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1. Introduction to Photosystem Il and its role in photosynthesis

Photosystem 11 (PSII) is a pivotal component in the photosynthetic process, responsible
for the initial step of light-dependent water splitting, which generates oxygen and supplies
electrons for the subsequent reactions in the photosynthetic electron transport chain. PSII is
embedded in the thylakoid membrane, which forms a flexible, three-dimensional network
within chloroplasts. This network is characterized by regular stacks of thylakoids, known as
grana, which are interconnected by unstacked stroma thylakoids. The grana and stroma
thylakoids create distinct regions within the chloroplast, with the thylakoid lumen enclosed by
the membrane and the stroma filling the space outside the thylakoids.

The photosynthetic apparatus within the thylakoid membrane, in addition to PSII,
includes several other key membrane protein complexes. Notable among these are Photosystem
I (PSI) and the cytochrome (Cyt) be/f complex. Together, these components facilitate electron
transport, which leads to the reduction of NADP+ to NADPH and to the translocation of protons
across the thylakoid membrane. This process generates a transmembrane proton gradient
(ApH), which ATP synthase then utilizes to produce ATP, an essential energy source for various
cellular metabolic processes.

The spatial organization of PSII and PSI within the thylakoid membrane reflects their
functional roles. PSII complexes are predominantly found in the grana regions, where they are
tightly packed, although a smaller fraction exists as monomers in the stroma thylakoids,
participating in the PSII repair cycle. In contrast, PSI complexes are located primarily in the
stroma thylakoids and at the grana margins. The spatial segregation of these complexes is
influenced by structural factors; for instance, the extrinsic subunits of PSI, which face the
stroma, prevent PSI from entering the densely packed grana stacks. ATP synthase is similarly
excluded from the grana regions, whereas the Cyt bsf complex is more uniformly distributed
across the thylakoid membrane (Figure 1) (Dekker & Boekema, 2005; Koufril et al. 2018;
Nelson & Yocum, 2006)".

Publications in which I contributed as the main or corresponding author, or as a member of
the author team, are highlighted in black bold. Publications included in the Appendix of my
habilitation thesis are highlighted in blue bold.



1. Introduction to Photosystem Il and its role in photosynthesis

lumen

[——— ——— Ry

14-24 nm lumen

stroma

"2" ¥ PsSIl dimer/monomer
=} LHCII trimer
‘ Cytochrome b /f complex

wh PSI ? APT synthase

~2nm

Figure 1. Model of the thylakoid membrane organization within the chloroplast. The
model shows a chloroplast with three stacks of grana membranes, connected by stroma
membranes. A cross-section of the granum shows a specific distribution of major components
of photosynthetic apparatus such as PSII, PSI, cyt be/f complex, and ATP-synthase (modified
from (Kouril et al. 2018).

The organization of PSII from green algae and land plants follows a common structural
motif, consisting of a core complex and associated peripheral light-harvesting complexes
(LHCII). The core complex contains the reaction center and all the cofactors necessary for the
primary photochemical reactions, while the peripheral LHCII, composed of Lhcb proteins
(Lhcb1-6), optimizes and regulates light harvesting. The core complex of PSII is highly
conserved across photosynthetic organisms, but the composition and organization of their
LHCII systems exhibit significant variability. The major part of the plant LHCII is represented
by LHCII trimers, which consist of three Lhcb proteins (Lhcbl-Lhcb3), and which are
associated with the core complex via monomeric antenna proteins Lhcb4 (also called CP29),
Lhcb5 (CP26) and Lhch6 (CP24). Based on the amount of bound LHCII, PSII can assemble
into distinct types of supercomplexes. Moreover, PSII can form even larger assemblies, known
as megacomplexes formed through the association of multiple PSII-LHCII units.
Understanding the structural and functional significance of these supercomplexes is crucial, as
they are believed to play important roles in the regulation of photosynthetic efficiency and
adaptation to environmental stresses (for reviews see Cao et al. 2018; Gao et al. 2018; Koufil
et al. 2012; Koufril et al. 2018).

The structural characterization of these large protein assemblies presents significant
challenges due to their transient nature and fragility. However, advances in techniques such as

clear native polyacrylamide gel electrophoresis (CN-PAGE) and single-particle electron
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1. Introduction to Photosystem Il and its role in photosynthesis

microscopy (EM) have facilitated the isolation and structural analysis of these complexes, as
shown by Kouril et al. (2018), who demonstrated the successful combination of CN-PAGE for
the separation of pigment-protein complexes with single-particle EM for their structural
characterization. This thesis explores the structural variability of PSII in land plants, specifically
focusing on Arabidopsis thaliana and Picea abies as model organisms of angiosperms and
gymnosperms, respectively. It focuses on recent experimental approaches and findings that
shed light on the organization, function, and physiological significance of these intricate
photosynthetic structures.

In this habilitation thesis, | will outline the structural research of photosynthetic
complexes, with a primary focus on plant PSII supercomplexes, their assembly into larger
megacomplexes, and their organization within the thylakoid membrane. The work begins with
a brief overview of key separation techniques commonly employed in EM structural studies,
followed by a review of major achievements in the structural analysis of PSII. This habilitation
thesis is not intended as an extensive review of the field, but rather as an opportunity to highlight
my contributions and scientific papers, obtained in collaboration with my former and current

colleagues, and to place these findings within the broader context of PSII structural research.



2. Experimental approaches for the structural analysis of
photosynthetic protein complexes

2.1. Isolation and separation of protein complexes for electron microscopy
The preparation of high-quality samples is critical for the success of structural EM

studies, as it directly impacts the accuracy and resolution of the final analysis. For cryo-EM in
particular, protein complexes must be isolated in a highly pure, concentrated, and structurally
intact form. Achieving this level of sample quality typically involves techniques such as sucrose
gradient ultracentrifugation, gel filtration chromatography, affinity purification, gel
electrophoresis, or their combination. These methods are necessary to ensure that the sample is
free of contaminants and possibly breakdown products of particles that might otherwise
interfere with structural analysis or introduce artefacts into the reconstruction (Azinas &
Carroni, 2023; Stark & Chari, 2016).

In contrast, structural analysis of negatively stained samples imposes less strict
requirements on sample purity and concentration. The high contrast provided by negative
staining allows different particle types to be easily distinguished and separated during image
analysis, even if the sample contains a mixture of proteins (Harris & Horne, 1994; Kouiil et al.
2005a). This makes negative staining a useful technique for initial assessments or for studying
samples that are difficult to purify to the same degree required for cryo-EM (Boekema et al.
2009).

Additionally, EM analysis of photosynthetic protein complexes can be conducted in situ
on isolated thylakoid membrane fragments. This approach allows researchers to visualize the
native distribution and interactions between individual protein complexes, such as PSI|I, directly
within the membrane environment. By examining these complexes in their natural context,
valuable insights can be gained into their functional organization and dynamics that might be
lost in more isolated preparations (Goral et al. 2012; Johnson et al. 2011; Kou¥il et al. 2012;
Koufil et al. 2011; Koufil et al. 2013).

In the following section, I briefly review the basic separation techniques commonly used
in conjunction with EM structural studies. For more detailed information on these techniques

and their applications, readers are encouraged to read the cited publications and review articles.
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2.2. Ultracentrifugation on sucrose gradient
Ultracentrifugation on sucrose gradients is a key technique for isolating specific protein

complexes, such as PSII or PSI, following the solubilization of thylakoid membranes. After the
thylakoid membranes are solubilized with mild detergents like the dodecyl-maltosides (DDM)
(the a- and B- anomers) and digitonin, the resulting mixture contains a variety of protein
complexes, each with different molecular weights and compositions. To isolate these
complexes, the solubilized protein extract is subjected to ultracentrifugation on a sucrose
gradient.

The sucrose gradient creates a density gradient within the centrifuge tube, allowing
protein complexes to migrate to the region of the gradient where their density matches that of
the surrounding sucrose solution. During ultracentrifugation, where samples are typically spun
at around 300,000xg, larger and denser complexes, such as PSI and PSII supercomplexes,
migrate further through the gradient than smaller or less dense components (e.g., LHCII) due
to the greater centrifugal force exerted on complexes with higher molecular mass. This process
effectively separates the complexes based on their size and density, enabling the isolation of
distinct protein populations in discrete bands within the gradient.

Once the centrifugation is complete, the gradient is carefully fractionated, and the bands
corresponding to specific protein complexes are collected for further analysis. Before using a
collected fraction for specimen preparation for EM analysis, it is essential to remove excess
sucrose to enhance the contrast of the particles in the micrographs. This can be achieved using
various techniques, such as dialysis, gel filtration, or buffer exchange. In buffer exchange, short
centrifugation is performed using small filters with a molecular weight cut-off of 50-100 kDa,
which not only removes sucrose but also concentrates the sample, which is crucial especially
for cryo-EM analysis. The success of this approach depends on the careful optimization of the
gradient conditions and the solubilization protocol, as these factors directly influence the quality
and vyield of the isolated protein complexes. This technique is widely used in the study of
photosynthetic protein complexes, providing a reliable way to obtain PSII, PSI, and other
related complexes in a form that is suitable for detailed structural and functional analysis. This
approach was elaborated in detail in our work (Caffarri et al. 2009), which demonstrated its
feasibility for the separation of these complexes and their subsequent functional, biochemical
and structural characterization (Figure 2). It has become a reference for further studies
(Albanese et al. 2016a; Mazor et al. 2017; Opatikova et al. 2023; Sheng et al. 2019; Su et al.
2017; van Bezouwen et al. 2017; Wei et al. 2016).
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Figure 2. Separation of different forms of PSII supercomplexes by sucrose and their
spectral and structural characterization. (a) Sucrose gradient of solubilized PSII
membranes, showing specific content of 12 green bands. (b) Absorption spectra of bands 6 to
12. The spectra are normalized to the maximum in the red region. (c) EM analysis of the
supercomplexes. The 2D projection maps obtained for bands 6 to 12 are shown. Contours
representing the different complexes are superimposed. Legend: C, core; S, LHCII trimer
strongly bound; M, LHCII trimer moderately bound. The molecular weight of each particle,
calculated on the basis of the protein content as determined by EM and SDS-PAGE, is also
reported (modified from Caffarri et al. 2009).
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2.3. Native gel electrophoresis
Native gel electrophoresis is a widely used method for a separation of membrane protein

complexes in their native state. Two common variants are Blue Native PAGE (BN-PAGE) and
Clear Native PAGE (CN-PAGE). BN-PAGE uses Coomassie Brilliant Blue (CBB) dye to
provide the protein complexes with a uniform negative charge, facilitating their separation
based on size and shape (SCHAGGER et al. 1994; SCHAGGER & VONJAGOW, 1991).
However, this method has certain limitations, especially when applied to fragile protein
complexes like photosystem supercomplexes or megacomplexes. One of the main drawbacks
of BN-PAGE is that the CBB dye can interfere with protein-protein interactions, potentially
destabilizing delicate complexes. Furthermore, based on our experience, spontaneous elution
of protein complexes from BN-PAGE gels is often ineffective, making subsequent structural
analyses impossible.

In contrast, CN-PAGE offers several advantages for the isolation of photosynthetic
protein complexes. Instead of using CBB dye, CN-PAGE employs a mild anionic detergent,
such as sodium deoxycholate, to confer a negative charge to the protein complexes (Wittig et
al. 2007). This approach avoids the potential disruption of weak interactions between protein
subunits, making it more suitable for preserving the integrity of large, multi-protein assemblies
like PSII and PSI supercomplexes (Wittig & Schéagger, 2005).

Moreover, CN-PAGE has proven to be more effective for the spontaneous elution of
protein complexes from the gel. This technique allows for the gentle recovery of intact protein
complexes, which can then be subjected to further structural analysis, such as single-particle
EM or cryo-EM (Koufil et al. 2014; Wu et al. 2023). The use of deoxycholate in CN-PAGE
has been shown to maintain the stability of protein complexes better than CBB, further
enhancing its suitability for the separation of photosynthetic supercomplexes (Koufil et al.
2018).

Overall, while both BN-PAGE and CN-PAGE are valuable tools for the separation of
membrane protein complexes, CN-PAGE offers distinct advantages when working with fragile,
multi-protein assemblies. Its ability to preserve the integrity of complexes and facilitate
spontaneous elution makes it an excellent choice for preparing samples for structural studies
(Figure 3).
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Figure 3. Separation and structural characterization of PSII supercomplexes from WT
and mutant plants (Ihcb3, Ihcb6, Ihcb3 Ihcb6). (A) CN-PAGE separation of pigment—protein
complexes from thylakoid membranes from A. thaliana WT, Ihcb3, Ihcb6, and lhcb3 Ihch6
mutants solubilized by a-DDM. Different forms of separated PSII supercomplexes consist of
PSII core dimer (C) and one and/or two copies of strongly (S) and moderately (M) bound light-
harvesting trimers. (B) Structural characterization of the largest forms of PSII supercomplexes
revealed in WT and Ihcb3, lhcb6, and lhcb3 Ihcbh6 mutants. (C) Structural models of C2S:M
PSII supercomplexes from WT and Ihcb3 mutant shown in (B) supplemented with the model
of C2S:M separated from thylakoid membranes of spruce (Koufril et al. 2016). The models were
obtained by a fit of the high-resolution structure from van Bezouwen et al. (2017). Individual

PSII subunits are color-coded (modified from Ilikova et al. 2021).

2.4. Free-flow electrophoresis
Free-Flow Electrophoresis (FFE) is an advanced technique used for the separation of

protein complexes, offering unique advantages in the isolation of large complexes or
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2. Experimental approaches for the structural analysis of photosynthetic protein complexes

supercomplexes that may be challenging to separate using other methods. One of the most
significant benefits of FFE is its ability to perform continuous separation under native
conditions, which helps preserve the activity and structural integrity of the protein complexes
throughout the separation process (Eichacker et al. 2015).

What sets FFE apart from other separation techniques is its remarkable speed of
separation. This rapid processing is particularly advantageous for isolating transiently formed
supercomplexes or those that have a tendency to disintegrate or fall apart over time, such as in
the case of the PSI-cytbef or PSI-LHCII supercomplexes (Yadav et al. 2017). In such cases, the
quick and gentle nature of FFE ensures that the protein complexes are separated and collected
before any significant structural changes can occur. This is crucial for maintaining the
functional state of the complexes, allowing for more accurate downstream analyses, such as
single-particle EM, where maintaining the native conformation of the protein complexes is
essential. Thus, the non-invasive nature of FFE makes it an ideal choice for researchers looking
to isolate transiently formed or unstable protein assemblies, ensuring that the complexes remain
as close to their native state as possible during the separation process. This technique is
particularly useful in the study of photosynthetic protein supercomplexes, where the
preservation of intricate protein-protein interactions is critical for understanding their functional

mechanisms.

2.5. Size exclusion chromatography
SEC, also known as gel filtration chromatography, is a widely utilized separation

technique in the preparation of samples for EM analysis. SEC works on the principle of
separation based on the size of the separated molecules as they pass through a column filled
with porous beads. Larger molecules elute first because they cannot enter the pores of the beads
and thus travel a shorter path, while smaller molecules enter the pores and take longer to pass
through the column (Dekker et al. 2002; Tokutsu et al. 2012; van Roon et al. 2000).

This method has been used extensively in the past to prepare samples for EM analysis
because it allows efficient purification of protein complexes or membrane fragments by
removing aggregates, contaminants and smaller subunits that that could complicate EM
analysis. The resulting fractions from SEC are typically of a relatively high purity and
homogeneity, which are essential for single-particle EM. Furthermore, SEC is a non-denaturing
technique, meaning it preserves the native state of the protein complexes. This characteristic

makes SEC an ideal choice for preparing samples for structural analysis by EM, ensuring that
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the complexes retain their structural integrity and biological activity during the separation
process.

In earlier studies, particularly those involving pilot structural analyses of PSI and PSII
complexes (e.g., Boekema et al. 1999; Koufil et al. 2005b; Koufil et al. 2005a; van Roon et
al. 2000; Yakushevska et al. 2001; Yeremenko et al. 2004), SEC was commonly used as the
primary separation method. These early applications of SEC were essential in achieving the
purity needed for the initial EM studies that laid the groundwork for more detailed structural
studies.

Today, however, SEC is often used as a secondary or “clean-up™ step rather than the
main purification method. It is particularly effective for removing contaminants such as residual
sucrose or other small molecules that might be present after other purification steps, prior to
cryo-EM analysis (Shen et al. 2022). This cleaning step is essential to ensure that the sample
does not contain any substances that could interfere with the vitrification process or degrade
the quality of the cryo-EM images and their subsequent analysis. Thus, although SEC remains
an important tool for the separation of protein complexes, its role has evolved over time to
support more advanced purification strategies that better meet the requirements of high-

resolution structural studies using cryo-EM.

2.6. Affinity chromatography
Affinity purification is a widely used technique for isolating tagged proteins or protein

complexes that bind specifically to a ligand immobilized on a column matrix (Block et al. 2009;
Bumba et al. 2005; Biichel et al. 2001; Heijbel et al. 2004; Spriestersbach et al. 2015). This
method is highly specific and can provide pure complexes, making it a valuable tool in
preparing samples for structural analysis as we have shown for example in the case of PSI
analysis (Drop et al. 2011; Hansson & Vener, 2003). However, the technique requires that the
protein of interest be genetically modified to include a tag, such as a His-tag, FLAG-tag, or
Strep-tag, which can then interact with the corresponding ligand on the column (Zhao et al.
2013).

