.gov/pubmed/23933017
https://doi.org/10.1107/S0907444910007493
http://www.ncbi.nlm.nih.gov/pubmed/20383002
https://doi.org/10.1071/PP99069_C1
https://doi.org/10.1002/pro.3235
https://doi.org/10.1002/pro.3235
http://www.ncbi.nlm.nih.gov/pubmed/28710774
https://doi.org/10.1016/j.pbi.2015.04.009
http://www.ncbi.nlm.nih.gov/pubmed/26002067
https://doi.org/10.3390/ijms21228643
http://www.ncbi.nlm.nih.gov/pubmed/33207833
https://doi.org/10.1146/annurev.arplant.48.1.641
https://doi.org/10.1146/annurev.arplant.48.1.641
http://www.ncbi.nlm.nih.gov/pubmed/15012277
https://doi.org/10.1074/mcp.M300050-MCP200
https://doi.org/10.1074/mcp.M300050-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/12883043
https://doi.org/10.1073/pnas.71.4.1484
http://www.ncbi.nlm.nih.gov/pubmed/4524652
https://doi.org/10.1038/s41467-021-21362-6
http://www.ncbi.nlm.nih.gov/pubmed/33597543
https://doi.org/10.1016/s0003-9861(03)00038-9
https://doi.org/10.1016/s0003-9861(03)00038-9
http://www.ncbi.nlm.nih.gov/pubmed/12646275
https://doi.org/10.1104/pp.41.3.544
http://www.ncbi.nlm.nih.gov/pubmed/16656286
https://doi.org/10.1016/j.bbabio.2019.06.011
https://doi.org/10.1016/j.bbabio.2019.06.011
http://www.ncbi.nlm.nih.gov/pubmed/31228404
https://doi.org/10.3389/fpls.2016.01849
https://doi.org/10.3389/fpls.2016.01849
http://www.ncbi.nlm.nih.gov/pubmed/28018387
https://doi.org/10.1038/s42003-021-01919-3
http://www.ncbi.nlm.nih.gov/pubmed/33753866
https://doi.org/10.3390/inorganics7020014
https://doi.org/10.3390/inorganics7020014

eLife

Plant Biology | Structural Biology and Molecular Biophysics

Kern J, Chatterjee R, Young ID, Fuller FD, Lassalle L, lbrahim M, Gul S, Fransson T, Brewster AS, Alonso-Mori R,
Hussein R, Zhang M, Douthit L, de Lichtenberg C, Cheah MH, Shevela D, Wersig J, Seuffert |, Sokaras D,
Pastor E, et al. 2018. Structures of the intermediates of Kok’s photosynthetic water oxidation clock. Nature
563:421-425. DOI: https://doi.org/10.1038/s41586-018-0681-2, PMID: 30405241

Kim EH, Wah SC, Horton P, Anderson JM. 2005. Entropy-assisted stacking of thylakoid membranes. Biochimica
et Biophysica Acta - Bioenergetics 1708:187-195. DOI: https://doi.org/10.1016/J.BBABIO.2005.03.011

Kirchhoff H, Borinski M, Lenhert S, Chi L, Blichel C. 2004. Transversal and lateral exciton energy transfer in grana
thylakoids of spinach. Biochemistry 43:14508-14516. DOI: https://doi.org/10.1021/bi04847 3w, PMID:
15533055

Kirchhoff H, Haase W, Haferkamp S, Schott T, Borinski M, Kubitscheck U, Régner M. 2007. Structural and
functional self-organization of photosystem Il in grana thylakoids. Biochimica et Biophysica Acta 1767:1180-
1188. DOI: https://doi.org/10.1016/j.bbabio.2007.05.009, PMID: 17617373

Kirchhoff H, Hall C, Wood M, Herbstova M, Tsabari O, Nevo R, Charuvi D, Shimoni E, Reich Z. 2011. Dynamic
control of protein diffusion within the granal thylakoid lumen. PNAS 108:20248-20253. DOI: https://doi.org/
10.1073/pnas.1104141109, PMID: 22128333