Although affinity chromatography is efficient and effective, it is important to note that
the addition of a tag can potentially affect the function and structure of the protein. These
modifications might influence natural interactions of the proteins, folding, or activity, leading
to artifacts that could influence the results of structural studies. For instance, recent studies have
highlighted that longer His-tags can induce higher-order oligomerization of proteins through
specific tag-mediated interactions (Ayoub et al. 2023). This emphasizes the need to carefully

10



2. Experimental approaches for the structural analysis of photosynthetic protein complexes

evaluate tag length and its removal to minimize such risks. Therefore, careful experimental
design is crucial to minimize these risks. Researchers must ensure that the tag is placed in a
region of the protein that is unlikely to disrupt its function or structure. Possible side effects
need to be verified. This verification can be achieved by using complementary techniques such
as functional assays and comparing their results with measurements on the non-labelled protein

to confirm that the labelled protein behaves in the same way as its native counterpart.

2.7. Isolation of grana membranes using a mild solubilization
Mild solubilization of intact thylakoid membranes using digitonin is a widely used

method for isolating grana membranes, where PS1I complexes are predominantly located. This
technique is particularly effective for maintaining PSII in situ, which is crucial for detailed
structural analyses of PSII localization and interactions using EM, as we have repeatedly
demonstrated in several of our studies (Kouril et al. 2020; Nosek et al. 2017), including cryo
electron tomography (cryo-ET) (Daum & Kiihlbrandt, 2011; Daum et al. 2010; Dlouhy et al.
2021; Kouril et al. 2011). The process begins with solubilization of thylakoid membranes using
low concentrations of digitonin, which selectively disrupts stromal thylakoids due to the
relatively large size of the digitonin molecule. This size allows preferential access to stromal
thylakoids and their solubilization, while tightly packed grana stacks remain largely intact and
can be easily sedimented by the subsequent centrifugation and further analyzed. Therefore,
digitonin allows us to obtain grana membrane fragments with intact PSII supercomplexes,
which is particularly useful for studying the structural organization of PSII in its natural
membrane environment. Application of a low concentration of alpha-dodecyl maltoside (a-
DDM), another mild detergent, prior to specimen preparation for cryo-ET represents another
mild solubilization approach. a-DDM gently disrupts intact thylakoid membranes into smaller
fragments suitable for tomography, overcoming the size constraints of intact membranes for
high-resolution analysis. Cryo-ET analysis of these smaller membrane fragments allows their
detailed spatial characterization, including the location of PSII and PSI complexes, and their
structural analysis by 3D sub-volume averaging, as demonstrated in our recent cryo-EM study
(Arshad et al. 2021). However, the analysis of intact thylakoid membranes (without detergent
application) by cryo-ET is also feasible, but only in areas where the sample thickness is not too
large (Daum et al. 2010; Grinzato et al. 2020) or an advanced technique such as cryo-focused
ion beam milling is used to thin the specimen (Bussi et al. 2019; Engel et al. 2015; Noble & de

Marco, 2024) (see also below), so that the sample is permeable to the electron beam. Studying
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thylakoid membrane samples without detergent represents a situation closer to in vivo and
possible artifacts due to the presence of detergent can also be avoided.

12



3. Structural analysis using electron microscopy techniques

Structural analysis by EM technique and especially the method of single-particle EM
has revolutionized the structural analysis of protein complexes, providing insights at near-
atomic resolution without the need for crystallization. This method is particularly advantageous
for studying large macromolecular assemblies, including heterogeneous samples, and dynamic
processes in biological systems (Costa et al. 2017; Fernandez & Vega, 2013; Frank, 2002;
Ruprecht & Nield, 2001). The two primary approaches in single-particle EM are negative
staining and cryo-EM. Additionally, cryo-ET has emerged as a powerful technique for studying
the three-dimensional organization of cellular structures in their native context (Daum &
Kiihlbrandt, 2011; Hong et al. 2023; Koning et al. 2018; Staehelin & Paolillo, 2020). The
following part explores the principles, methodologies, and applications of these techniques,

with a focus on their roles in structural biology.

3.1. Principles of single-particle electron microscopy
Single-particle EM is a powerful technique for determining the 2D and 3D structures of

protein complexes. This method involves the collection of thousands of images of individual
particles to analyze their structural properties. The image analysis begins with the selection of
individual particle projections, which are extracted from micrographs. These projections are
then mutually aligned, classified based on their orientations, mass and shape, and averaged into
specific 2D classes that represent distinct views of the protein complex under study. For 3D
analysis, these 2D class averages are used to reconstruct a 3D density map of the molecule.
Unlike traditional crystallography, which depends on the formation of crystalline samples,
single-particle EM does not require crystallization. This makes it particularly advantageous for
studying large, flexible, or heterogeneous complexes that are often challenging or impossible
to crystallize (Boekema et al. 2009; Ruprecht & Nield, 2001; Serna, 2019; Vinothkumar &
Henderson, 2016; Wu & Lander, 2020).

The process of image alignment and classification is facilitated by sophisticated
software tools designed for EM image processing. Numerous software packages have been
developed to handle the complex tasks of 2D and 3D image analysis, including for instance
RELION, EMAN2, SCIPION and CryoSPARC (de la Rosa-Trevin et al. 2016; Dilorio &
Kulczyk, 2022; Frank, 2002; Sharov et al. 2021; Sorzano et al. 2018). These tools offer a range
of functionalities, from basic 2D alignment and classification of negatively stained specimens

to more advanced 3D reconstruction and refinement of cryo-EM datasets. 2D analysis is
13



3. Structural analysis using electron microscopy techniques

particularly useful in the case of negative staining, where the aim is to obtain basic information
about the architecture of the protein complex or to assess the quality and homogeneity of the
sample before proceeding to more detailed 3D studies (Arthur & Ciferri, 2019; Boekema et al.
2009; Burgess et al. 2004; Harris & Horne, 1994). For cryo-EM, the software must account for
the increased complexity of processing images where the particles are preserved in vitreous ice,
requiring advanced algorithms to correct for factors such as beam-induced motion and contrast
transfer function (CTF) variations (Campbell et al. 2012; Li et al. 2013; Zhang, 2016; Zheng et
al. 2017; Zheng et al. 2022).

A critical aspect of single-particle EM is the improvement of the signal-to-noise ratio
(SNR). In EM, the images are often dominated by noise, making it challenging to discern the
structural details of the particles. By averaging a large number of projections of individual
particles, random noise is reduced and the true signal - representing the repeated structure of
the molecule - is enhanced. This averaging process significantly improves the contrast of the
projection maps, allowing for more accurate structure assignment and detailed reconstruction.
In cryo-EM, where the particles are embedded in a layer of amorphous ice and preserved in
their native state, this improvement in SNR is even more critical, as it allows for the
visualization of finer details, ultimately enabling the determination of structures at near-atomic
resolution (Lee et al. 2014; Sorzano et al. 2006).

Overall, single-particle EM, supported by a suite of specialized software and advanced
image processing techniques, provides an unparalleled ability to study the structural dynamics
of complex biological molecules. Its ability to produce high-resolution 3D reconstructions

without the need for crystallization has made it an essential tool in the field of structural biology.

3.2. Negative staining
Negative staining is one of the oldest and most widely used techniques for visualizing

macromolecules in EM. Introduced by Brenner and Horne in 1959 (Brenner & Horne, 1959),
this method involves embedding the specimen in a heavy metal salt, such as uranyl acetate,
which scatters electrons more effectively than the light elements found in organic matter, such
as carbon, nitrogen, oxygen, and hydrogen. This scattering provides the necessary contrast for
imaging. The stain surrounds the biological molecules, filling the gaps around them and
allowing their outlines to be visualized against a dark background.

The process begins with the application of a small drop of the purified protein complex
onto a hydrophilic carbon-coated grid. Excess sample is removed by blotting with filter paper,
after which the grid is stained with a heavy metal salt solution. Following another blotting step
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or air drying, the grid is ready for transfer to the electron microscope for imaging (Figure 4A).
Negative staining provides high contrast images, making it ideal for the initial screening of
samples to assess their purity, homogeneity, and overall structural integrity. However, the
resolution is typically limited to around 10-15 A due to the grain size of the stain and potential
artifacts such as flattening and distortion of the specimen during drying (Boekema et al. 2009;
Harris & Scheffler, 2002; Sawicka et al. 2017; Scarff et al. 2018).

Filter paper Filter paper

— s — o — i bt e
Applysample wu ws ws wm Blotexcess o o o . Applystain gy ms ms s Blotexcess o o e wm
liquid stain
Continuous carbon grid
B Tweezers
Blotting
pads
1
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Apply sample Blot excess 1 =} Freezing with fas} E
liquid liquid ethane
il
Holey carbon grid I

Figure 4. Workflows of specimen preparation for single particle EM. (A) The procedure
for preparation of the negatively stained specimen for EM analysis at room temperature using
a grid with continuous carbon film. (B) The procedure for preparation of the specimen for cryo-

EM analysis using a grid with holey carbon film (modified from Sawicka et al. 2017).

3.3. Cryo-electron microscopy
Cryo-EM, pioneered by Jacques Dubochet in the early 1980s, has revolutionized

structural biology by enabling the visualization of biological specimens in near-native states.
Initially developed to mitigate radiation damage to biological samples, cryo-EM revealed its
potential for producing 3D structural maps at near-atomic resolution. This was first
demonstrated by Henderson et al. in 1990 with their work on bacteriorhodopsin (Henderson et
al. 1990). The technique involves rapid freezing of samples in vitreous ice, preserving their
hydration and structural integrity without requiring staining or dehydration (Dubochet et al.
1988; Thompson et al. 2016; Xu & Liu, 2020).

Early cryo-EM relied on grids with continuous carbon films, requiring the tilting of grids
during imaging to obtain angular views for 3D reconstruction. This method presented

challenges, including interference from the film and difficulties in image contrast and
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alignment. The development of holey carbon grids revolutionized the field by suspending
particles in ice without the interference of a continuous film. These grids enabled the capture
of particles in random orientations, simplifying the process of 3D reconstruction (Quispe et al.
2007).

The introduction of direct electron detectors (DEDs) was a pivotal advancement,
significantly enhancing sensitivity and the signal-to-noise ratio by directly capturing electrons
(Mendez et al. 2019; Veesler et al. 2013). In contrast, conventional CCD detectors relied on an
indirect process, converting electrons into photons via a scintillator before detecting them as an
electronic signal, and were much slower in data readout (Farugqi & Henderson, 2007). The
superior speed of DEDs enabled real-time data acquisition and processing, facilitating advances
in motion correction algorithms and dose optimization strategies that further preserved
structural details. Together, these innovations led to the 'resolution revolution' of the 2010s,
achieving resolutions as fine as 1.5 A for many macromolecules, with the highest resolution of
nearly 1 A obtained for apoferritin (Yip et al. 2020).

The workflow begins with applying a sample onto a holey carbon grid, blotting excess
liquid, and rapidly plunging the grid into liquid ethane cooled by liquid nitrogen (Figure 4B).
This prevents ice crystal formation and preserves fine structural details. Cryo-EM’s advantages
over traditional techniques, like X-ray crystallography, include its ability to handle large,
flexible, or heterogeneous macromolecular complexes. In recognition of its impact, the Nobel
Prize in Chemistry was awarded in 2017 to Jacques Dubochet, Richard Henderson, and Joachim

Frank for their pioneering contributions.

3.4. Cryo-electron tomography
Cryo-electron tomography (ET) represents another structural method in the field of EM.

Unlike single-particle EM, which involves imaging of isolated particles, cryo-ET is designed
to examine the three-dimensional architecture of intact biological samples, such as cellular
organelles and their inner compartments, in their native environments (Chakraborty et al. 2020;
Erdmann et al. 2018; Koning et al. 2018; Lucic et al. 2008; Lucic et al. 2013; Turk &
Baumeister, 2020; Xu & Liu, 2020).

The process of cryo-ET begins similarly to cryo-EM, with the rapid freezing of the
sample in vitreous ice to preserve its native state without introducing artifacts from dehydration
or chemical fixation. However, instead of collecting images of multiple identical particles, cryo-
ET involves tilting the sample within the electron microscope and collecting a series of 2D
projections at different angles. This tilt series is then computationally aligned and reconstructed
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into a 3D volume, known as a tomogram, which represents the entire structure of the sample
(Figure 5).

Cryo-ET is particularly powerful for studying the structural organization of large
macromolecular complexes within the context of their cellular environment. For example, it
has been extensively used to visualize the arrangement of photosynthetic complexes within
thylakoid membranes (Arshad et al. 2021; Bussi et al. 2019; Daum & Kiihlbrandt, 2011; Daum
et al. 2010; Engel et al. 2015; Kouril et al. 2011; Nevo et al. 2007; Shimoni et al. 2005),
providing insights into the spatial relationships between different protein complexes that are
critical for understanding how photosynthesis is regulated in response to environmental
changes.

One of the key advantages of cryo-ET is its ability to capture the native arrangement of
macromolecules within a crowded cellular environment, where individual complexes can be
observed interacting with one another in real-time. This capability is invaluable for studying
dynamic processes such as protein trafficking, organelle biogenesis, and the assembly of large
molecular machines. Moreover, cryo-ET can be combined with sub-tomogram averaging to
enhance the resolution of specific macromolecular complexes within the tomogram, allowing
for detailed structural analysis of complexes that are too heterogeneous or flexible for
traditional single-particle EM (Castano-Diez et al. 2012; Castafio-Diez et al. 2017; Daum et al.
2010; Huang et al. 2022; Kouril et al. 2011; Ni et al. 2022).

Recent advances have further expanded the capabilities of cryo-ET. The integration of
cryo-focused ion beam (cryo-FIB) milling has been particularly important. Cryo-FIB milling
allows the preparation of electron-transparent lamellae from thick biological samples, such as
whole cells or tissues, by precisely thinning regions of interest. This technique minimizes
multiple scattering of electrons, which often limits resolution in thicker samples, and enables
the detailed imaging of complex cellular structures that were previously inaccessible (Buckley
et al. 2020; Klumpe et al. 2021; Schaffer et al. 2019; Tacke et al. 2021).

In addition, the development of phase plates has significantly improved image contrast
in cryo-ET, especially for low-density or small structures, by reducing phase contrast distortions
(Asano et al. 2016; Koning et al. 2018; Turonova et al. 2020). These tools, combined with
advanced denoising algorithms, address limitations such as low signal-to-noise ratios and the
missing wedge artifact caused by the incomplete angular coverage of tilt series. Machine
learning techniques are increasingly employed to enhance tomogram segmentation, automate
particle picking, and reconstruct continuous heterogeneity within samples, pushing the

boundaries of structural and functional analysis (Furat et al. 2019; Zhao et al. 2023).
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Cryo-ET, like cryo-EM, benefits from the advancements in direct electron detectors and
sophisticated image processing software, which have significantly enhanced the quality of
tomographic reconstructions. Innovations such as constrained single-particle tomography are
bridging the gap between single-particle EM and cryo-ET, providing high-resolution
reconstructions of macromolecules within their native environments. These developments are
pushing the boundaries of what can be resolved in situ, making cryo-ET an important tool for

the structural analysis of complex biological systems.

1. Culture cells 2 Plunee freezin 3. Production of
grown on EM grids ' & & FIB lamella

6. Segmentation 5. Reconstruction 4. Tilt-series collection

Figure 5: Workflow for cryo-ET of cells. Six steps include growing of the cells on gold grids
(1), which are plunge frozen in liquid ethane (2). The thick part of the sample at the region of
interest is thinned into a lamella using the cryo-FIB milling (3). This step is not necessary for
thin samples such as unstacked or fragmented parts of the thylakoid membrane. The tilt series
of images is collected in the cryo-EM (4). The tomogram is reconstructed from the images in
the tilt series (5) and segmented to define the structures of interest from the data set (6) (adopted

from https://micro.org.au/).
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3.5. Challenges and future directions in cryo-electron microscopy
Despite the tremendous success of single-particle EM, several challenges persist that

limit its full potential. A primary limitation is the necessity for substantial amounts of purified
protein, which can be particularly challenging to obtain for complexes that are unstable or exist
in low abundance. The purification process must yield samples that are not only pure but also
homogeneous and intact, which makes a bottleneck for structural studies. Additionally, the
intrinsic heterogeneity of biological samples presents another challenge. Variations in particle
size, conformation, and composition can complicate image processing, potentially reducing the
resolution of the final reconstruction. These issues are particularly pronounced in the study of
smaller or highly flexible complexes (Drulyte et al. 2018; Lyumkis, 2019; Noble & de Marco,
2024). However, recent advancements in image processing software show that flexible
complexes and even heterogeneous samples containing different forms of both PSII and PSI,
where the protein of interest constitutes approximately 20% of the sample, can yield meaningful
results (manuscript in preparation). This clearly highlights the growing potential of single-
particle EM to overcome some of its traditional limitations.

Future advancements in single particle cryo-EM and cryo-ET will likely be driven by
the integration of artificial intelligence to streamline workflows, enhance image processing, and
resolve structural heterogeneity in challenging samples. Hardware innovations, such as
improved direct electron detectors, phase plates, and cryo-FIB milling, will continue to push
resolution limits and expand the capability to analyze structures within complex native
environments. Hybrid approaches that combine single particle EM and cryo-ET are expected
to enable comprehensive studies of macromolecular complexes, bridging high-resolution
structural insights with in situ context. Furthermore, these techniques are poised to impact drug
discovery and functional biology by providing detailed visualizations of biomolecular
interactions in near-native states, unlocking new possibilities for understanding and leveraging
biological complexity (Galaz-Montoya, 2024; Wang et al. 2024; Watson & Bartesaghi, 2024).
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4.1. Evolution of the structural analysis of PSII using single particle electron
microscopy (1995-2000)
Structural analysis of PSII is an important area of research for understanding the

molecular basis of photosynthesis. PSII is a multi-subunit protein complex embedded in the
thylakoid membranes of chloroplasts and cyanobacteria that plays a key role in the light
reactions of photosynthesis by catalyzing water oxidation and plastoquinone reduction. The
first studies of the structure of PSII predominantly used EM with negative staining, which laid
the foundation for later high-resolution studies using the advanced cryo-EM technique.

In the mid-1990s, structural analysis of PSIl was performed primarily using EM
negatively stained samples, which provided the first important insights into the structure of PSII
and its associated light-harvesting complexes (LHCs). Boekema et al. (1995) were among the
first to use this technique to investigate the structural organization of PSII supercomplexes in
spinach. Their work revealed the dimeric nature of PSII and identified different types of
configurations of this supercomplex. This study emphasized the modular nature of PSII and
showed that different types of supercomplexes can be formed by changing the number and
spatial arrangement of LHCII monomers and trimers around the PSII core. Hankamer et al.
(1997a) demonstrated that dimeric PSII cores are more stable and exhibit higher oxygen-
evolving activity than monomeric cores, supporting the functional advantages of dimerization
in PSII. Based on these key findings, Boekema et al. (1998) further investigated the structural
heterogeneity of PSII in partially solubilized membranes using negative EM staining. This
study was important in introducing the concepts of "strongly bound” (S) and "moderately
bound" (M) trimers of LHCII, which are now fundamental to our understanding and
classification of different types of PSII supercomplexes, such as the C2S:M,, C2S:M, C»S»,
C2SM, CsS, C2M, C», and CS configurations (Figure 6). By identifying these S and M trimers,
Boekema et al. established a framework for describing the assembly and variability of PSII
supercomplexes and demonstrated that the structural arrangement of these trimers is affected
by environmental factors such as light intensity. These findings provided compelling evidence
for the structural flexibility of PSII, a property critical for optimizing photosynthetic efficiency

under different light conditions.

20



4. Structural organization of PSIl supercomplexes

Figure 6: Average projections of the six largest and most abundant types of spinach PSII
supercomplexes. The projections represent C2S2M2 (A), C2S:M (B), C.SM (C), C.S: (D, E)
and C»S (F) types of supercomplexes. The number of summed images is: 30 (A), 225 (B), 125
(C), 260 (D), 120 (E) and 350 (F) (adopted from Boekema et al. 1998). Note that the relatively
small number of averaged projections reflects mainly the technical limitations of the time,
including the manual recording of micrographs and the hardware limitations of computing
clusters, which constrained the analysis to smaller datasets. Despite these limitations, however,
it was possible to make a basic description of the structural organization of the PSII

supercomplex and its peripheral components.

In a subsequent study, the designation concept of PSII supercomplexes was
supplemented with a third type of LHCII binding position, termed "loosely bound” (L) (Figure
7) (Boekema et al. 1999). This discovery introduced the "L" designation into the nomenclature
of PSII supercomplexes, for example C2S2M:L2, where the L-LHCII trimer represents the next
level of adaptation of the PSII supercomplex to external light conditions. The study found that
incorporation of this LHCII binding site can create larger and more diverse supercomplexes,
such as the C2S:ML and C,S;L configurations, further illustrating the structural diversity of
PSII in response to environmental changes. These findings highlighted the role of PSII
structural heterogeneity in regulating energy transfer pathways and adapting to different light
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conditions, and pointed to the dynamic assembly process of PSII and its associated LHCII

antennae.

Figure 7: Average projections of spinach PSII supercomplexes showing three different
binding positions for LHCII trimers. PSII Average projections of (A) the best 600 C,S,, (B)
the best 360 C,S:M, (C) 91 C2S:M, (D) 86 C.S;ML particles (modified from Boekema et al.
1999).

4.2. Further progress in understanding the structure of PSI1 (2000-2009)
The application of cryo-EM to the study of PSII represented a significant advancement

in the field, providing a more detailed and native-like view of the PSII supercomplexes. One of
the pioneering studies in this area was conducted by Nield et al. (2000), which offered the first
3D structure of the PSII supercomplex from higher plants using cryo-EM and single particle
analysis. The structure was solved with a resolution of 24 A, which, although not high resolution
by today's standards, was remarkably good for its time and provided, among other things,
insights into the spatial arrangement of PSII’s core components, including the reaction center
proteins D1 and D2, the inner antenna proteins CP43 and CP47, and the positioning of LHCII
trimers, and crucial information about the arrangement of the outer oxygen complex (OEC)
proteins on the lumenal surface (Nield et al. 2000). Importantly, this study highlighted the
strong structural similarity between the PSII core complex of higher plants and that of
cyanobacteria, underscoring the evolutionary conservation of the PSII architecture. This
similarity suggests that the fundamental design of the PSII core has been highly preserved due
to its critical role in photosynthetic function. The study also related higher resolution data from
electron crystallography (Hankamer et al. 1999; Rhee et al. 1997) to identify the binding sites
of OEC proteins, specifically localizing the 33 kDa OEC protein towards the CP47/D2 side of
the reaction center, and the 23/17 kDa proteins near the N-terminus of the D1 protein. These
findings marked a significant leap in PSII structural research, laying a robust foundation for
understanding how the OEC and its associated components are organized within the

supercomplex.
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Significant advancements in understanding the structural organization and functional
roles of PSII components have been achieved using biochemical and genetic approaches.
Negative staining EM analysis of the PSII supercomplexes in Arabidopsis wild-type plants
revealed distinctive features such as the strong association of M-type LHCII trimers with the
PSIl core (Yakushevska et al. 2001), which differed from previously studied spinach
supercomplexes (Boekema et al. 1999; Boekema et al. 1998). These findings highlighted the
diversity and adaptability of PSII structures across plant species. To further broaden the scope
of PSII research, scientists have included species such as the liverwort Marchantia polymorpha,
one of the oldest lineages of land plants. Harrer et al. (2003) used two- and three-dimensional
EM to examine the PSII complexes in this early-evolving species, providing valuable insights
into its conserved architecture. Their findings demonstrated a conserved PSII architecture
across land plants, with tightly associated LHCII trimers and monomeric light-harvesting
proteins contributing to structural stability of PSII supercomplexes, underscoring the
evolutionary conservation of its characteristic features. Yakushevska et al. (2003) advanced the
understanding of PSII architecture by localizing the minor antenna proteins CP26 and CP29
using single-particle EM. Their findings showed that these proteins occupy specific positions
within the PSII supercomplex, where they play roles in stabilizing its structure and optimizing
energy transfer between LHCII and the PSII core. Together, these studies highlight the integral
role of minor antenna proteins in the functional flexibility and structural integrity of PSII.

The era of structural research on PSII using negative staining was notionally capped by
the study of (Caffarri et al. 2009), which at the time represented the most detailed
characterization of the PSII supercomplex. We used a combination of single-particle EM,
biochemical analysis, and mutant studies to resolve the structure of the C,S:M. PSII
supercomplex in Arabidopsis thaliana, the model organism of land plants, at 12 A resolution.
This study provided a near-complete picture of PSII organization, identifying the precise
locations of the S- and M-LHCII trimers as well as the minor antenna proteins CP24, CP26 and

CP29 within the supercomplex (Figure 8).
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S-timer

M-trimer

Figure 8: Projection map of the C>S,M> supercomplex. (A) Final projection map of the PSII
C2S2M2 supercomplex at 12 A resolution. (B) Assignment of the subunits in the supercomplex
by fitting the high-resolution structures of PSII core (Loll et al. 2005) (pale-green; subunits D1,
D2, CP43, CP47, and extrinsic subunit PsbO are highlighted in blue, cyan, salmon, pink, and
yellow, respectively) and Lhcb (Liu et al. 2004) (trimeric LHCII and monomeric Lhcb in dark
and light-green, respectively). Lhcb3 and the minor antennas, CP24, CP26 and CP29, are
schematically depicted in dark green, light blue, magenta, and orange contours, respectively.
Green and pink asterisks indicate similar high-densities of trimeric and monomeric LHCII,
respectively. Tripod-shaped pink lines indicate a stain-excluded area of LHCII trimer. (C)
Generated 2D projection maps of LHCII trimer and monomer from atomic model, truncated at
10 A resolution. To allow comparison, corresponding densities of LHCII revealed in the EM
projection map are indicated in the truncated 2D projection maps (modified from Caffarri et
al. 2009).

Importantly, in Caffarri et al. we also conducted extensive biochemical experiments to
correlate the structural data with functional implications. By using mutants lacking specific
Lhcb proteins, we demonstrated the impact of these proteins on the stability and light-harvesting
efficiency of the PSII supercomplex under our experimental conditions and revealed the
importance of these individual subunits for the supramolecular organization of PSII. At that
time, the study by Caffarri et al. (2009) was particularly notable for its comprehensive
approach, combining high quality structural data with functional analyses. Our work established
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a detailed framework for understanding how the various components of PSII interact to
optimize energy transfer and photoprotection, and to date, this work has been referenced by

many researchers in the field of PSII research.

4.3. Organization of PSII supercomplexes in Pinaceae
Further research on the structure of PSII revealed a surprising fact, namely that the

structure of PSII is not conserved in all land plants. It was found that the organization of PSII
is clearly different in representatives of Pinaceae family belonging to the gymnosperms. Their
PSII supercomplexes exhibit a unique organization and composition of light-harvesting
complexes compared to angiosperms. We explored the PSII supercomplexes in two species of
Pinaceae, Norway spruce and Scots pine, and identified several key differences that underscore
the adaptability of PSII across plant lineages (Koufril et al. 2016; Koufil et al. 2020). Unlike
the typical PSII supercomplexes found in angiosperms, which commonly include Lhcb6 and
Lhcb3 proteins, the Pinaceae family, and also Gnetales family, lacks these proteins. Instead,
they have developed alternative structural configurations that resembles the counterpart in
green alga, Chlamydomonas reinhardtii (Drop et al. 2014), an evolutionarily older organism
(Figure 9). Thus, our results broke the generally accepted idea that Lhcb6 and Lhcb3 proteins
in the light-harvesting antenna of PSII are an essential characteristic of all land plants (Alboresi
et al. 2008; Biichel, 2015; de Bianchi et al. 2008; Koziol et al. 2007). Further research revealed
another unexpected specificity of Pinaceae (also representatives Gnetales) that was the presence
of only one out of three isoforms of Lhcb4 protein (Lhcb4.1-3), i.e., Lhcb4.3, also known as
Lhcb8 (Grebe et al. 2019). The presence of the Lhcb8 isoform, which is typically expressed in
plants under high light conditions (Albanese et al. 2016b; Klimmek et al. 2006), supports the
interpretation that the photosynthetic apparatus in Pinaceae and Gnetales represents, together
with the absence of the Lhcb3 and Lhcb6 proteins, an adaptation to prolonged high light
conditions in the past during evolution (Kou¥il et al. 2016; Grebe et al. 2019).
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Figure 9: Structural assignment of protein subunits of PSII supercomplexes from
different organisms. (a) PSIl supercomplexes from Norway spruce (Picea abies) and its
counterparts from (b) Arabidopsis thaliana and (c) Chlamydomonas reinhardtii. Averaged
projection maps are shown for the C.S>M> supercomplexes from Norway spruce and A.
thaliana, and C2S:M:N> from C. reinhardtii (adapted from Drop et al. 2014). High-resolution
structures were fitted to the projection maps; the PSII core complex (Co, light violet) (Guskov
et al. 2009), trimeric (the S, M and N trimer in blue, red and yellow, respectively) and
monomeric (Lhcb4 and Lhcb5 in green, Lhcb6 in cyan) Lhcb proteins (Liu et al. 2004). (d)
Phylogenetic tree of land plant groups with indicated appearance and loss of Lhcb3 and Lhcb6

proteins (modified from Koufril et al. 2016).

Interestingly, mild solubilization of thylakoid membranes and separation by CN-PAGE
revealed apparently another consequence of the absence of Lhch6 and Lhcb3 in Pinaceae, that
is, the possibility of binding multiple LHCII trimers at binding positions not previously
observed in other representatives of land plants (Figure 10) (Koufil et al. 2020). This increased

capacity for LHCII binding was found to allow Pinaceae PSII to form far larger and more
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complex supercomplexes, such as the C>S>M> and C>S2MzL, configurations, compared to e.g.,
spinach or Arabidopsis. The additional LHCII trimers provide extended light-harvesting
antenna and greater flexibility in energy distribution, which can be crucial for adaptation to
survive in diverse light environments, such as understory conditions where many Pinaceae

species are found. Thus, our study demonstrates how structural adaptations at the supercomplex

level enhance the photosynthetic versatility and evolutionary success of Pinaceae.

Figure 10: The large PSII supercomplexes from Norway spruce. Projection maps of
individual types of the PSII supercomplexes represent the best class averages of: (a) 12015; (b)
9847; (c) 6356; (d) 622; (e) 1298; (f) 1018; (g) 1554; (h) 1219 particles. (i—p) Structural models
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of PSII supercomplexes were obtained by a fit of the high-resolution structure (van Bezouwen
et al. 2017). Individual PSII subunits are color-coded: dark green — core complex; yellow — S
trimer; cyan — M trimer; red — N trimer; green — L trimer; magenta — Lhcb5; orange —Lhcb4
(adopted from Kouril et al. 2020).

Moreover, these findings have broader evolutionary implications and suggest that the
structural diversity observed in Pinaceae PSII is an adaptive response to specific ecological
niches. This adaptability illustrates the evolutionary plasticity of PSII, which, while maintaining
very conserved PSII core structure across plant lineages, can incorporate variable antenna
configurations to optimize light capture and energy transfer efficiency. Our work emphasizes
that the structural variations in PSIl are not merely biochemical curiosities but represent
fundamental strategies that plants use to cope with environmental pressures, reinforcing the
view of PSII as a highly dynamic and adaptable photosynthetic complex. This is a challenge
for further research into the structural adaptations of PSII, particularly using cryo-EM, which

continues to refine our understanding of these sophisticated supercomplexes.

4.4. Advancements in PSII structural analysis using cryo-electron microscopy
The introduction of advanced cryo-EM technique has significantly enhanced our

understanding of the structural details of PSII, surpassing the capabilities of earlier method like
negative staining EM. Cryo-EM has provided unprecedented resolution, allowing researchers
to visualize PSII supercomplexes in near-native states, which has greatly refined our knowledge
of their organization and function.

One of the breakthrough studies using cryo-EM was conducted by (Wei et al. 2016),
who resolved the structure of the PSII C,S, supercomplex from spinach at an impressive
resolution of 3.2 A. This high-resolution structure revealed detailed arrangements of
chlorophylls, carotenoids, and most of the PSII protein subunits, including extrinsic subunits
PsbO, P, Q, and Tn, which form the oxygen-evolving complex, thus elucidating the energy
transfer pathways in the complex. Importantly, this study demonstrated that the structure of the
PSII supercomplex is in a good agreement with models proposed in previous lower resolution
studies using negative-staining EM. This agreement highlights the reliability and impact of the
initial structural insights obtained using negative staining, despite its resolution limitations,
while also highlighting the unprecedented level of detail achievable using cryo-EM.

The first high-resolution structural details of the larger C2S2M. supercomplex from the
model organism Arabidopsis thaliana using cryo-EM with a total resolution of 5.3 A were
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described in our study (van Bezouwen et al. 2017). In this study, we provided a comprehensive
view of this large supercomplex, including the precise binding sites of the S and M-LHCII
trimers and their interactions with the PSII core. In particular, the research highlighted the
flexibility of the M trimer as well as the smaller antenna proteins Lhcb4 (CP29) and Lhch6
(CP24). This flexibility highlights the critical role of this antenna domain in optimizing light
harvesting and photoprotection, allowing the supercomplex to dynamically adapt to changing
light conditions (Betterle et al. 2009). In a very short time, Su et al. (2017) expanded on these
findings by resolving the cryo-EM structure of the PSII C>S2M. supercomplex from Pisum
sativum at resolution of 2.7 A. This work further elaborated on the specific interactions between
the PSII core and its associated LHCII trimers, as well as minor antenna proteins like CP24 and
CP29. They highlighted the importance of these interactions in the dynamic assembly and
structural modification of the PSII antenna, emphasizing how such flexibility allows plants to
efficiently manage light harvesting and photoprotection under diverse environmental
conditions. Subsequently, Graga et al. (2021) continued this research and presented an
improved cryo-EM model of the PSII C2S:M. supercomplex from Arabidopsis at 2.79 A
resolution. This study not only confirmed the structural configurations observed in earlier cryo-
EM studies but also addressed the effect of different extraction methods, such as digitonin
(compared to widely used a-DDM), on the stability and protein-protein interactions in the PSII
supercomplex (Rantala et al. 2017). The findings highlighted several key differences between
Arabidopsis and frequently studied species such as pea and spinach. Notably, subunits such as
PsbJ, PsbP, and PsbQ were absent in the Arabidopsis PSII structure. This absence was likely
due to protocol-specific effects of digitonin or species-specific features, as these subunits were
also absent in the earlier Arabidopsis PSII structure reported in our study, where a slightly
different isolation procedure was used (van Bezouwen et al. 2017).