Kirchhoff H. 2014. Structural changes of the thylakoid membrane network induced by high light stress in plant
chloroplasts. Philosophical Transactions of the Royal Society of London. Series B, Biological Sciences
369:20130225. DOI: https://doi.org/10.1098/rstb.2013.0225, PMID: 24591712

Koochak H, Puthiyaveetil S, Mullendore DL, Li M, Kirchhoff H. 2019. The structural and functional domains of
plant thylakoid membranes. The Plant Journal 97:412-429. DOI: https://doi.org/10.1111/tpj. 14127, PMID:
30312499

KoufFil R, Nosek L, Opatikova M, Arshad R, Semchonok DA, Chamréad |, Lenobel R, Boekema EJ, llik P. 2020.
Unique organization of photosystem Il supercomplexes and megacomplexes in Norway spruce. The Plant
Journal 104:215-225. DOI: https://doi.org/10.1111/tp].14918, PMID: 32654240

Kucukelbir A, Sigworth FJ, Tagare HD. 2014. Quantifying the local resolution of cryo-EM density maps. Nature
Methods 11:63-65. DOI: https://doi.org/10.1038/nmeth.2727, PMID: 24213166

Kupitz C, Basu S, Grotjohann |, Fromme R, Zatsepin NA, Rendek KN, Hunter MS, Shoeman RL, White TA,

Wang D, James D, Yang J-H, Cobb DE, Reeder B, Sierra RG, Liu H, Barty A, Aquila AL, Deponte D, Kirian RA,
et al. 2014. Serial time-resolved crystallography of photosystem Il using a femtosecond x-ray laser. Nature
513:261-265. DOI: https://doi.org/10.1038/nature 13453, PMID: 25043005

Levitan O, Chen M, Kuang X, Cheong KY, Jiang J, Banal M, Nambiar N, Gorbunov MY, Ludtke SJ, Falkowski PG,
Dai W. 2019. Structural and functional analyses of photosystem Il in the marine diatom phaeodactylum
tricornutum. PNAS 116:17316-17322. DOI: https://doi.org/10.1073/pnas. 1906726116, PMID: 31409711

Li M, Svoboda V, Davis G, Kramer D, Kunz HH, Kirchhoff H. 2021. Impact of ion fluxes across thylakoid
membranes on photosynthetic electron transport and photoprotection. Nature Plants 7:979-988. DOI: https://
doi.org/10.1038/s41477-021-00947-5, PMID: 34140667

Liebschner D, Afonine PV, Baker ML, Bunkéczi G, Chen VB, Croll T, Hintze B, Hung LW, Jain S, McCoy AJ,
Moriarty NW, Oeffner RD, Poon BK, Prisant MG, Read RJ, Richardson JS, Richardson DC, Sammito MD,
Sobolev OV, Stockwell DH, et al. 2019. Macromolecular structure determination using X-rays, neutrons and
electrons: recent developments in phenix. Acta Crystallographica. Section D, Structural Biology 75:861-877.
DOI: https://doi.org/10.1107/52059798319011471, PMID: 31588918

Liguori N, Periole X, Marrink SJ, Croce R. 2015. From light-harvesting to photoprotection: structural basis of the
dynamic switch of the major antenna complex of plants (LHCII). Scientific Reports 5:15661. DOI: https://doi.
org/10.1038/srep15661, PMID: 26493782

Liu Z, Yan H, Wang K, Kuang T, Zhang J, Gui L, An X, Chang W. 2004. Crystal structure of spinach major
light-harvesting complex at 2.72 A resolution. Nature 428:287-292. DOI: https://doi.org/10.1038/nature02373,
PMID: 15029188

Liu WJ, Chen YE, Tian WJ, Du JB, Zhang ZW, Xu F, Zhang F, Yuan S, Lin HH. 2009. Dephosphorylation of
photosystem Il proteins and phosphorylation of CP29 in barley photosynthetic membranes as a response to
water stress. Biochimica et Biophysica Acta 1787:1238-1245. DOI: https://doi.org/10.1016/j.bbabio.2009.04.
012, PMID: 19409367

Liu X, Zhou Y, Xiao J, Bao F. 2018. Effects of chilling on the structure, function and development of chloroplasts.
Frontiers in Plant Science 9:1715. DOI: https://doi.org/10.3389/fpls.2018.01715, PMID: 30524465