Our next logical contribution in this area of research, given our previous studies on
conifers, was a cryo-EM study of the structure of the PSII supercomplex from a gymnosperm,
Norway spruce (Picea abies) at 2.8 A resolution (Opatikova et al. 2023) (Figure 11). This
study revealed both similarities and distinct differences between the PSII structures of
gymnosperms and angiosperms. While the core dimeric organization is conserved, Norway
spruce features unique antenna arrangements, including the replacement of Lhcb4 with Lhch8
(Grebe et al. 2019) and the presence of a homotrimeric LHCII composed solely of Lhcbl, in
contrast to the heterotrimeric LHCII found in angiosperms ((Jansson, 1994; Jansson, 1999).
These differences reflect gymnosperm-specific adaptations in light-harvesting strategies. A

notable discovery was the presence of a-tocopherol (vitamin E) at the interface between LHCI|I
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and the core antenna CP43, a feature not seen in previous PSII structures. This molecule is
thought to play a photoprotective role, scavenging reactive oxygen species generated under high
light conditions (Krieger-Liszkay & Trebst, 2006; Kruk et al. 2000; Kumar et al. 2020),
indicating a possible adaptation of gymnosperms to mitigate light-induced damage. This
structure enhances our understanding of the evolutionary divergence between gymnosperms
and angiosperms, revealing how PSII supercomplex organization can vary across plant lineages
while maintaining core functional elements. It underscores the flexibility of peripheral antenna
configurations in optimizing light harvesting and photoprotection, offering new insights into

the structural diversity of PSII across different plant groups.

S trimer

&

Figure 11: Cryo-EM structure of the spruce PSII supercomplex. (a) 3D cryo-EM density
map of the spruce C>S, supercomplex top view from the luminal side (left) and side view along
the membrane plane (right). (b) Model of the C.S> supercomplex from the lumenal side with
indicated subunits of light-harvesting antenna, Lhcb5, Lhcb8 and the S-LHCII trimer, bound to
the dimeric core complex (left) and the side view of the C>S» supercomplex along the membrane

plane (right) (modified from Opatikova et al. 2023).

In summary, cryo-EM will certainly continue to provide more detailed and accurate PSI|I
models, but it is notable that there is strong agreement between cryo-EM and earlier low-
resolution data obtained from negative EM. This agreement validates the structural framework
established by negative staining EM and demonstrates that the foundational insights regarding
the dimeric organization of PSII, core-antenna interactions, and overall supercomplex
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organization were accurate. Cryo-EM built on this foundation to resolve finer structural
features, such as the precise position of pigments and interactions between subunits, which were
beyond the resolving power of negative-staining EM. These advances will enable further
detailed functional-structural studies that will lead to a deeper understanding of the principles
governing the PSII supercomplex.

4.5. Contribution of molecular dynamics simulations to understanding PSII
Detailed structural models obtained by cryo-EM studies enabled and significantly

supported molecular dynamics (MD) simulations, which have contributed significantly to the
understanding of the functional dynamics of PSII. Using this approach, for example, the
pathways for diffusions of plastoquinone and plastoquinol within the PSII complex were
analyzed (Van Eerden et al. 2017). These simulations revealed a complex network of entry and
exit channels for these electron carriers, illustrating the promiscuous nature of plastoquinone
diffusion through PSII. This work demonstrated how PSII structural elements interact
dynamically to facilitate efficient electron transport, confirming that the multiple pathways
observed in cryo-EM structures are functional under physiological conditions (Van Eerden et
al. 2017). MD simulations can also provide dynamic insights into protein interactions and the
assembly processes of the PSII supercomplex, identifying whether hydrophobic or electrostatic
interactions predominantly contribute to LHCII binding to the PSII core or the assembly of the
PSII core itself (Mao et al. 2023).

Overall, the combination of cryo-EM and MD simulations provides a powerful tool
(Bock et al. 2024; Nierzwicki & Palermo, 2021) that has the potential to extend our knowledge
of PSII beyond static structural descriptions and provides a dynamic view of the photosynthetic
function of the PSII supercomplex under near-in vivo conditions. These integrated approaches
can contribute significantly to elucidating the balance between stability and flexibility required
for efficient photosynthesis, reinforcing the value of cryo-EM as a key method for unraveling

the complex mechanism of PSII function and regulation in photosynthesis.

4.6. Formation of PSII megacomplexes
Knowledge of PSII supercomplexes forming larger specific assemblies in thylakoid

membrane, termed PSII megacomplexes, has advanced significantly over time due to various
biochemical and structural studies. They are considered to be important formations in the
thylakoid membrane, which play an important role in photosynthesis by optimizing light energy

capture and electron transfer. The first evidence of these PSII megacomplexes came from
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biochemical techniques such as BN-PAGE, CN-PAGE, and sucrose gradient centrifugation
(Albanese et al. 2016b; Albanese et al. 2016a; Ifuku, 2023; Jarvi et al. 2011; Kim et al. 2020;
Kim et al. 2023; Suorsa et al. 2015), which revealed the presence of high molecular weight
bands corresponding to large PSII assemblies, formed by two copies of PSII supercomplexes,
or PSII supercomplex associated with PSI complex. However, these methods did not provide
detailed structural insight into the nature of these assemblies and thus it was not possible to rule
out whether these megacomplexes were the result of random association of solubilized PSII
supercomplexes prior to their electrophoretic separation.

EM analysis, particularly in the last decade, has provided a deeper understanding of
these specific megacomplex structures and revealed, in general, two distinct types of PSII
megacomplexes that differ in their organization and functional roles. The first type of PSII
megacomplex involves interactions confined to the plane of a single thylakoid membrane.
These megacomplexes are usually formed by association of two PSII supercomplexes, often
facilitated by light-harvesting complex (Albanese et al. 2016a; Kim et al. 2020; Kim et al. 2023;
Kouril et al. 2020; Nosek et al. 2017). The second type of the PSII megacomplexes originates
from interactions between PSII supercomplexes located in adjacent thylakoid membranes.
These complexes are organized through the stromal slit, the intermembrane space between
stacked grana thylakoids (Albanese et al. 2016a; Daum et al. 2010; Shan et al. 2024). The
ability of PSII to form these two types of megacomplexes highlights its remarkable structural
flexibility and functional adaptability. Parallel associations within a single membrane optimize
photochemical efficiency by enabling energy sharing between neighboring PSII cores. In
contrast, the bridging megacomplexes between membranes might play a role in inter-thylakoid
communication and stabilization, contributing to the overall resistance and efficiency of the
photosynthetic apparatus.

Our major contribution in this area was the structural characterization of specific PSII
megacomplexes directly in the thylakoid membrane (Figure 12). Indication of PSII
megacomplex formation in the thylakoid membrane has been previously observed through
cryo-ET (Koufil et al. 2011) and further confirmed by structural analysis of grana membranes
using single particle image analysis, which revealed the details of the organization of these PSI|I
megacomplexes (Kouril et al. 2020; Nosek et al. 2017). These studies revealed different
configurations of PSIl megacomplexes, including parallel and non-parallel associations of PSII
supercomplexes, and demonstrated how the S- and M-LHCII trimers and mainly Lhcb5, along

with the PSII core subunits contribute to megacomplex formation.
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Figure 12. PSII megacomplexes found within an intact thylakoid membrane. (a) An

example of an electron micrograph of negatively stained thylakoid membrane isolated from
Arabidopsis thaliana, with densities corresponding to the PSII core complex indicated by white
arrows. (b—f) PSII megacomplexes found within the thylakoid membrane (the number of
summed projections was 1838, 2620, 940, 682 and 825, respectively). (g—k) PSIl megacomplex
analogs found in the sample separated by CN-PAGE. The red frames surround core complexes
of individual PSII supercomplexes and highlight that the megacomplexes found in the thylakoid
membrane match with those obtained using CN-PAGE (adopted from Nosek et al. 2017).

33



4. Structural organization of PSIl supercomplexes

In summary, the progression from biochemical identification to detailed structural
analysis has significantly deepened our understanding of PSII megacomplexes. These larger
assemblies represent a higher level of organization within the photosynthetic membrane,
reflecting the complex interplay between structure and function in photosynthesis. PSII
megacomplexes, with their dynamic antenna configurations and their ability to facilitate energy
spillover, highlight the remarkable adaptability of the photosynthetic machinery to fluctuating

environmental conditions.

4.7. Role of individual Lhcb proteins in PSII supercomplex formation
The formation of PSII supercomplexes is a highly regulated process that involves a

complex interplay of individual light-harvesting proteins, Lhcb1-6, under specific
environmental conditions. Lhcb1-3 proteins are the most abundant and they form several types
of trimers. As the ratio between Lhcbl, Lhch2, and Lhcb3 proteins is about 8:3:1 (Jansson,
1994), this implies that they can form either homotrimers (composed of either Lhcbl or Lhch2)
or heterotrimers (composed of Lhcbl, Lhch2 and Lhcb3) (Caffarri et al. 2004; Standfuss &
Kiihlbrandt, 2004). The minor antenna proteins Lhcb4 (CP29), Lhch5 (CP26), and Lhch6
(CP24) represent a minor fraction of LHCII and play critical roles in stable binding of LHCII

trimers to the PSII core complex and formation of specific types of PSII supercomplexes.
Lhcbl1-3 play critical roles in the assembly of LHCII trimers, which are essential for
efficient light capture and energy transfer to the reaction center. Lhcbl, the most abundant
LHCII protein, is encoded by multiple gene isoforms, including five isoforms (Lhcbl.1-
Lhcb1.5) in Arabidopsis thaliana, while Lhcb2 is encoded by three isoforms (Lhcb2.1-
Lhcb2.3), and Lhcb3 by a single isoform in the same species. Current knowledge indicates that
in most land plants, including angiosperms, S-LHCII trimers can consist of either homotrimers
or heterotrimers composed of Lhcbl and Lhcb2. Cryo-EM structures from Arabidopsis, pea,
and spinach support this conclusion, as the density maps of S-LHCII indicate the presence of
both homo- and heterotrimers. By contrast, in gymnosperms such as Norway spruce, the much
better defined cryo-EM map suggests that the S-LHCII trimer is a specific homotrimer
consisting solely of Lhcbl, reflecting a distinct adaptation in PSII supercomplex organization
(Opatikova et al. 2023). Knockout studies of Lhcbl in Arabidopsis thaliana revealed
significant disruptions in the formation of LHCII trimers, leading to a reduced antenna size of
PSII and impaired light-harvesting efficiency (Pietrzykowska et al. 2014; Vayghan et al. 2022).
The M-LHCII trimer, on the other hand, has a specific composition that includes one copy of
Lhcb3, along with a combination of Lhcbl and Lhcbh2 (Caffarri et al. 2009; Su et al. 2017;
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van Bezouwen et al. 2017). Knockout studies in Arabidopsis thaliana have shown that the
absence of Lhcb3 results in compensatory increases in Lhcbl and Lhcb2 levels, preserving
LHCII trimer formation but altering the orientation of the M-trimer within the PSII
supercomplex (Damkjer et al. 2009). Interestingly, our recent structural analysis of the Lhch3
mutant suggests that in the absence of Lhcb3, the M-trimer may bind in a manner similar to that
observed in spruce-type PSII supercomplexes (Ilikova et al. 2021). The evolutionary
conservation of Lhch3, despite its relatively subtle phenotypic effects, suggests that it plays a
role in fine-tuning the photosynthetic apparatus under specific environmental conditions.

Lhcb4 (also called CP29), is one of the most crucial minor antenna proteins for the
stability of PSII supercomplexes. In Arabidopsis thaliana, Lhcb4 is encoded by three isoforms:
Lhcb4.1, Lhcb4.2, and Lhcb4.3 (Jansson, 1999), each specifically contributing to the
organization and function of the PSII supercomplex under specific environmental conditions.
Under normal light conditions, the PSII supercomplex predominantly incorporates either
Lhcb4.1 or Lhcb4.2, ensuring structural stability and binding of the M-LHCII trimer. However,
under high-light conditions, Lhcb4.3, a high-light-induced isoform, replaces the other isoforms
in the PSII supercomplex (Klimmek et al. 2006), leading to a reduction in antenna size due to
its inability to support the binding of the M-LHCII trimer (see below). Our study on an
Arabidopsis mutant deficient in Lhcb4 revealed that the absence of this protein significantly
destabilizes PSII supercomplexes, leading to the formation of only smaller assemblies, such as
the C2S» supercomplex, and preventing the assembly of the larger C2S2M. supercomplex (de
Bianchi et al. 2011). Our preliminary data further confirmed that in the absence of Lhcb4, PSII
supercomplexes are highly unstable, with only a low amount of C,S; separable using CN-PAGE
under mild conditions. Structural analysis suggests that the core complex in the koLhcbh4 mutant
can adopt two configurations within the C.S, assembly, though further research is needed to
fully understand the structural variations and their implications for PSII function.

The specific role of Lhcb4.3, a high-light-induced isoform, has been increasingly
recognized. While Lhcb4.3 shares high homology with Lhcb4.1 and Lhcb4.2, it has a truncated
C-terminus and unique structural features (Klimmek et al. 2006). In plants exposed to high-
light conditions, Lhcb4.3 expression increases significantly, contributing to a shift from larger
PSII supercomplexes (C2S:M2) to smaller assemblies (C.S2), which are better suited for
photoprotection (Albanese et al. 2016b; Albanese et al. 2018; Grinzato et al. 2020). Structural
studies reveal that Lhcb4.3 affects the interaction of the PSII core with other LHCII subunits,
particularly Lhcb6 and M-LHCII trimers. This truncated form reduces the binding affinity for

additional M-LHCII trimers, leading to a predominance of the CS; supercomplex in plants
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long-term acclimated to high light (Albanese et al. 2016b; Grinzato et al. 2020) or allowing the
spruce-type binding of the M-trimer as observed in Pinaceae (Koufril et al. 2016; Koufril et al.
2020; Opatikova et al. 2023). Together, the three isoforms of Lhcb4, and particularly the high-
light-specific Lhcb4.3, play a critical role in stabilizing PSII supercomplexes and enabling
plants to adapt dynamically to fluctuating light conditions.

Lhcb5 (CP26) plays a distinct but equally important role in the organization of PSII
supercomplexes. While early studies suggested that Lhcb5 might not be essential for PSII
supercomplex assembly (Yakushevska et al. 2003), subsequent work on Arabidopsis mutants
lacking Lhcb5 demonstrated significant difficulties in isolating large PSIl C2S:M:
supercomplexes (Caffarri et al. 2009; de Bianchi et al. 2008). More recent research (Chen et
al. 2018) and our preliminary data (Vanska et al. manuscript in preparation) indicate that PSlI
supercomplexes can only be isolated from the koLhcb5 mutant under very mild conditions.
Furthermore, our preliminary structural EM analysis indicates that the absence of Lhch5 affects
the spatial arrangement of the S- and M-LHCII trimers within the PSII supercomplex. This
disruption likely explains the very low stability of the supercomplex and highlights the crucial
role of Lhcb5 in ensuring the proper and functional assembly of PSII. Additionally, our previous
work suggests that Lhcb5 is crucial for the formation of PSII megacomplexes (Nosek et al.
2017), underscoring its role in the higher-level organization of PSII within the thylakoid
membrane.

Lhcb6 (CP24) is a crucial minor antenna protein that significantly contributes to the
structural organization of PSII supercomplexes. Mutants lacking Lhcb6 display a notable
reduction in the stability of the M-LHCII trimer, which affects the overall stability of the PSII
supercomplex. Studies of the Arabidopsis mutant lacking Lhcb6 have shown that the absence
of Lhcb6 predominantly leads to the formation of C»S. supercomplexes (de Bianchi et al. 2008;
Ilikova et al. 2021; Kovacs et al. 2006). As a consequence, the organization of PSII
supercomplexes in the thylakoid membrane is heavily affected, leading to the formation of
tightly packed PSII arrays that restrict the diffusion of plastoquinone molecules and negatively
impact photosynthetic electron transport. Furthermore, under high-light conditions, Lhcb6 is
down-regulated, which results in a reduction of PSII antenna size by decreasing the number of
bound M-LHCII trimers (Koufil et al. 2013). This points to a physiological role of Lhcb6 in
dynamically adapting the structure of PSII to environmental light conditions and maintaining
optimal photosynthetic efficiency through the proper spatial arrangement of its components in

the membrane.
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4.8. Organization of PSII in the thylakoid membrane
PSIl, a key component of the photosynthetic apparatus, dynamically adjusts its

arrangement in the thylakoid membrane in response to changing environmental conditions such
as light intensity (Kirchhoff, 2014; Pribil et al. 2014; Yamamoto et al. 2014; Yoshioka-
Nishimura, 2016). This adaptability is crucial for optimizing photosynthetic efficiency and
ensuring photoprotection on a larger scale at the thylakoid membrane level. The spatial
arrangement of PSIl complexes can be divided into two distinct types: random and ordered
distributions (Figure 13) (Kirchhoff, 2013; Koufil et al. 2012; Miller et al. 1976; Staehelin,
2003). Both arrangements are highly dynamic and are influenced not only by environmental
factors such as light intensity, but also by the protein composition of PSII, which also reflects

environmental conditions.

Figure 13. Examples of electron micrographs of negatively stained pairs of grana

membranes. Membranes isolated from Arabidopsis thaliana. showing either a random (A) or
ordered (B) organization of PSII complexes. The white arrows indicate the characteristic
densities of PSII core complexes; the black arrows indicate a single piece of a membrane layer.
Scale bar is 100 nm (adopted from Kou¥il et al. 2013).

In most cases, PSIl complexes are randomly distributed across the grana membranes.
This random arrangement allows for (i) efficient capture of light energy and the smooth lateral
diffusion of electron carriers, such as plastoquinone (PQ), within the membrane, (ii) flexibility

in the lateral mobility of PSII and associated protein complexes, which is essential for processes
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such as state transitions (redistribution of LHCII trimers between PSII and PSI), and (iii) the
PSII repair cycle, which involves the rapid diffusion of damaged PSII complexes to the stroma
lamellae for repair and their subsequent return to the grana. However, this random distribution
of PSII may only be apparent. Some fraction of PSII supercomplexes can interact with their
neighbors to form specific PSII megacomplexes (see the chapter Formation of PSII
megacomplexes). These megacomplexes can be identified at the level of the thylakoid
membrane using single particle EM analysis (Koufil et al. 2020; Nosek et al. 2017) or directly

visualized using the advanced imaging techniques such as cryo-ET (Koufil et al. 2011).

Randomly organized PSII complexes also enable dynamic changes in the composition
and size of supercomplexes, including the incorporation or removal of LHCII trimers. This
flexibility allows plants to adjust their photosynthetic machinery in response to varying light
conditions, increasing the antenna size and absorption cross-section of PSII under low-light
conditions while reducing the antenna size and minimizing the risk of photodamage under high-
light conditions (Anderson, 1986; Anderson et al. 1988; Bailey et al. 2001; Ballottari et al.
2007; Koufil et al. 2013).

Not only the architecture of PSII supercomplexes is modified under different light
conditions, but also the density of PSII within the thylakoid membrane. It is well documented
using different EM technique that under low-light conditions, PSII density decreases due to the
significant enlargement of the pool of LHCII trimers, which helps to increase the cross-section
of PSII under this light limiting conditions. In contrast, high-light conditions lead to increased
PSII density, particularly in grana membranes, which is enabled by the reversible dissociation
of a part of associated antenna, primarily involving the M-LHCII trimer and Lhcb6 and
reduction of the entire pool LHCII in the membrane (Bielczynski et al. 2016; Kirchhoff et al.
2007; Kouril et al. 2013). This denser packing promotes both LHCII and PSII clustering, which
is associated with induction of photoprotective mechanisms, such as the dissipation of excess
light energy via non-photochemical quenching (NPQ) (Goral et al. 2010; Goral et al. 2012;
Johnson et al. 2011). However, this clustering has direct impacts on the mobility of proteins in
the thylakoid membrane and leads to formation of local diffusion domains where the diffusion
is less restricted (Herbstova et al. 2012; Johnson et al. 2011). On the other hand, there is also
light-induced expansion of the thylakoid lumen (Jarvi et al. 2013; Kirchhoff et al. 2011)
partially offsets these constraints by providing additional space for the diffusion of luminal

proteins like plastocyanin, enhancing electron transport efficiency under high-light conditions.
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Thus, at the functional level, the dynamic reorganization of PSIl—transitioning between
random and clustered states—reflects a finely tuned adaptation to fluctuating light
environments. While random distributions support efficient energy capture and mobility under
low light, clustering under high light enhances photoprotection, even at the cost of reduced
diffusional freedom. This dual strategy ensures that plants can optimize photosynthesis while

minimizing photodamage across varying environmental conditions.

In addition to random organization, PSII can adopt an ordered arrangement within the
thylakoid membrane, forming two-dimensional (2D) crystalline arrays (Dekker & Boekema,
2005; Garber & Steponkus, 1976; Hankamer et al. 1997b; Park & Biggins, 1964; Simpson,
1979; Staehelin, 2003). These arrays are predominantly observed in the grana regions of the
thylakoid membrane and are essential for maintaining the structural stability of the
photosynthetic machinery under certain conditions (Boekema et al. 2000). Although 2D arrays
are not the predominant form of PSII arrangement, they can occupy a significant portion of the
grana membrane under certain conditions (typically up to 10-20%), with their amount and
composition varying depending on light intensity, plant species, and physiological state
(typically up to 10-20%) (Koufil et al. 2012).

Under low-light conditions, PSIl arrays are primarily composed of C.S:M>
supercomplexes (Kirchhoff et al. 2007; Kouiil et al. 2013). This configuration enhances the
absorption cross-section of PSII, maximizing light-harvesting efficiency under light-limiting
conditions. Importantly, arrays of C>S>M> supercomplexes are characterized by the presence of
"free highways" that facilitate the diffusion of plastoquinone (PQ) molecules within the
thylakoid membrane, enabling efficient electron transport (Kirchhoff et al. 2007). In contrast,
high-light conditions lead to a transition toward arrays dominated by C.S, supercomplexes,
reflecting a reduction in antenna size. However, these tightly packed arrays of C.S; limit PQ
diffusion by creating a more restricted environment, which can slow down electron transport
rates, activate photosynthetic control and impact photosynthetic efficiency (de Bianchi et al.
2008; Morosinotto et al. 2006; Tietz et al. 2015).

At a functional level, the ordered organization of PSII into 2D arrays represents a finely
tuned structural adaptation to optimize photosynthetic performance and photoprotection. These
arrays enhance light capture and energy transfer efficiency under low-light conditions, while
their reconfiguration under high-light conditions supports photoprotective mechanisms. The

balance between structural stability and flexibility ensures that PSII arrays can respond
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dynamically to changing environmental conditions, safeguarding photosynthetic efficiency and
protecting the plant from light-induced damage.

The formation and stability of 2D arrays of PSII within the thylakoid membrane can be
disrupted by several factors, including the expression of PsbS and exposure to high-light
conditions (Kereiche et al. 2010; Kouril et al. 2013). PsbS, a critical protein involved in NPQ,
plays a significant role in energy dissipation under high-light stress (Li et al. 2000).
Overexpression of PsbS has been shown to destabilize the semi-crystalline 2D arrays of PSII
by promoting the dissociation of LHCII trimers from PSII supercomplexes, leading to a more
random distribution of PSII complexes within the membrane (Goral et al. 2012; Kereiche et
al. 2010). Similarly, high-light conditions lead to the partial dissociation of antenna proteins
resulting in a transition from C2S;M> supercomplexes to C>S» supercomplexes (Grinzato et al.
2020; Kouril et al. 2013). This modification reduces the ability of PSII to form tight 2D arrays
because the uniform structural motif required for these arrays is disrupted (Koufril et al. 2013).
These disruptions are thought to be adaptive responses, allowing the thylakoid membrane to
prioritize photoprotection over structural organization under high-light stress, even though it
may lead to reduced photosynthetic efficiency in the short term.

At a functional level, the ordered organization of PSII into 2D arrays represents a finely
tuned structural adaptation to optimize photosynthetic performance and photoprotection. These
arrays enhance light capture and energy transfer efficiency under low-light conditions, while
their reconfiguration under high-light conditions supports photoprotective mechanisms. The
balance between structural stability and flexibility ensures that PSII arrays can respond
dynamically to changing environmental conditions, safeguarding photosynthetic efficiency and

protecting the plant from light-induced damage.
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5. Conclusions and future perspectives

Cryo-EM has become an indispensable tool for the structural analysis of photosynthetic
supercomplexes, offering unique insights into their organization, dynamics, and functional
adaptations. Recent advancements in cryo-EM technology, coupled with significant progress in
data processing and analysis software, have made this technique more accessible and user-
friendly than ever. Modern cryo-EM approaches, including single particle analysis and cryo-
ET, now allow researchers to routinely visualize protein complexes in their near-native state
with near-atomic resolution - something that was previously very challenging.

The increased accessibility of cryo-EM has significantly expanded its applications,
enabling its integration into larger-scale structure-function studies. These include exploring the
effects of different growth conditions, such as stress-induced modifications or genetic
mutations, on the photosynthetic apparatus. For example, studying mutants lacking specific
subunits can reveal the structural consequences of these absences at high resolution, shedding
light on the roles of individual components in maintaining the integrity and functionality of the
supercomplex. In addition, cryo-EM has opened new opportunities for investigating or even
screening photosynthetic complexes in stress-resistant species. Organisms adapted to extreme
conditions, such as drought or high light, may have unique structural characteristics that confer
resilience. Understanding these adaptations could serve as a basis for strategies to design stress-
tolerant crops, contributing to the sustainability of agriculture in the much-debated era of
climate change. In addition, research on previously unexplored photosynthetic organisms also
offers potential in uncovering new structural aspects of the photosynthetic apparatus, thereby
improving our understanding of the structural and functional diversity of photosynthetic
supercomplexes.

Technological advances and applications of cryo-EM demonstrate its fundamental
impact on the field of structural biology and its potential to bridge the gap between structural
biology and applied science. For this reason, | firmly believe that cryo-EM will undoubtedly
remain at the forefront of structural methods, a position it has achieved thanks to its remarkable

development over the past decade.
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Photosystem II (PSII) is a large multiprotein complex, which
catalyses water splitting and plastoquinone reduction neces-
sary to transform sunlight into chemical energy. Detailed
functional and structural studies of the complex from higher
plants have been hampered by the impossibility to purify
it to homogeneity. In this work, homogeneous preparations
ranging from a newly identified particle composed by a
monomeric core and antenna proteins to the largest
C,S;M, supercomplex were isolated. Characterization by
biochemical methods and single particle electron microscopy
allowed to relate for the first time the supramolecular
organization to the protein content. A projection map of
C,S,;M, at 12A resolution was obtained, which allowed
determining the location and the orientation of the antenna
proteins. Comparison of the supercomplexes obtained from
WT and Lhcb-deficient plants reveals the importance of the
individual subunits for the supramolecular organization.
The functional implications of these findings are discussed
and allow redefining previous suggestions on PSII energy
transfer, assembly, photoinhibition, state transition and
non-photochemical quenching.
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Introduction

Photosystem II (PSII) is a large pigment-protein supramole-
cular complex embedded in the thylakoid membrane of
plants, algae and cyanobacteria, which splits water into
oxygen, protons and electrons during the photosynthetic
process (Barber, 2003). This complex thus provides the
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energy and the oxygen, which sustain all life on earth. PSII
is present mainly in dimeric form, each monomer consisting
of at least 27-28 subunits organized in two moieties: the core
complex and the antenna system (Dekker and Boekema,
2005). The core is composed of several proteins: (i) D1 and
D2 containing the reaction centre P680 and all the cofactors
of the electron transport chain; (ii) CP47 and CP43, which
coordinate chlorophyll (Chl) a molecules and act as an inner
antenna and (iii) several low molecular subunits whose role
has not yet been fully understood (Shi and Schroder, 2004).
The structure of the PSII core of cyanobacteria shows 35 Chl a
molecules, 2 pheophytins and 12 molecules of B-carotene
(Loll et al, 2005; Guskov et al, 2009). In higher plants, on
the lumenal side of the membrane, the products of the psbO,
psbP and psbQ genes compose the oxygen evolving complex
(OEC33, 23 and 17, respectively), which participates to the
stabilization of the Mn cluster required for an efficient oxygen
evolution. However, the exact role and locations of these
subunits has not been fully clarified yet (Roose et al, 2007).
The peripheral antenna system has a primary role in light
harvesting, transfer of excitation energy to the reaction centre
and photosynthesis regulation through photoprotective me-
chanisms, which dissipate the excess of energy absorbed by
the system as heat under stress conditions (non-photochemi-
cal quenching) (Schmid, 2008). It is composed of six different
complexes, belonging to the Lhcb (light-harvesting complex)
multigenic family (Jansson, 1999), which coordinate Chl a,
Chl b and xanthophylls, in different ratios. The major anten-
na complex, LHCII, is organized in heterotrimers composed
of the products of the LhcbI-3 genes (Caffarri et al, 2004),
while the three other subunits, CP29 (Lhcb4), CP24 (Lhcb6)
and CP26 (Lhcb5) are present as monomers (Dainese and
Bassi, 1991).

The supramolecular organization of PSII-LHCII has been
studied by electron microscopy (EM) and single particle
analysis on heterogeneous preparations obtained directly
from mildly solubilized membranes or after a fast purification
step, which allows enrichment of the high molecular weight
complexes (Boekema et al, 1999a; Yakushevska et al, 2001).
The location of the large core subunits was assigned by cross-
linking experiments (Harrer et al, 1998) and confirmed by EM
on solubilized membranes of plants lacking individual
antenna complexes (Yakushevska et al, 2003). The larger super-
complex observed in Arabidopsis thaliana contains a dimeric
core (C,), two LHCII trimers (trimer S) strongly bound to the
complex on the side of CP43 and CP26, and two more trimers,
moderately bound (trimer M) in contact with CP29 and CP24.
This complex is known as the C,S,M, supercomplex (Dekker
and Boekema, 2005). A 3D reconstruction of a smaller super-
complex containing only one trimer per reaction centre and
lacking CP24 (C,S,) was obtained by cryo-EM at 17 A resolution
(Nield et al, 2000c; Nield and Barber, 2006). Although
the overall organization of the system is known, the low
resolution at which this structure is available does not allow
to determine the exact position of the individual complexes,
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their respective orientations and the way in which they interact,
thus hampering the possibility to understand the molecular
details of the complex functioning of the system. This lack of
information is mainly due to difficulties in obtaining a homo-
geneous and stable preparation of the supercomplex. This has
not only restricted the possibility for detailed structural analysis
but has also limited functional and spectroscopic studies to
the level of non-homogeneous grana membrane preparations,
which are enriched in PSII-LHCII (Broess et al, 2006; Veerman
et al, 2007).

In this work, we present a protocol to obtain homogeneous
preparations of the various types of PSII-LHCII supercom-
plexes. The possibility to relate the supercomplex organiza-
tion to the protein content allows determining the role of
the individual subunits in the overall organization. The
functional implications of these findings for energy transfer,
photoprotection, state transition and non-photochemical
quenching are discussed.

Results

Isolation and characterization of the PSII
supercomplexes

To obtain homogeneous preparations of PSII supercomplexes,
we optimized the conditions for solubilization and fractiona-
tion of grana membranes. To this aim, the membranes were
solubilized with a very low concentration of «-DM and the
different complexes were separated on a dense sucrose
gradient, which also contained a very low concentration of
detergent to avoid destabilization of the complexes during
ultracentrifugation. The detergent concentration was about
4-8 times less than what is normally used for a sucrose
gradient, but still sufficient to maintain the complexes in
solution. All the different steps of the procedure were per-
formed in dim light and in the cold. This is a very important
point as the temperature has a large effect on the stability of
the complexes (Supplementary Figure S1). Using this proce-
dure we were able to separate 12 distinct bands (B1-12)
containing different PSII components and supercomplexes
(Figure 1A). The upper bands (B1-5) have been well char-
acterized in previous works (Caffarri et al, 2001) and corre-
spond respectively to: (1) free pigments; (2) monomeric Lhcb
proteins; (3) trimeric LHCII; (4) CP24/CP29/LHCII (M) trimer
complex; (5) monomeric PSII core. The lower bands (B6-12),
which from the apparent molecular weight should contain
supercomplexes of increasing size, were further characterized
by absorption spectroscopy, EM and SDS-PAGE. All fractions
were stable in ice for at least 2 days as assessed by measuring
the fluorescence emission (Supplementary Figure S1).

In Figure 1B, the absorption spectra of fractions 6-12 are
shown. It is worth saying that the absorption spectra of the
same bands from different preparations were identical, de-
monstrating the high reproducibility of the procedure. Chls b,
bound to Lhc antenna proteins, show two main peaks around
470 and 650nm, whereas Chls a are responsible for the
absorption around 435 and 675 nm. The relative intensity of
the absorption in the Chl b region increases from B7 to B12
suggesting that B7, almost lacking a Chl b contribution,
corresponds to the dimeric PSII core (BS being the mono-
meric core), whereas the fractions from B8 to B1l contain
supercomplexes with increasing Lhc content (note that the
spectrum of B12 is identical to that of B11). Unexpectedly B6,
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which migrates between the monomeric and the dimeric PSII
core, shows a strong Chl b absorption, indicating that it
contains a complex enriched in Lhcb proteins.

To determine the structural organization of the supercom-
plexes, the fractions (B6-B12) were analysed by EM and
single particle image analysis (Figure 1C): B6 contains almost
exclusively a small supercomplex, never described before,
consisting of monomeric PSII core, LHCII-S trimer and CP26;
B7 contains the PSII dimeric core (C,), as deduced from the
absorption spectrum; B8, C,S and very few C,M supercom-
plexes (around 5%); B9, C,S, and C,SM particles; B10,
mainly C,S,M; B11, the C,S,M, supercomplex, the biggest
one described so far for Arabidopsis; B12 contains mega-
complexes of C,S;M, (Boekema et al, 1999b; Yakushevska
et al, 2001), which explains why this band has higher
mobility than B1l in the gradient, but the same absorption
spectrum (Figure 1A and B). Interestingly, the organization of
the subunits in fraction B6 is identical to that in the dimeric
complex (e.g. compare B6 with B8 in Figure 1C), which
indicates that the monomerization does not influence the
binding of CP26 and trimer S.

The exact protein composition of each band was deter-
mined by SDS-PAGE (Figure 2). The results are in line with
the EM analysis, showing an increase of the ratio Lhcb/small-
PSII-subunits and of CP24 content, which indicates increas-
ing amounts of the M trimer (which requires CP24 for its
binding; Kovacs et al, 2006), in bands from B8 to B11. In these
fractions, the amount of CP29 and CP26 is identical, suggest-
ing that these subunits are always bound in a 1:1 stoichio-
metry to the PSII core. B6 contains only core subunits, LHCII
and CP26, lacking any trace of CP29. The analysis also
reveals the distribution of the OEC proteins in the fractions:
PsbO is present in all fractions containing PSII core but also in
band 1, where it is not associated with the core. PsbP is
detected in the fraction of monomeric PSII core (BS), in
low amount in B6 and dimeric PSII core (B7) (where it is
however not bound to the complexes, see discussion
and Supplementary Figure S2) but is completely lacking in all
PSII supercomplexes, in agreement with previous results
(Hankamer et al, 1997). PsbQ is present in B6, absent in
monomeric (B5) and dimeric PSII core (B7), but again
present in increasing amounts (correlating with the Lhcb
content) in supercomplexes from B8 to B11l (Figure 2).