Mascoli V, Novoderezhkin V, Liguori N, Xu P, Croce R. 2020. Design principles of solar light harvesting in plants:
functional architecture of the monomeric antenna CP29. Biochimica et Biophysica Acta. Bioenergetics
1861:148156. DOI: https://doi.org/10.1016/j.bbabio.2020.148156, PMID: 31987813

Matamoros MA, Becana M. 2021. Molecular responses of legumes to abiotic stress: post-translational
modifications of proteins and redox signaling. Journal of Experimental Botany 72:5876-5892. DOI: https://doi.
org/10.1093/jxb/erab008, PMID: 33453107

McEvoy JP, Brudvig GW. 2006. Water-Splitting chemistry of photosystem Il. Chemical Reviews 106:4455-4483.
DOI: https://doi.org/10.1021/cr0204294, PMID: 17091926

Nagao R, Kato K, Suzuki T, Ifuku K, Uchiyama I, Kashino Y, Dohmae N, Akimoto S, Shen J-R, Miyazaki N, Akita F.
2019. Structural basis for energy harvesting and dissipation in a diatom PSII-FCPIl supercomplex. Nature Plants
5:890-901. DOI: https://doi.org/10.1038/s41477-019-0477-x, PMID: 31358960

Nakane T, Kimanius D, Lindahl E, Scheres SHW. 2018. Characterisation of molecular motions in cryo-EM
single-particle data by multi-body refinement in RELION. eLife 7:e36861. DOI: https://doi.org/10.7554/elife.
36861, PMID: 29856314

Caspy et al. eLife 2023;12:e81150. DOI: https://doi.org/10.7554/eLife.81150 18 of 20


https://doi.org/10.7554/eLife.81150
https://doi.org/10.1038/s41586-018-0681-2
http://www.ncbi.nlm.nih.gov/pubmed/30405241
https://doi.org/10.1016/J.BBABIO.2005.03.011
https://doi.org/10.1021/bi048473w
http://www.ncbi.nlm.nih.gov/pubmed/15533055
https://doi.org/10.1016/j.bbabio.2007.05.009
http://www.ncbi.nlm.nih.gov/pubmed/17617373
https://doi.org/10.1073/pnas.1104141109
https://doi.org/10.1073/pnas.1104141109
http://www.ncbi.nlm.nih.gov/pubmed/22128333
https://doi.org/10.1098/rstb.2013.0225
http://www.ncbi.nlm.nih.gov/pubmed/24591712
https://doi.org/10.1111/tpj.14127
http://www.ncbi.nlm.nih.gov/pubmed/30312499
https://doi.org/10.1111/tpj.14918
http://www.ncbi.nlm.nih.gov/pubmed/32654240
https://doi.org/10.1038/nmeth.2727
http://www.ncbi.nlm.nih.gov/pubmed/24213166
https://doi.org/10.1038/nature13453
http://www.ncbi.nlm.nih.gov/pubmed/25043005
https://doi.org/10.1073/pnas.1906726116
http://www.ncbi.nlm.nih.gov/pubmed/31409711
https://doi.org/10.1038/s41477-021-00947-5
https://doi.org/10.1038/s41477-021-00947-5
http://www.ncbi.nlm.nih.gov/pubmed/34140667
https://doi.org/10.1107/S2059798319011471
http://www.ncbi.nlm.nih.gov/pubmed/31588918
https://doi.org/10.1038/srep15661
https://doi.org/10.1038/srep15661
http://www.ncbi.nlm.nih.gov/pubmed/26493782
https://doi.org/10.1038/nature02373
http://www.ncbi.nlm.nih.gov/pubmed/15029188
https://doi.org/10.1016/j.bbabio.2009.04.012
https://doi.org/10.1016/j.bbabio.2009.04.012
http://www.ncbi.nlm.nih.gov/pubmed/19409367
https://doi.org/10.3389/fpls.2018.01715
http://www.ncbi.nlm.nih.gov/pubmed/30524465
https://doi.org/10.1016/j.bbabio.2020.148156
http://www.ncbi.nlm.nih.gov/pubmed/31987813
https://doi.org/10.1093/jxb/erab008
https://doi.org/10.1093/jxb/erab008
http://www.ncbi.nlm.nih.gov/pubmed/33453107
https://doi.org/10.1021/cr0204294
http://www.ncbi.nlm.nih.gov/pubmed/17091926
https://doi.org/10.1038/s41477-019-0477-x
http://www.ncbi.nlm.nih.gov/pubmed/31358960
https://doi.org/10.7554/eLife.36861
https://doi.org/10.7554/eLife.36861
http://www.ncbi.nlm.nih.gov/pubmed/29856314