The availability of two fractions containing either trimer M
(B4) or trimer S (B6) allows determining the distribution of
Lhcb1, Lheb2 and Lheb3 in the trimers. SDS-PAGE (Figure 2)
and western blotting (Figure 3) show that Lhcb3 is present
only in trimer M. Indeed the amount of Lhcb3 in B4 is very
high, whereas this subunit is practically absent in B6 and B8
(note that this last band contains only very few C,M parti-
cles). The opposite is true for Lhcb2, which is absent in B4
but present in B6 thus indicating that Lhcb2 is a specific
component of trimer S. Lhcbl1 is present in both trimers.

PsbS, the protein involved in the fast phase of non-photo-
chemical quenching (Li et al, 2000), was present in fractions
B5-B12, as confirmed by western blotting (Figure 3B).
Considering that PsbS is a very hydrophobic protein
(Dominici et al, 2002), the possibility of unspecific associa-
tion or formation of aggregates with different sizes was
investigated by loading equal volumes of all fractions includ-
ing the intermediate fraction between B1l and B12 (B11/B12
band) on a gel. This fraction does not contain supercom-
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Figure 1 Isolation and characterization of the PSII supercomplexes. (A) Sucrose gradient of solubilized membranes, showing 12 green bands.
The content of each band is indicated on the basis of earlier work (Caffarri et al, 2001) (B1-B5) and this work (B6-B12). (B) Absorption spectra
of bands 6-12. The spectra are normalized to the maximum in the red region. B11 and B12 are almost superimposed. The Chls b content, which
is proportional to the antenna content, is deducible from the intensity of the bands at 470 and 650 nm. (C) EM analysis of the supercomplexes.
The projections obtained for bands 6-12 are shown. B6 contains a newly identified supercomplex formed by a monomeric core, one LHCII S
trimer and the minor antenna CP26. Contours representing the different complexes are superimposed. Also note that the position of the M
trimer in the absence of trimer S (C2M in B8) is different. C, core; S, LHCII trimer strongly bound; M, LHCII trimer moderately bound (see text).
The molecular weight of each particle, calculated on the basis of the protein content as determined by EM and SDS-PAGE, is also reported.

plexes and therefore should not contain any PsbS if its
binding to the supercomplexes is specific. The western blot
revealed the presence of similar amounts of PsbS (Figure 3B;
Supplementary Figure S2) in all lower fractions, including
B11/B12, thus suggesting that this protein is not stably
associated with the supercomplexes.

Determination of the supramolecular structure of
C,>S.,M., supercomplex

To determine the supramolecular organization of the C,S,M,
supercomplex, fraction B11 was subjected to extensive single
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particle EM analysis. In total, a set of 40000 negatively
stained single particle projections was analysed. Repeated
alignment steps and classification revealed homogeneous
classes of the C,S,M, projections in top-view orientation
and few classes with projections in a slightly tilted position.
A homogeneous class of about 13000 top-view projections
was summed in the final 2D projection map (Figure 4A;
Supplementary Figure S3). The projection map was obtained
at 12 A resolution and it contains ample details to assign the
orientation of the individual Lhcb complexes (Figure 4B). The
unambiguous assignment of the M and S trimers in the EM

©2009 European Molecular Biology Organization
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Figure 2 SDS-PAGE analysis of the sucrose gradient fractions. The
protein composition of the 12 sucrose gradient fractions was
analysed by loading similar amounts of total chlorophylls (3 ug)
on the gel (see Materials and methods for details on volumes). The
identity of each Coomassie band is indicated. D1 and D2 are not
visible in this gel system because they maintain a partial folding
during migration, which makes them appearing diffused. Note that
PsbP is better visible in lanes B1 and B2 (*). Note the presence of
CP26 in B6 together with Lhcbl,2 and the increase of the Lhcb/
small-PSII-subunits ratio in the fractions from B8 to B12, according
to the increased antenna size of the supercomplexes. PsbQ is absent
in the fractions containing PSII core without antennas (B5 and B7).
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Figure 3 Western blotting analyses of sucrose gradient fractions.
Proteins co-migrating in SDS-PAGE were detected by western
blotting. (A) Coomassie stained gel of sucrose gradient fractions.
The B4 used was cleaned of contaminating B3 fraction (LHCII
trimers) with a second sucrose gradient. Band B5 was highly
contaminated by B4 due to the very low amount of PSII core in
our solubilization conditions. Similar amounts of Chls (0.5 pug) were
loaded in each line, except for the B11/12 band (the clear gradient
fraction between B11 and B12) where a similar volume as adjacent
bands was loaded. (B) Western blot analyses using antibodies
against PsbO, Lhcb2, Lhcb3 and PsbS. The absence of Lhcb2 in
trimer M (B4) and of Lhcb3 in trimer S (B6 and B8) is clearly visible.
PsbS is present in several fractions, including the fraction between
B11 and B12 (B11/12) where a clear decrease in the PSII subunits is
evident, but not for PsbS. This indicates that PsbS comigrates with
the supercomplexes and it is not specifically bound to them.
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projection was facilitated by the localization of corresponding
densities in the calculated projection maps of the truncated
X-ray high-resolution LHCII structure (Liu et al, 2004)
(Figure 4C). A tripod-shaped stain-excluded area in the EM
projection map of LHCII trimer (Figure 4B, pink lines) can
also be recognized in the truncated model (Figure 4C).
Further, pairs of high densities revealed in the EM projection
map correspond well to the high-density spots of helix A and
B, and to the strong density close to helix C (Figure 4B and C,
green asterisks). The results indicate that M and S trimer are
rotated by 18° with respect to each other.

Assignment of the minor antenna complexes (CP24, CP26
and CP29) was more difficult due to their less pronounced
features in the EM projection map. The orientation of these
complexes was determined under the assumption that the
high densities of monomeric Lhcb in the EM projection map
correspond to the pairs of densities observed in LHCII trimers
(green asterisks) and a broad density near the end of helix A
in the truncated projection of monomeric Lhcb (Figure 4B
and C, pink asterisk). A different position of the monomeric
Lhcb complexes, in particular a 180° rotation compared with
the position in Figure 4, was considered in the modelling. It is
noteworthy that neoxanthin protrudes sharply from one side
from the monomeric Lhcb complexes (Figure 7, yellow) thus
strongly constraining possible subunit orientations. Hence, at
present the proposed model is by far the most likely arrange-
ment of the antenna components, because it also brings them
in positions close enough to allow fast energy transfer (see
discussion). Although no standard criteria are available for
fitting X-ray data into 2D EM maps, the resulting pseudo-
atomic data can be considered to have a precision extending
the resolution of the EM data at 12 A, in the range of the size
of an o helix or a chlorophyll molecule.

Isolation of supercomplexes from Lhcb- and PsbS-
deficient mutants

To determine the role of the individual antennas in the
architecture and in the stability of the PSII supercomplexes,
we have used the solubilization procedure described before
on grana membranes prepared from three knock-out (KO)
lines lacking Lhcb3, CP24 or CP26. Comparison of the band
patterns in the gradients of Lhc-deficient mutants and WT
shows significant differences in the supercomplex composi-
tions (Figure 5A). KoLhcb3 and koCP24 lines completely lack
the largest supercomplexes (C,S,M and C,S,M,, B10 and B11
in the WT) and the small complex LHCII(M)/CP24/CP29
(B4). Also, in the case of koCP26 no bands containing high
molecular weight supercomplexes are visible and the amount
of the fractions containing the smaller supercomplexes (B8
and B9) is extremely reduced. Furthermore, the amount of
the PSII dimeric core band (B7) increases as well as that of
the band containing LHCII trimers, indicating that super-
complexes lacking CP26 are more sensitive to detergent
treatment than those of the WT. Interestingly, all mutants also
lack band B6, the monomeric core/LHCII(S)/CP26 complex.

To determine the protein composition in both grana mem-
branes and individual supercomplexes of the antenna-defi-
cient lines, 1D and 2D SDS-PAGE analysis were performed
(Figure 6). Unexpectedly, PsbQ was absent in the membranes
of all three KO lines and Lhcb3 and CP24 mutants were
additionally lacking PsbP (see Figure 6C). The absence of
these subunits was also confirmed on stacked thylakoid

The EMBO Journal VOL 28 | NO 19 2009 3055



PSII supercomplexes organization
S Caffarri et al

e 9

Helix B

Figure 4 Projection map of the C,S,M, supercomplex. (A) Final projection map of the PSII C,S,M, supercomplex at 12 A resolution.
(B) Assignment of the subunits in the supercomplex by fitting the high-resolution structures of PSII core (Guskov et al, 2009) (subunits D1, D2,
CP43, CP47 and extrinsic subunit PsbO are highlighted in blue, cyan, salmon, pink and yellow, respectively) and Lhcb (Liu et al, 2004) (trimeric
LHCII and monomeric Lhcb in dark and light-green, respectively). Lhcb3 and the minor antennas, CP24, CP26 and CP29, are schematically
depicted in dark green, light blue, magenta and orange contours, respectively. Green and pink asterisks indicate similar high densities of
trimeric and monomeric LHCII, respectively. Tripod-shaped pink lines indicate a stain-excluded area of LHCII trimer. (C) Generated 2D
projection maps of LHCII trimer and monomer from atomic model, truncated at 10 A resolution. To allow comparison, corresponding densities
of LHCII revealed in the EM projection map are indicated in the truncated 2D projection maps. Note that the fitting of the CP24 region with the
LHCII monomeric structure leaves empty a large density next to helix C towards the outer part of the supercomplex. However, CP24 presents an
extremely long helix C-helix A loop (28 amino acids more than LHCII) that would fit perfectly this region.
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Figure 5 Sucrose gradient fractionation of solubilized grana membranes of WT, Lhcb-depleted lines and npg4 mutant. (A) Supercomplexes
were prepared from Arabidopsis lines lacking Lhcb3 (koLhcb3), CP24 (koCP24), CP26 (koCP26) and PsbS (npg4). Lhcb3 and CP24 mutants
lack the small complex containing LHCII-CP24-CP29 (B4) and the high molecular weight supercomplexes corresponding to C,S,M (B10) and
C,S:M; (B11). koCP26 is lacking almost completely the supercomplexes and shows an intense PSII dimeric core band (B7). All mutants also
lack band 6 containing PSII monomeric core/LHCII S-trimer/CP26. The npg4 mutant lacking the PsbS protein does not show any difference
with respect to the WT. (B) Sucrose gradient of WT and npg4 membranes solubilized at pH 5.5. Protonation of PsbS in vitro has no effect on the
antenna binding to PSII core. Note also that the most abundant bands of supercomplexes correspond to C,S,M and C,S,M, complexes (B10 and
B11), suggesting that most of the PSII in vivo in our grana preparation binds both trimer S and trimer M.

membranes indicating that this was not caused by the harsh
grana preparation protocol (Supplementary Figure S4).
However, western blotting analysis of the total protein con-
tent of the leaf shows the presence of these proteins, suggest-
ing that they have been lost during the preparation of
the thylakoid membrane (Supplementary Figure S4). PsbP
was absent in the supercomplexes of koCP26 (B8 and B9)

3056 The EMBO Journal VOL 28| NO 19| 2009

(Figure 6B and D), indicating that this subunit is easily lost on
purification as was observed for the WT. The content of
CP24 in koLhcb3 was reduced, as was that of Lhcb3 in
koCP24 suggesting that fractions B8 and B9 contain C,S
and C,S, particles, respectively (in the WT, C,M (B8) and
C,SM (B9) complexes were also found). In koCP26, the
significant increase of CP24 and Lhcb3 in the faint B8 and
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Figure 6 1D and 2D SDS-PAGE of grana membranes and supercomplexes of Lhcb-depleted lines. (A) Grana membranes of WT, koLhcb3,
koCP24 and koCP26 mutants. Note that PsbQ is absent in the three mutants. (B) Supercomplexes (B8 and 9 of Figure 5) of the antenna mutants.
(C) 2D SDS-PAGE separation of the PsbO-CP24 region of panel A, which allows a better investigation of the protein composition in the
membrane of the mutants. Note the lack of PsbP in koLhcb3 and koCP24. (D) 2D SDS-PAGE separation of the PsbO-CP24 region of panel B
allows highlighting the strong reduction of CP24 in the koLhcb3 supercomplexes, the lack of Lhcb3 in the koCP24 supercomplexes and the
significant presence of Lhcb3 and CP24 proteins in the supercomplexes from koCP26.

B9 fractions, as compared with the same bands in the WT,
indicates an enrichment of complexes containing LHCII
M-trimer (i.e. C,M) and a strong reduction of C,S and
C,S, complexes.

To investigate the role of PsbS in the supercomplex orga-
nization, the npg4 mutant lacking PsbS was analysed. We
found that the absence of PsbS does not influence the super-
complex formation and stability, the gradient bands being
identical to those of the WT (Figure 5). In addition, a high-
resolution projection map of the C,S;M, supercomplex
was obtained by single particle EM of the B11 fraction from
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the npg4 mutant. This projection is identical to that of the
WT, thus excluding the possibility that PsbS is part of
the supercomplex or strongly associated to it. This is in
agreement with the SDS-PAGE analysis, which indicates
that PsbS is not specifically associated with the purified
supercomplexes in the WT (Figure 2), but it co-migrates
with them (Figure 3).

Oxygen evolution
To test the photosynthetic activity of our preparations, oxy-

gen evolution of the grana membranes and PSII supercom-
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LHCIIM

Figure 7 Model of the structure of photosystem II supercomplex C,S,M, The model has been assembled based on the projection map in Figure 4
using the crystal structures of the cyanobacterial PSII core (Guskov et al, 2009) (3BZ1 and 3BZ2) and LHCII trimer (Liu et al, 2004) (1RWT). For the
monomeric antennas, the structure of a monomeric LHCII has been used. Proteins of the core, gold; LHCII, brown; CP24, blue; CP29, red; CP26,
magenta; Chls a, cyan; Chls b, green; Neoxanthin, yellow (spheres); Lutein L1, orange; Lutein L2, dark-yellow. Chls 611 and 612 of all subunits are
represented as cyan spheres. Chls 511 (in CP47), 479 and 486 (in CP43) of the core, which are the nearest-neighbour to the outer antenna are
represented as blue spheres. Chls 603 of CP29 is also represented as blue spheres. For clarity the phytol chains of the Chls are omitted.

plexes of WT and Lhcb-deficient lines was measured (see
Table I). Reduction in oxygen evolution was observed in the
membranes of all three KO mutants, with values of 72% for
koCP26, 50% for koLhcb3 and 36% for koCP24 as compared
with the WT. The data also show that all supercomplexes,
including the B6 fraction, evolve oxygen, which clearly
indicates that all the preparations are active and can
efficiently drive photosynthesis.

Discussion

During the past few years, a tremendous improvement in the
knowledge of the organization of photosynthetic components
was achieved, because the structures of most of the com-
plexes of the thylakoid membrane could be obtained at
atomic or near atomic level (Jordan et al, 2001; Stroebel
et al, 2003; Liu et al, 2004; Loll et al, 2005; Yamashita et al,
2007; Guskov et al, 2009). At present, only the structural
details of the PSII-LHCII supercomplexes remain partially
obscure. This lack of information is primarily due to the
impossibility of obtaining stable and homogeneous prepara-
tions of PSII-LHCIL. In contrast to PSI, the interaction be-
tween the core and the outer antenna in PSII is extremely
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weak and even mild solubilization leads to the disassembly
of the supercomplexes (Caffarri et al, 2001). Moreover, the
impossibility of obtaining stable and homogeneous prepara-
tions of PSII-LHCII has also prevented the study of the light
harvesting and energy transfer processes in the system.

In this work, we were able to purify for the first time six
homogeneous fractions of PSII-LHCII supercomplexes with
increasing antenna sizes, ranging from PSII core to the large
C,S,M, supercomplex, which are suitable for biochemical,
structural and spectroscopic analysis. All fractions were
analysed in detail, combining biochemical methods with
single particle EM analysis. This allows, to our knowledge
for the first time, to directly relate the presence/absence of
individual subunits to the supramolecular organization of the
complex and thus to get answers about their roles in the
assembly and their positions in the supercomplexes.

12 A resolution structure of PSII supercomplex
(C5S.Ms)—implication for the energy transfer

The structural organization and the orientation of the differ-
ent light-harvesting proteins in the PSII C,S,M, supercomplex
were determined from a 12A resolution projection map
obtained by single particle EM and image analysis
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Table I Oxygen evolution measurements on sucrose gradient frac-
tions and grana membranes of WT and antenna KO mutants

A pmol O, mg(Chl) " hr!

B6 64.9+5.9
B7 61.6+6.3
B8 72.3%1.3
B9 70.5+3.8
B10 729129
B11 72.6x34
(b)
WT 53.1+2.0
koLhcb3 27.0%£1.3
koCP24 19.1+£1.8
koCP26 38.3%1.3

(a) O, evolution measurements on gradient fractions from B6 to B11
show similar activity, including the monomeric CS complex (B6).
(b) Measurements on grana membranes from WT and antenna KO
plants show a clear decrease in O, evolution activity in the three
mutants, especially for koLhcb3 and koCP24 lacking both the PsbP
and PsbQ subunits.

Difference between koLhcb3 and koCP24 could be due to the
different membrane organization which influences the diffusion of
the plastoquinone (de Bianchi et al, 2008).

(Figure 4). This allowed the reconstruction of a 3D pseudo-
atomic model of the full PSII-LHCII supercomplex using the
crystal structures of the LHCII trimer (Liu et al, 2004) and the
recent refined structure of the cyanobacteria core (Guskov
et al, 2009), which presents the full assignment of the small
PSII subunits and an improved localization of the cofactors
(Figure 7). For the minor antenna complexes, the structure of
a monomeric unit of LHCII was used after modification
according to the available biochemical data (e.g. pigment
content) (Sandona et al, 1998; Caffarri et al, 2007). This
allows the visualization of possible energy transfer pathways
in the supercomplex. The model shows that trimer S is in
direct contact with Chl 479 of the CP43 subunit to which it
can transfer energy through Chls 611/612. These Chls repre-
sent the low-energy state in all Lhcb antenna complexes
(Mozzo et al, 2008) and thus are the most populated ones
at thermal equilibrium. CP26 can also transfer energy directly
to the core, again through Chls 611/612, which are facing
CP43 (Chl 486) in the structure. The nearest-neighbour Chls
between CP26 and LHCII S are 604 and 605, which are a Chl a
at high energy and a Chl b (Novoderezhkin et al, 2005),
respectively, suggesting that there is small exchange of en-
ergy between the two subunits. The LHCII M trimer is in
contact with CP24 and CP29, but not with the core. In the
interaction region, all three complexes expose Chls 611/612,
thus forming a pool of Chls a at low energy. The present
model (Figure 7) suggests that CP24 cannot transfer excita-
tion energy directly to the core, because there are no Chls of
CP47 located near CP24. This indicates that the transfer from
trimer M and CP24 to the core occurs through CP29. This
makes CP29 a very suitable site for the regulation of the
excitation energy flow and thus for playing a primary role in
the non-photochemical-quenching process. In CP29, Chl 603
(a Chl a absorbing around 676 nm (Bassi et al, 1999), thus
only slightly higher in energy than Chls 611/612) faces CP47
(Chl 511) to which it can transfer excitation energy. However,
at the moment we cannot exclude that one of the small higher
plant-specific subunits (PsbR or PsbW), which are absent in
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the cyanobacteria structure, is accommodated near CP24 and
binds Chls, thus allowing CP24 to directly transfer excitation
energy to the core. Indeed, the EM projection indicates that
there is room in this region for a small extra subunit.

The overall architecture of the antenna system indicates that
excitation energy is transferred from the peripheral antenna to
the core through specific pathways, which involve only Chl a
molecules and in particular the low-energy forms. This has the
effect of speeding up the energy transfer process, strongly
decreasing the migration time and explaining the fast transfer
observed in integer membranes (Broess et al, 2008). Interest-
ingly, CP29, which is the link between the outer antenna and
the core, has the lowest Chl b content of all Lhcb’s (Sandona
et al, 1998) and these Chls are located in a region rich in Chl b
and neoxanthin, between trimers S, M and CP29, thus off the
main highway from the antenna to the core.

A new complex shows that monomeric core can bind
Lhcb antenna—implication for photoinhibition

In addition to the supercomplexes, a novel complex, com-
posed of a monomeric core, one LHCII S-trimer and CP26
(CS/CP26) was isolated (band B6, Figure 1). No traces of
CP29 were detected in this band. This finding is surprising,
since so far the association of Lhcb antenna to the core was
believed to be possible only for the dimeric conformation
(Dekker and Boekema, 2005) and in the presence of CP29 as a
docking protein (Yakushevska et al, 2003). However, our
results show that a complex consisting of a monomeric
core, CP26 and one LHCII trimer is stable enough to be
purified in high yield. It is active in O, evolution, strongly
suggesting that it could also be present in the membranes.
One implication of this finding concerns the D1 protein
degradation/repair cycle, a process that replaces the D1
subunit, which has a half-life of about 30 min (Godde et al,
1991). It is generally believed that the entire antenna system
disassembles before monomerization of the PSII core com-
plex (Adir et al, 2003). The newly found particle suggests that
this is in principle not necessary: trimer S and CP26 can
remain associated to the core, with the advantage of limiting
the potentially dangerous presence of isolated antenna com-
plexes in the grana membrane during the repairing cycle.
Indeed, it is very likely that only one of the two D1 proteins
present in the dimeric PSII is damaged, and needs to be
replaced, at a time. The possibility to disassemble only the
damaged moiety of the photosystem, leaving the ‘healthy’ core
still in contact with its antenna, which has also a photoprotec-
tive function, helps to protect it from photodamage.

Assembly of the PSII-LHCII supercomplex: role of the
Lhcb proteins

The analysis of Lhcb-depleted lines allows determining the
hierarchy of the binding of the individual subunits within the
PSII-LHCII supercomplex. The reduction of Lhcb3 in koCP24
and of CP24 in koLhcb3, suggests a mutual stabilization of
these complexes. Furthermore, a complete absence in both
mutants of complexes and supercomplexes containing trimer
M indicates that CP24 and Lhcb3 have an important function
in mediating the association of trimer M with the PSII
complex. Indeed, the EM analysis of koCP24 membranes
has shown that the supercomplexes of this mutant do not
contain trimer M (Kovacs et al, 2006; de Bianchi et al, 2008).
C,S,M, supercomplexes could be observed (Kereiche et al,
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2007) in koLhcb3 membranes, but it was shown that the
general packing of the trimers differed slightly from that of
the WT. Our results indicate that the pseudo-M trimer (trimer
M without Lhcb3) observed in the membrane of koLhcb3
(Kereiche et al, 2007) is only weakly interacting with the
supercomplex as it can easily be lost on mild solubilization. It
can be concluded that CP24 and Lhcb3 specifically mediate
the binding of the M trimer to the supercomplex, suggesting
that Lhcb3 is the monomeric unit facing CP24. This is also
supported by sequence comparison of Lhcb3 with Lhecbl and
Lhcb2 (Caffarri et al, 2004), which reveals major differences
at the end of the B helix, with the insertion of a Trp in Lhcb3,
and at the beginning of the loop between helixes B and C.
This is exactly the domain of the LHCII monomeric unit
facing CP24, as can be seen in the model (Figure 4).

CP24 and Lhcb3 are present only in higher plants (Alboresi
et al, 2008) where they apparently evolved to increase the
antenna size of PSII. Indeed in green algae only C,S, com-
plexes have been observed (Nield et al, 2000b; Iwai et al,
2008). It can also be concluded that trimer M has an influence
on the assembly of trimer S that, in the absence of M or in the
presence of the pseudo-M, is less strongly associated to the
core, as suggested by the absence of the CS/CP26 complex in
the gradients of koCP24 and koLhcb3. On the other hand,
trimer M in C,M is displaced compared with its position in
the particles containing also trimer S (Figure 1), indicating
that trimer S is influencing the location of trimer M.

In general, the data indicate that the stable connection of
an antenna to the supercomplex requires interactions with
two different partners. According to the model (Figure 4),
association of trimer S to the core complex through CP43 is
stabilized by interactions with CP26 and CP29. Although it
has been shown that the S trimer is still connected to the
supercomplex in the absence of CP26 (Yakushevska et al,
2003), our results indicate that its binding is far less stable
(Figures 5 and 6). Moreover, the possibility to purify CS/CP26
complexes in the WT shows that the effect of CP26 on the
stabilization of the S trimer is at least as high as that of CP29.
Previous analysis of plants lacking CP29 showed that no
PSII-LHCII supercomplexes could be found even on very
mild solubilization (Yakushevska et al, 2003). Taken together,
these data indicate a clear role of CP29 in the stability of
the PSII-LHCII dimer. CP29, bound to one monomeric core,
binds the S-trimer of the other monomeric core implicating
a general stabilization of the supercomplex, while CP29
per se is not required for stable binding of trimer S.

Finally, it could be observed that on solubilization at low
pH (Figure 5B) large part of PSII is present in the gradient
as C,S5,M or C,S,M, supercomplexes, while the amount of
C,S, is very low. As some M trimers clearly detached
during the purification (presence of B4), it can be suggested
that in the grana membranes of our plants most of the PSII is
present as C,S,M, and not as C,S,. However, the detection in
the gradient of an intense band of trimeric LHCII (B3)
indicates the presence of additional LHCII complexes in the
membranes. That fact that the crystalline arrays in
Arabidopsis have a size compatible with C,S,M, complexes
(Yakushevska et al, 2001) and that we were not able by
very mild solubilization to purify complexes larger than
those, supports the idea that LHCII-enriched regions exist
in the grana membranes, as suggested earlier (Boekema et al,
2000).
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State transitions: which trimer?

In agreement with earlier data (Dekker and Boekema, 2005),
our results indicate that trimer M can easily be dissociated
from the supercomplex. This makes it a good candidate for
state transitions, during which some LHCII trimers migrate
from grana to stroma lamellae where they associate with PSI
(Allen, 1992; Kouril et al, 2005). However, it has been shown
that Lhcb3 is not present in the stroma lamelle (Bassi et al,
1988; Jansson et al, 1997). Considering that Lhcb3 is a key
component of trimer M and that, as shown here, this trimer
has a structural role for the assembly of PSII together with
CP24, it can be concluded that it is not responsible for state
transitions. In agreement with earlier data, our results show
that the association of trimer S with the PSII core is very
strong and it is quite doubtful that it can easily detach from it.
Moreover, biochemical and EM analysis of the memb-
ranes revealed the presence of at least one additional
LHCII trimer for PSII monomeric core, probably located
in regions enriched in LHCII trimers or loosely bound to the
PSII (Boekema et al, 2000; Dekker and Boekema, 2005). We
suggest that these trimers, instead of M or S associated with
the supercomplexes, are involved in state transitions.

Non-photochemical quenching: PsbS is not stably
associated to the supercomplexes
PsbS is key player in the process of non-photochemical
quenching (Li et al, 2000), and it has been proposed to act
in synergy with other proteins. Its localization would thus be
important for understanding the quenching mechanism.
Although several studies have addressed this point (Nield
et al, 2000a; Thidholm et al, 2002; Teardo et al, 2007; Fey
et al, 2008), the high propensity of this protein to form
aggregates and to precipitate or to stick to other complexes
(Dominici et al, 2002) has strongly complicated the interpre-
tation of the results. Recently, it has been suggested that PsbS
regulates the interactions between LHCII and PSII in the
membranes (Kiss et al, 2008; Betterle et al, 2009). Our results
show that the solubilization has an identical effect on WT
and npg4 mutant membranes (Figure 5A), also at low pH
(Figure 5B) when PsbS is protonated and should facilitate the
detaching of LHCII from the core in vivo (Kiss et al, 2008;
Betterle et al, 2009). Our results thus suggest that the proto-
nation of the two lumenal glutamate residues (Li et al, 2004)
is not sufficient to activate PsbS and regulate the interactions
LHCII-core. Other factors such as a particular ion or the
presence of a ApH (and not just a low pH as in the in vitro
experiment) might be necessary for the activation of PsbS.
In addition, the results clearly show that PsbS is not
located in or stably associated with the supercomplexes,
indicating that either it has a transient binding to them or it
is located in the LHCII-enriched membrane regions as sug-
gested earlier (Dekker and Boekema, 2005). However, we
cannot exclude that PsbS is located in between two adjacent
photosystems and that its binding is not strong enough to
survive the purification.

Oxygen evolution: the OEC subunits organization
depends on the antenna system

PsbO was present in all fractions containing PSII core indicat-
ing a strong binding to the monomeric core, as observed
earlier (Hankamer et al, 1997; Nield et al, 2000c). PsbQ was
present only in Lhcb-containing supercomplexes, in amounts
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that are roughly proportional to the antenna size. In all these
fractions, PsbP was absent, which indicates, in contrast to
previous data (Berthold et al, 1981), that the binding of PsbQ
does not require PsbP. Instead, it requires the peripheral
antenna system, or at least the domain composed of CP26/
LHCII(S). This is confirmed by the absence of PsbQ in the
membranes of all three Lhcb mutants, indicating that it can
be stably associated with the supercomplex only when the
outer antenna is perfectly assembled. PsbP was found in the
membrane of koCP26, while it was absent in koCP24 and
koLhcb3, indicating that the domain formed by CP29/CP24/
trimer M is needed for the assembly of this subunit. These
results suggest that the localization of the OEC subunits in the
3D reconstruction of PSII-LHCII (Nield and Barber, 2006)
needs to be revised. In addition, the oxygen evolution mea-
surements on isolated membranes, where these subunits are
not present, show lower values for koLhcb3 and koCP24 and
partially also for koCP26 as compared with the WT, thus
confirming that PsbP and PsbQ have an important function in
the PSII activity.

Conclusions

In this work, homogeneous and stable PSII supercomplexes
with different antenna sizes were isolated. A full gallery of
complexes, from the core to the largest C,S,M,, was char-
acterized by EM and biochemical methods, which allows
relating for the first time their protein content to the supra-
molecular organization. A new complex containing a mono-
meric core, a trimeric LHCII(S) and CP26 was isolated,
showing that the antenna proteins can stably bind to the
monomeric core, in contrast to the current opinion. A projec-
tion map at 12A resolution of the C,S,M, supercomplex
reveals the positions and the orientations of the antenna
complexes and allows to suggest the main pathways of
excitation energy transfer from the antenna to the core.
Comparison of the supercomplexes obtained from WT and
Lhcb-deficient plants allowed determining the hierarchy of
the assembly and the role of the individual subunits in the
supramolecolar organization. The binding of the M trimer
depends on interactions between CP24 and Lhcb3, which are
proposed to face each other in the supercomplex. CP26 has a
strong effect on the stable binding of trimer S, whereas CP29
is mainly involved in the stabilization of the PSII dimer. PsbS
has not been found associated to the supercomplexes and its
presence does not influence the interactions between core
and outer antenna leading to the conclusion that it is located
either peripherally or in the LHCII-enriched domains. The
data also indicate that the stable binding of PsbQ to the
supercomplex requires trimer S, but not PsbP, in contrast to
the current view.

Moreover, we show that stable supercomplexes can be
obtained, which can be further used for structural and
functional analysis, opening the way to a full comprehension
of the largest photosynthetic complex.

Materials and methods

PSIl supercomplexes preparation

PSlI-enriched membranes (grana membranes) were prepared from
WT Col0 plants and the following mutants (Columbia ecotype):
npg4.1 (Li et al, 2000), koLhcb3 (SALK_051600), koCP26 (T-DNA
insertion in the Lhcb5 gene, SALK_014869), koCP24 (T-DNA
insertion in the Lhcb6 gene SALK 077953). Results on koCP24
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were confirmed (not shown) also on an independent mutant in
Landsberg erecta ecotype (Arabidopsis Gene Trap line GT6248).
Plants were grown under 100 umolm *s~! of light (8h/day) at
21°C. Membranes were prepared according to Berthold et al (1981)
with few modifications. In particular, Arabidopsis leaves were
shortly grinded in a solution (B1) containing 20 mM Tricine KOH pH
7.8, 0.4M NaCl, 2mM MgCl, and the protease inhibitors 0.2 mM
benzamidine, 1 mM €-aminocaproic acid. Solution was centrifuged
10min at 1400g and pellet resuspended in a solution (B2)
containing 20 mM Tricine KOH pH 7.8, 0.15M NaCl, 5mM MgCl,
and protease inhibitors as before. This solution was centrifuged
10 min at 4000 g, pellet resuspend in 20 mM Hepes 7.5, 15 mM NacCl,
5mM MgCl, (solution B3) and centrifuged again 10 min at 6000 g.
Pellet was finally resuspend in a small volume of B3. Chlorophyll
concentration was adjusted to 2.5 mg/ml and then PSII membranes
were prepared by solubilizing stacked thylakoids at 2.1 mg/ml final
concentration with 3/16 volumes of 20% Triton X100 (w/v), 15 mM
NaCl, 5mM MgCl, for 20min on ice and soft agitation. To remove
non-solubilized material, a 5 min-centrifugation at 3500 g was done.
Surnatant was then centrifuged for 30 min at 40 000 g, pellet washed
once with solution B3 to remove excess detergent and then
centrifuged as before. Finally, membranes were resuspended in a
small volume of 20mM Hepes 7.5, 0.4 M sorbitol, 15mM NaCl,
5SmM MgCl,. BBY membranes can be frozen in liquid nitrogen and
stored at —80°C. The entire preparation was done in cold condition.

For the PSII supercomplex preparations, 150 ug of membranes
(in Chls) were washed once with 5mM EDTA, 10 mM Hepes pH 7.5,
then with 10 mM Hepes pH 7.5 and finally solubilized at 0.5 mg/ml
by adding an equal volume of 0.6% o-DM in 10 mM Hepes 7.5 and
vortexing for a few seconds. The solubilized samples were
centrifuged at 12000g for 10min to eliminate unsolubilized
material and then fractionated by ultracentrifugation on a sucrose
or maltose gradient in a SW41 rotor, for 14-16h at 4°C at
41000rpm. Gradients were formed directly in the tube by freezing
at —80°C and thawing at 4°C a 0.65M sugar solution containing
0.008% «-DM and 10 mM Hepes pH 7.5. For low pH preparations
(Figure 5B), 10mM MES pH 5.5 (instead of Hepes), 100 g of
membranes and a gradient at 0.01 % o-DM were used. Maltose was
used for EM experiments for better particle resolution in negative
staining of EM samples, thus avoiding a dialysis step to remove the
excess of sugar. Band separation and absorption spectra were
identical using maltose or sucrose. Keeping the samples at 4°C
during the entire preparation (i.e. solubilization in cold conditions,
gradient loading in the cold room) was essential to improve
significantly the yield of high molecular weight supercomplexes
(see also Supplementary Figure S1).