eLife

Plant Biology | Structural Biology and Molecular Biophysics

Nami F, Tian L, Huber M, Croce R, Pandit A. 2021. Lipid and protein dynamics of stacked and cation-depletion
induced unstacked thylakoid membranes. BBA Advances 1:100015. DOI: https://doi.org/10.1016/j.bbadva.
2021.100015

Nelson N, Ben-Shem A. 2004. The complex architecture of oxygenic photosynthesis. Nature Reviews. Molecular
Cell Biology 5:971-982. DOI: https://doi.org/10.1038/nrm1525, PMID: 15573135

Nelson N, Yocum CF. 2006. Structure and function of photosystems | and Il. Annual Review of Plant Biology
57:521-565. DOI: https://doi.org/10.1146/annurev.arplant.57.032905.105350, PMID: 16669773

Nelson N, Junge W. 2015. Structure and energy transfer in photosystems of oxygenic photosynthesis. Annual
Review of Biochemistry 84:659-683. DOI: https://doi.org/10.1146/annurev-biochem-092914-041942, PMID:
25747397

Nield J, Kruse O, Ruprecht J, da Fonseca P, Blchel C, Barber J. 2000. Three-dimensional structure of
Chlamydomonas reinhardtii and synechococcus elongatus photosystem Il complexes allows for comparison of
their oxygen-evolving complex organization. The Journal of Biological Chemistry 275:27940-27946. DOI:
https://doi.org/10.1074/jbc.M003069200, PMID: 10807922

Novoderezhkin VI, Palacios MA, van Amerongen H, van Grondelle R. 2005. Excitation dynamics in the LHCII
complex of higher plants: modeling based on the 2.72 angstrom crystal structure. The Journal of Physical
Chemistry. B 109:10493-10504. DOI: https://doi.org/10.1021/jp044082f, PMID: 16852271

Pan X, Ma J, Su X, Cao P, Chang W, Liu Z, Zhang X, Li M. 2018. Structure of the maize photosystem |
supercomplex with light-harvesting complexes | and Il. Science 360:1109-1113. DOI: https://doi.org/10.1126/
science.aat1156, PMID: 29880686

Pan X, Tokutsu R, Li A, Takizawa K, Song C, Murata K, Yamasaki T, Liu Z, Minagawa J, Li M. 2021. Structural basis
of lhcbm5-mediated state transitions in green algae. Nature Plants 7:1119-1131. DOI: https://doi.org/10.1038/
s41477-021-00960-8, PMID: 34239095

Pascal AA, Liu Z, Broess K, van Oort B, van Amerongen H, Wang C, Horton P, Robert B, Chang W, Ruban A.
2005. Molecular basis of photoprotection and control of photosynthetic light-harvesting. Nature 436:134-137.
DOI: https://doi.org/10.1038/nature03795, PMID: 16001075

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, Ferrin TE. 2004. UCSF chimera -- a
visualization system for exploratory research and analysis. Journal of Computational Chemistry 25:1605-1612.
DOI: https://doi.org/10.1002/jcc.20084, PMID: 15264254

Pi X, Zhao S, Wang W, Liu D, Xu C, Han G, Kuang T, Sui SF, Shen JR. 2019. The pigment-protein network of a
diatom photosystem ll-light-harvesting antenna supercomplex. Science 365:eaax4406. DOI: https://doi.org/10.
1126/science.aax4406, PMID: 31371578

Pogoryelov D, Sudhir PR, Kovéacs L, Gombos Z, Brown |, Garab G. 2003. Sodium dependency of the
photosynthetic electron transport in the alkaliphilic cyanobacterium Arthrospira platensis. Journal of
Bioenergetics and Biomembranes 35:427-437. DOI: https://doi.org/10.1023/a:1027339814544, PMID:
14740891

Poudyal RS, Rodionova MV, Kim H, Lee S, Do E, Allakhverdiev SI, Nam HG, Hwang D, Kim Y. 2020. Combinatory
actions of CP29 phosphorylation by STN7 and stability regulate leaf age-dependent disassembly of
photosynthetic complexes. Scientific Reports 10:10267. DOI: https://doi.org/10.1038/s41598-020-67213-0,
PMID: 32581255

Pribil M, Labs M, Leister D. 2014. Structure and dynamics of thylakoids in land plants. Journal of Experimental
Botany 65:1955-1972. DOI: https://doi.org/10.1093/jxb/eru090, PMID: 24622954

Puthiyaveetil S, Tsabari O, Lowry T, Lenhert S, Lewis RR, Reich Z, Kirchhoff H. 2014. Compartmentalization of the
protein repair machinery in photosynthetic membranes. PNAS 111:15839-15844. DOI: https://doi.org/10.
1073/pnas.1413739111, PMID: 25331882

Puthiyaveetil S, van Oort B, Kirchhoff H. 2017. Surface charge dynamics in photosynthetic membranes and the
structural consequences. Nature Plants 3:17020. DOI: https://doi.org/10.1038/nplants.2017.20, PMID:
28263304

Rey P, Bécuwe N, Barrault MB, Rumeau D, Havaux M, Biteau B, Toledano MB. 2007. The Arabidopsis thaliana
sulfiredoxin is a plastidic cysteine-sulfinic acid reductase involved in the photooxidative stress response. The
Plant Journal 49:505-514. DOI: https://doi.org/10.1111/j.1365-313X.2006.02969.x, PMID: 17217469

Rohou A, Grigorieff N. 2015. CTFFIND4: fast and accurate defocus estimation from electron micrographs.
Journal of Structural Biology 192:216-221. DOI: https://doi.org/10.1016/].jsb.2015.08.008, PMID: 26278980

Ruban AV, Berera R, llicaia C, van Stokkum IHM, Kennis JTM, Pascal AA, van Amerongen H, Robert B, Horton P,
van Grondelle R. 2007. Identification of a mechanism of photoprotective energy dissipation in higher plants.
Nature 450:575-578. DOI: https://doi.org/10.1038/nature06262, PMID: 18033302

Rubin BT, Chow WS, Barber J. 1981. Experimental and theoretical considerations of mechanisms controlling
cation effects on thylakoid membrane stacking and chlorophyll fluorescence. Biochimica et Biophysica Acta
634:174-190. DOI: https://doi.org/10.1016/0005-2728(81)90137-7, PMID: 7470497

Sevilla F, Camejo D, Ortiz-Espin A, Calderén A, Lazaro JJ, Jiménez A. 2015. The thioredoxin/peroxiredoxin/
sulfiredoxin system: current overview on its redox function in plants and regulation by reactive oxygen and
nitrogen species. Journal of Experimental Botany 66:2945-2955. DOI: https://doi.org/10.1093/jxb/erv146,
PMID: 25873657

Shen J. 2015. The structure of photosystem Il and the mechanism of water oxidation in photosynthesis. Annual
Review of Plant Biology 66:23-48. DOI: https://doi.org/10.1146/annurev-arplant-050312-120129, PMID:
25746448

Caspy et al. eLife 2023;12:e81150. DOI: https://doi.org/10.7554/eLife.81150 19 of 20


https://doi.org/10.7554/eLife.81150
https://doi.org/10.1016/j.bbadva.2021.100015
https://doi.org/10.1016/j.bbadva.2021.100015
https://doi.org/10.1038/nrm1525
http://www.ncbi.nlm.nih.gov/pubmed/15573135
https://doi.org/10.1146/annurev.arplant.57.032905.105350
http://www.ncbi.nlm.nih.gov/pubmed/16669773
https://doi.org/10.1146/annurev-biochem-092914-041942
http://www.ncbi.nlm.nih.gov/pubmed/25747397
https://doi.org/10.1074/jbc.M003069200
http://www.ncbi.nlm.nih.gov/pubmed/10807922
https://doi.org/10.1021/jp044082f
http://www.ncbi.nlm.nih.gov/pubmed/16852271
https://doi.org/10.1126/science.aat1156
https://doi.org/10.1126/science.aat1156
http://www.ncbi.nlm.nih.gov/pubmed/29880686
https://doi.org/10.1038/s41477-021-00960-8
https://doi.org/10.1038/s41477-021-00960-8
http://www.ncbi.nlm.nih.gov/pubmed/34239095
https://doi.org/10.1038/nature03795
http://www.ncbi.nlm.nih.gov/pubmed/16001075
https://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
https://doi.org/10.1126/science.aax4406
https://doi.org/10.1126/science.aax4406
http://www.ncbi.nlm.nih.gov/pubmed/31371578
https://doi.org/10.1023/a:1027339814544
http://www.ncbi.nlm.nih.gov/pubmed/14740891
https://doi.org/10.1038/s41598-020-67213-0
http://www.ncbi.nlm.nih.gov/pubmed/32581255
https://doi.org/10.1093/jxb/eru090
http://www.ncbi.nlm.nih.gov/pubmed/24622954
https://doi.org/10.1073/pnas.1413739111
https://doi.org/10.1073/pnas.1413739111
http://www.ncbi.nlm.nih.gov/pubmed/25331882
https://doi.org/10.1038/nplants.2017.20
http://www.ncbi.nlm.nih.gov/pubmed/28263304
https://doi.org/10.1111/j.1365-313X.2006.02969.x
http://www.ncbi.nlm.nih.gov/pubmed/17217469
https://doi.org/10.1016/j.jsb.2015.08.008
http://www.ncbi.nlm.nih.gov/pubmed/26278980
https://doi.org/10.1038/nature06262
http://www.ncbi.nlm.nih.gov/pubmed/18033302
https://doi.org/10.1016/0005-2728(81)90137-7
http://www.ncbi.nlm.nih.gov/pubmed/7470497
https://doi.org/10.1093/jxb/erv146
http://www.ncbi.nlm.nih.gov/pubmed/25873657
https://doi.org/10.1146/annurev-arplant-050312-120129
http://www.ncbi.nlm.nih.gov/pubmed/25746448

eLife

Plant Biology | Structural Biology and Molecular Biophysics

Shen L, Huang Z, Chang S, Wang W, Wang J, Kuang T, Han G, Shen JR, Zhang X. 2019. Structure of a
C252M2N2-type PSII-LHCII supercomplex from the green alga Chlamydomonas reinhardtii. PNAS 116:21246—
21255. DOI: https://doi.org/10.1073/pnas.1912462116

Sheng X, Watanabe A, Li A, Kim E, Song C, Murata K, Song D, Minagawa J, Liu Z. 2019. Structural insight into
light harvesting for photosystem Il in green algae. Nature Plants 5:1320-1330. DOI: https://doi.org/10.1038/
s41477-019-0543-4, PMID: 31768031

Staehelin LA. 1976. Reversible particle movements associated with unstacking and restacking of chloroplast
membranes in vitro. The Journal of Cell Biology 71:136-158. DOI: https://doi.org/10.1083/jcb.71.1.136, PMID:
988028

Su X, Ma J, Wei X, Cao P, Zhu D, Chang W, Liu Z, Zhang X, Li M. 2017. Structure and assembly mechanism of
plant C252M2-type PSII-LHCII supercomplex. Science 357:815-820. DOI: https://doi.org/10.1126/science.
aan0327, PMID: 28839073

Suga M, Akita F, Yamashita K, Nakajima Y, Ueno G, Li H, Yamane T, Hirata K, Umena Y, Yonekura S, Yu L-J,
Murakami H, Nomura T, Kimura T, Kubo M, Baba S, Kumasaka T, Tono K, Yabashi M, Isobe H, et al. 2019. An
oxyl/oxo mechanism for oxygen-oxygen coupling in PSIl revealed by an x-ray free-electron laser. Science
366:334-338. DOI: https://doi.org/10.1126/science.aax6998, PMID: 31624207

Tardy F, Havaux M. 1997. Thylakoid membrane fluidity and thermostability during the operation of the
xanthophyll cycle in higher-plant chloroplasts. Biochimica et Biophysica Acta 1330:179-193. DOI: https://doi.
org/10.1016/s0005-2736(97)00168-5, PMID: 9408171

Tokutsu R, Kato N, Bui KH, Ishikawa T, Minagawa J. 2012. Revisiting the supramolecular organization of
photosystem Il in Chlamydomonas reinhardtii. The Journal of Biological Chemistry 287:31574-31581. DOI:
https://doi.org/10.1074/jbc.M111.331991, PMID: 22801422

Umena Y, Kawakami K, Shen JR, Kamiya N. 2011. Crystal structure of oxygen-evolving photosystem Il at a
resolution of 1.9 A. Nature 473:55-60. DOI: https://doi.org/10.1038/nature09913, PMID: 21499260

Valkunas L, Chmeliov J, Krliger TPJ, llioaia C, van Grondelle R. 2012. How photosynthetic proteins switch. The
Journal of Physical Chemistry Letters 3:2779-2784. DOI: https://doi.org/10.1021/jz300983r

van Bezouwen LS, Caffarri S, Kale RS, Koufil R, Thunnissen A, Oostergetel GT, Boekema EJ. 2017. Subunit and
chlorophyll organization of the plant photosystem Il supercomplex. Nature Plants 3:17080. DOI: https://doi.
org/10.1038/nplants.2017.80, PMID: 28604725

van der Weij-de Wit CD, Dekker JP, van Grondelle R, van Stokkum IHM. 2011. Charge separation is virtually
irreversible in photosystem Il core complexes with oxidized primary quinone acceptor. The Journal of Physical
Chemistry. A 115:3947-3956. DOI: https://doi.org/10.1021/jp1083746, PMID: 21341818

Vinyard DJ, Ananyev GM, Dismukes GC. 2013. Photosystem II: the reaction center of oxygenic photosynthesis.
Annual Review of Biochemistry 82:577-606. DOI: https://doi.org/10.1146/annurev-biochem-070511-100425,
PMID: 235276%94

Wang J, Perez-Cruet JM, Huang H-L, Reiss K, Gisriel CJ, Banerjee G, Kaur D, Ghosh |, Dziarski A, Gunner MR,
Batista VS, Brudvig GW. 2020. Identification of a Na+-binding site near the oxygen-evolving complex of
spinach photosystem Il. Biochemistry 59:2823-2831. DOI: https://doi.org/10.1021/acs.biochem.0c00303,
PMID: 32650633

Wei X, Su X, Cao P, Liu X, Chang W, Li M, Zhang X, Liu Z. 2016. Structure of spinach photosystem II-LHCII
supercomplex at 3.2 A resolution. Nature 534:69-74. DOI: https://doi.org/10.1038/nature 18020, PMID:
27251276

Wietrzynski W, Schaffer M, Tegunov D, Albert S, Kanazawa A, Plitzko JM, Baumeister W, Engel BD. 2020.
Charting the native architecture of Chlamydomonas thylakoid membranes with single-molecule precision. eLife
9:€53740. DOI: https://doi.org/10.7554/elife.53740, PMID: 32297859

Wood WHJ, Barnett SFH, Flannery S, Hunter CN, Johnson MP. 2019. Dynamic thylakoid stacking is regulated by
LHCII phosphorylation but not its interaction with psi. Plant Physiology 180:2152-2166. DOI: https://doi.org/
10.1104/pp.19.00503, PMID: 31186333

Yakushevska AE, Keegstra W, Boekema EJ, Dekker JP, Andersson J, Jansson S, Ruban AV, Horton P. 2003. The
structure of photosystem Il in Arabidopsis: localization of the CP26 and CP29 antenna complexes. Biochemistry
42:608-613. DOI: https://doi.org/10.1021/bi027109z, PMID: 12534272

Zheng SQ, Palovcak E, Armache J, Verba KA, Cheng Y, Agard DA. 2017. MotionCor2: anisotropic correction of
beam-induced motion for improved cryo-electron microscopy. Nature Methods 14:331-332. DOI: https://doi.
org/10.1038/nmeth.4193, PMID: 28250466

Zivanov J, Nakane T, Forsberg BO, Kimanius D, Hagen WJH, Lindahl E, Scheres SHW. 2018. New tools for
automated high-resolution cryo-EM structure determination in RELION-3. eLife 7:42166. DOI: https://doi.org/
10.7554/elife.42166, PMID: 30412051

Caspy et al. eLife 2023;12:e81150. DOI: https://doi.org/10.7554/eLife.81150 20 of 20


https://doi.org/10.7554/eLife.81150
https://doi.org/10.1073/pnas.1912462116
https://doi.org/10.1038/s41477-019-0543-4
https://doi.org/10.1038/s41477-019-0543-4
http://www.ncbi.nlm.nih.gov/pubmed/31768031
https://doi.org/10.1083/jcb.71.1.136
http://www.ncbi.nlm.nih.gov/pubmed/988028
https://doi.org/10.1126/science.aan0327
https://doi.org/10.1126/science.aan0327
http://www.ncbi.nlm.nih.gov/pubmed/28839073
https://doi.org/10.1126/science.aax6998
http://www.ncbi.nlm.nih.gov/pubmed/31624207
https://doi.org/10.1016/s0005-2736(97)00168-5
https://doi.org/10.1016/s0005-2736(97)00168-5
http://www.ncbi.nlm.nih.gov/pubmed/9408171
https://doi.org/10.1074/jbc.M111.331991
http://www.ncbi.nlm.nih.gov/pubmed/22801422
https://doi.org/10.1038/nature09913
http://www.ncbi.nlm.nih.gov/pubmed/21499260
https://doi.org/10.1021/jz300983r
https://doi.org/10.1038/nplants.2017.80
https://doi.org/10.1038/nplants.2017.80
http://www.ncbi.nlm.nih.gov/pubmed/28604725
https://doi.org/10.1021/jp1083746
http://www.ncbi.nlm.nih.gov/pubmed/21341818
https://doi.org/10.1146/annurev-biochem-070511-100425
http://www.ncbi.nlm.nih.gov/pubmed/23527694
https://doi.org/10.1021/acs.biochem.0c00303
http://www.ncbi.nlm.nih.gov/pubmed/32650633
https://doi.org/10.1038/nature18020
http://www.ncbi.nlm.nih.gov/pubmed/27251276
https://doi.org/10.7554/eLife.53740
http://www.ncbi.nlm.nih.gov/pubmed/32297859
https://doi.org/10.1104/pp.19.00503
https://doi.org/10.1104/pp.19.00503
http://www.ncbi.nlm.nih.gov/pubmed/31186333
https://doi.org/10.1021/bi027109z
http://www.ncbi.nlm.nih.gov/pubmed/12534272
https://doi.org/10.1038/nmeth.4193
https://doi.org/10.1038/nmeth.4193
http://www.ncbi.nlm.nih.gov/pubmed/28250466
https://doi.org/10.7554/eLife.42166
https://doi.org/10.7554/eLife.42166
http://www.ncbi.nlm.nih.gov/pubmed/30412051

	Structure of ﻿Dunaliella﻿ photosystem II reveals conformational flexibility of stacked and unstacked supercomplexes
	Editor's evaluation
	Introduction
	Results ﻿and discussion﻿
	Two distinct PSII conformations in green alga
	Structures of ﻿D. salina﻿ unstacked PSII at high resolution
	Distinct CP29 conformations alter LHCII to PSII core connectivity
	The compact and stretched PSII conformations contain substantial levels of continuous structural heterogeneity
	Water channels and post-translational modifications in ﻿Dunaliella﻿ PSII
	The structure of ﻿D. salina﻿ stacked PSII at high resolution
	Summary

	Methods
	﻿Dunaliella﻿ PSII sample preparation
	Cryo-EM data collection and processing
	Maps
	Model building

	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Decision letter and Author response

	Additional files
	Supplementary files

	References