SDS-PAGE

1D electrophoresis was performed using the Tris-Tricine system
(Schagger, 2006) at 14.5% acrylamide concentration. Second
dimension was realized as in Laemmli (1970) using a 14%
acrylamide concentration. Different volumes of each band were
loaded on the gel in Figure 2. The values normalized to 1 for band
B3 (corresponding to 13 ul) are: Bl1, 31; B2, 5; B3, 1; B4, 2; BS, 23;
Bo, 11; B7, 16; BS, 11; B9, 13; B10, 19; B11, 31; B12, 31.

Spectroscopy

Absorption spectra were recorded using a Cary4000 (Varian Inc.).
When dilution was necessary, the same solution as for the gradients
was used.

Electron microscopy

Samples were negatively stained with 2% uranyl acetate on glow
discharged carbon-coated copper grids. EM was performed on a
Philips CM120 electron microscope equipped with a LaBg filament
operating at 120 kV. Images were recorded with a Gatan 4000 SP 4 K
slow-scan CCD camera at either 80000 x (results shown in
Figure 1) or 130000 x (results shown in Figure 4) magnification
at a pixel size (after binning the images) of 3.75A and 2.3 A,
respectively, at the specimen level with GRACE software for semi-
automated specimen selection and data acquisition (Oostergetel
et al, 1998). Single particle analysis was performed using GRIP
software including multireference and non-reference alignments,
multivariate statistical analysis, and classification, as in Boekema
et al (1999a). Resolution was measured using Fourier-ring correla-
tion and the 3o criterion (Vanheel, 1987). X-ray structures of the
PSII core (Loll et al, 2005) and LHCII complex (Liu et al, 2004) (the
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PDB accession numbers 2AXT and 1RWT, respectively) were
displayed using Pymol software DeLano Scientific, San Carlos,
CA, USA). Truncated version and 2D projection map of LHCII at
10 A resolution was generated using routines from the EMAN
package (Ludtke et al, 1999). For CP24 (Figures 4B and 7), the
LHCII monomeric structure depleted in the last 20 AA at the C-
terminal was used, according to the sequence difference between
these two antennas.

Oxygen evolution

O, production was measured in a Clark-type oxygen electrode
system on BBY membranes concentrated 50 pg/ml (in Chls) in
0.4 M sorbitol, 15 mM NaCl, 5 mM MgCl,, 10 mM Hepes KOH pH 7.5
at room temperature using 180 umolm %s~! white light. O, prod-
uction in supercomplexes was measured on the sucrose fractions
diluted at 5 pg/ml (in Chls) at 12°C. Ferricyanide 0.5 mM and DCBQ
0.5 mM were added as electron acceptors. Addition of 5mM CaCl,
did not change the O, evolution both in membranes and super-
complexes.
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The architecture of grana membranes from spinach chloroplasts was studied by cryo electron tomography.
Tomographic reconstructions of ice-embedded isolated grana stacks enabled to resolve features of
photosystem II (PSII) in the native membrane and to assign the absolute orientation of individual membranes
of granal thylakoid discs. Averaging of 3D sub-volumes containing PSII complexes provided a 3D structure of
the PSII complex at 40 A resolution. Comparison with a recently proposed pseudo-atomic model of the PSII
supercomplex revealed the presence of unknown protein densities right on top of 4 light harvesting complex
I (LHCII) trimers at the lumenal side of the membrane. The positions of individual dimeric PSII cores within an
entire membrane layer indicates that about 23% supercomplexes must be of smaller size than full C;S,M,
supercomplexes, to avoid overlap.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Chloroplasts play a central role in the plant energy metabolism known
as photosynthesis. They enclose the thylakoid membrane, which forms a
unique three-dimensional network with regular stacks of thylakoids,
called grana, which are interconnected by single membranes, the stroma
thylakoids. The distinct parts of the thylakoid membrane specifically
accommodate individual components of photosynthetic apparatus.
Photosystem II (PSII) and the light-harvesting complex I (LHCII) are
confined mainly to grana stacks, whereas most of Photosystem I (PSI), the
light-harvesting complex I and ATP synthase are localized in unstacked
stromal thylakoids and grana margins. Distribution of cytochrome bgf
complex in the thylakoid membrane seems to be unrestricted [1].

PSII consists of a dimeric core complex and a peripheral antenna
system composed of 6 different complexes, belonging to the Lhcb (Light-
harvesting complex) multigenic family [2]. The major antenna complex,
LHCII, is organized in heterotrimers composed of the products of the
Lhcb1-3 genes. The three other subunits, CP29 (Lhcb4), CP26 (Lhcb5) and
CP24 (Lhcb6) are present as monomers. A variable number of the
peripheral antenna proteins can associate with dimeric PSII core
complexes to form the so-called PSII-LHCII supercomplexes [3]. Many
supercomplexes observed in spinach and Arabidopsis thaliana contain a
dimeric core (C), 2 LHCII trimers (trimer S) strongly bound to the
complex on the side of CP43 and CP26, and 2 more trimers, moderately

Abbreviations: PSII, photosystem II; LHCII, light harvesting complex II; C,
photosystem II core complex; S, strongly bound trimeric LHCII; M, moderately bound
trimeric LHCII
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bound (trimer M), which are in contact with CP29 and CP24. This
complex is known as the C,S,M, supercomplex [3]. Occasionally, spinach
supercomplexes loosely bind a third trimer (trimer L) around CP24 [4]. A
3D reconstruction of a smaller supercomplex containing only one trimer
per reaction center and lacking CP24 (C,S,) was obtained by cryo-EM at
about 17 A resolution [5,6]. More recently, a 2D map at 12 A resolution
was obtained and used to generate a pseudo-atomic 3D model. This
allowed determination of the location and orientation of individual light-
harvesting components and the approximate position of pigments [7].
The lateral distribution of protein complexes within grana mem-
branes is an intriguing topic and was a subject of many structural studies
using electron microscopy of either freeze-fractured or negatively
stained grana membranes (see [3,8] for reviews), atomic force
microscopy [9] or, very recently, by cryo electron tomography [10].
Although in most grana membranes PSII supercomplexes are not highly
organized, semi-crystalline domains of PSII supercomplexes or core
complexes appear in a minority of the membranes (see [8] for a list of
native crystalline arrays, [10]). A study of paired inside-out grana
membranes indicated that crystalline arrays of adjacent layers can have
a specific interaction in which orientations of opposing PSII complexes
have preferred angles. This was found for spinach [11] as well as for
Arabidopsis membranes [12]. A tomographic study on isolated spinach
thylakoid membranes revealed the presence of the PSII crystalline
arrays exclusively in stacked grana membranes, indicating the impor-
tance of a specific interaction between the stroma membrane surfaces of
two adjacent membrane layers for the formation of regular PSII arrays
[10]. In addition, recent experiments indicate that the PsbS protein
controls the frequency of this crystalline macro-organization in the
grana membrane [13]. High levels of PsbS disrupt the macro-
organization. However, many other aspects of the PSII distribution,
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such as possible changes upon state transition or photoinhibition are not
known in detail. Recently, however, the mobility of grana membrane
proteins was studied by fluorescence recovery after photobleaching
[14]. In intact, wild-type chloroplasts a mobile population of grana
membrane proteins increases significantly after photoinhibition, which
is consistent with a role of protein diffusion in the PSII repair cycle. It was
shown that protein phosphorylation switches the membrane system to
a more fluid state, thus facilitating the PSII repair cycle [14].

There is a generally accepted idea that the entire thylakoid mem-
brane is folded in such a way that it encloses a single aqueous space, the
thylakoid lumen. The space between the thylakoid membrane and the
chloroplast envelope is called the stroma. The details of the thylakoid
membrane folding and the interconnection of grana stacks with stromal
thylakoids have not been totally solved. Early electron microscopy
studies of serial sections of chemically fixed thylakoid membranes led
to the proposition of several 3D models of thylakoid membrane
architecture (reviewed in [15]). Afterward, some of these models
were questioned by an electron microscopy study of freeze-substituted
chloroplast sections [16]. These models include (i) “the folded
membrane model”, which proposes a way of a dynamic reversible
folding of the thylakoid membrane [17] and (ii) “the helical model”, in
which the stroma membranes are wound around the granal stacks [15].
It was further proposed that a bifurcation of stromal membranes and a
subsequent membrane bending and fusion is involved in grana stack
formation [16]. These novel viewpoints of the grana architecture
initiated a further discussion with a common consensus that current
data still require further refinements to clarify discrepancies between
individual models [18-20]. Refining of chloroplast membrane topology
models will depend very much on improving of electron microscopy
hardware to reach better data acquisition and on perfecting tomography
reconstruction techniques, necessary to image complete chloroplasts.

Over the last decade the application of cryo electron tomography on
intact frozen-hydrated samples has become a popular technique to
visualize cell structures because the method is free of fixation artifacts
[21]. In combination with sub-volume averaging, it is nowadays a very
feasible approach for studying macromolecules and membrane archi-
tecture inside cells, cellular organelles and structures of membrane
protein complexes in their native membrane environment [10,22-25].
Because electron tomography is most efficient with thin objects and
since there is a direct relation between the size of an object and the
theoretical resolution [26], it works the best for small objects up to about
0.5-1 um. Unfortunately, chloroplasts are substantially larger and also
densely packed with membranes. Hence, intact chloroplasts are
currently just too large to yield a resolution of about 50-60 A, which is
necessary to unambiguously elucidate structural features of the
thylakoid membrane, including its precise folding. In this study, we
applied cryo electron tomography to isolated grana membrane stacks.
Working with smaller tomography volumes, in contrast to e.g. intact
chloroplasts, allowed pushing up the resolution to see interpretable
densities of PSII complexes in the granal membrane. This enabled
averaging sub-volumes containing PSII and seeing characteristic features
of PSII core complexes in the natural membrane at 40 resolution. In
addition, single particle 3D averaging revealed a novel density associated
with the PSII core complex in multiple copies, which has not been
observed before in isolated forms of PSII complexes. Comparison of the
3D structure of the PSII core complex with the recently proposed
pseudo-atomic model of the complete, C,S,M, PSII supercomplex [7]
revealed a striking fit of the extra densities with the position of LHCII
trimers. A possible origin of the novel density is discussed.

2. Materials and methods
2.1. Preparation of the granal thylakoid membranes

Thylakoid membranes were isolated from market, dark adapted
spinach according to [27]. The isolated membranes were resuspended

in 20 mM Bis-Tris (pH 6.5) with 5 mM MgCl, at a final concentration
of 0.5 mg of Chl/mL and partially solubilized with digitonin at a final
concentration of 0.5% (w/v) for 20 min at 4 °C with a slow stirring,
followed by centrifugation in an Eppendorf table centrifuge for 15-
20 min [28]. The pellet, which contained the non-solubilized granal
thylakoid membranes, was used for cryo electron tomography.

2.2. Cryo electron tomography

Granal thylakoid membranes were mixed with 10-nm gold
particles as fiducial markers and applied to glow discharged 200
mesh Quantifoil specimen support grids (Quantifoil Micro Tools
GmbH) coated with a thin carbon film. Vitrification was performed in
liquid ethane using a Vitrobot Mk3 (FEI company, Eindhoven)
operating under a 100% humidified atmosphere at room temperature.
Electron tomography was performed on a 300 kV G2 Polara electron
microscope (FEI) equipped with a Gatan post-column energy filter.
Images were recorded with a 2 kx2 k CCD camera (Gatan) at 8 pm
underfocus and 51,750x final magnification, resulting in a pixel size of
0.58 nm at the level of the specimen. Single axis tilt series were
recorded at 2° increments over a range of 4+68° with a total dose of
about 80 e/A2.

2.3. 3D reconstruction and image analysis

Tomograms were calculated using IMOD software [29] and further
denoised with 20 iterations by non-linear anisotropic diffusion [30].
Averaging of manually selected sub-volumes with a box size of either
232x232 A or 319x319 A was performed using PEET program (a part
of IMOD package). Central coordinates of the sub-volumes were
selected using 3dmod program. Surface views of averaged sub-volumes
were produced using 3dmod program (a part of the IMOD package). The
resolution of the final averaged sub-volume was estimated by Fourier
Shell Correlation [31] at 0.3 threshold with EMAN software [32].

3. Results
3.1. Cryo electron tomography of granal thylakoid membranes

Suspensions of isolated granal thylakoid membranes (Supplemen-
tal Fig. 1) were directly investigated by cryo electron tomography.
Fig. 1 shows four slices of a typical electron tomogram of one granal
membrane stack, where four membrane layers were clearly resolved
(Fig. 1A to D). This and other tomographic reconstructions revealed
distinct densities in all membrane layers, which could be unambig-
uously assigned to the dimeric PSII complex (see e.g. white arrows in
Fig. 1A). Tomographic slices of the middle part of the reconstruction
indicate that the membranes form two vesicles, as evident from a pair
of strong rims resolved at the edge of the granal membrane (Figs. 1B
and C). Close investigation of the tomographic data revealed other
interesting features that will be discussed below.

Creation of surface views of individual granal stacks gave good
insight into the overall 3D organization. Fig. 2 shows different angular
surface views of two granal vesicles like in Fig. 1, with marked
positions of individual PSII complexes (Figs. 2A to C, and D to F,
respectively). Both vesicles have the shape of a sac and each one is
formed by a pair of continuous membranes, which does not have any
direct contact with the other. The outer membrane, depicted in green,
accommodates PSII complexes in both the upper and bottom
membrane layers (Fig. 2, green and blue spheres, respectively). The
outer membrane is not (anymore) continuous at the vesicle margin,
which is mainly obvious from the top-views (Figs. 2A and D). The
inner membrane, depicted in brown, encloses the inner space of the
vesicle and accommodates PSII complexes in two layers (Fig. 2, cyan
and red spheres). At this moment, it is not clear (due to a resolution-
limited membrane tracking) if the inner membrane fully encloses the



370 R. Koufil et al. / Biochimica et Biophysica Acta 1807 (2011) 368-374

Fig. 1. Tomographic slices of a stack of four granal membranes forming two vesicles. An example of X-Y slices of 2.9 nm thickness along the z-axis projection from tomographic
reconstruction of an ice-embedded spinach granal membrane vesicle, which contains four membrane layers: (A) the upper membrane of the granal vesicle. (B-C) adjacent
membrane layers in the middle of the granal vesicle. (D) the bottom membrane of the granal vesicle facing a thin carbon support film. PSII complexes were well resolved in all four

membrane layers (see e.g. white arrows in A). The bar is 100 nm.

inner space of the vesicle or if there is a narrow gap in the membrane,
which would connect the inner space with surroundings. Under the
experimental conditions applied, the distance between two outer
adjacent PSII layers (one layer formed by the outer and the other
formed by the inner membrane) was found in these (Figs. 2A-C and
D-F) and similar reconstructions to be rather constant in a range of
14-16 nm. In contrast, the distance between adjacent PSII layers
formed only by the inner membrane was highly variable in 8 different
reconstructions, of which two extremes are shown (Figs. 2C and F).
This is probably because the vesicles of thylakoid membranes can get
swollen during isolation procedure (see also [10]). The integrity of
grana membrane stacking may also have been alterated by the
detergent solubilization of the connecting stroma membranes.
Nevertheless, some characteristics remain, such as the remarkable
flatness of each single membrane leaflet (Fig. 2).

3.2. 3D analysis of PSIl complexes

Tomogram sub-volumes of randomly orientated PSII were selected
and subjected to 3D analysis and subsequent averaging. Fig. 3 shows
the result of the analysis. Averaging of the best 100 sub-volumes
revealed the structure of the dimeric PSII core complex (Figs. 3A to C).
Views of the PSII complex from the lumenal (Fig. 3A), the stromal side
(Fig. 3B) and from a side (Fig. 3C) clearly show the topology of the PSII
core part, especially of the extrinsic subunits of the oxygen evolving
complex protruding into the lumen. Noteworthy, the 3D analysis
revealed a pair of additional spherical densities at the lumenal
membrane surface close to the center of the PSII complex (Figs. 3A-C).
Comparison of the 3D structure of the PSII complex with the recently
proposed pseudo-atomic model of the complete, C;S,M, PSII super-
complex [7] indicates an overall structural similarity of the 3D

tomography data with the higher-resolution model of the super-
complex (Fig. 3D). Furthermore, the comparison revealed a striking fit
of the extra spherical densities with the position of the S-type of LHCII
trimers centers. Analysis of the same 100 sub-volumes, but with a
larger box size to cover a larger space around the PSII core, revealed
another pair of non-membrane embedded densities, which coincided
well with the position of the M-type LHCII trimers in the pseudo-
atomic model (Fig. 3E). Extension of the box size was, however, at the
expense of the resolution, which was computed to be 40 for the core
part in case of analysis of smaller sub-volumes. Features of individual
LHCII trimers within the membrane could not be revealed, possibly
because of low contrast.

4. Discussion

Imaging of organelles in amorphous ice, free of any fixation agent,
represents a situation close to the natural state. We have previously
shown that it is feasible to average sub-volumes containing large
macromolecules from intact organelles, such as dimeric ATP synthase in
mitochondria from the alga Polytomella [24]. In present study, we
investigated a fraction of isolated spinach granal membranes using cryo
electron tomography to able to resolve and analyze PSII complexes in
their native environment and native form. The reason to work here with
fragments was a practical one, because the Spinacea chloroplasts turned
out to be just too thick to image them as entities. It was already shown
that to compensate for this limitation, working with small thylakoid
membrane fractions is an appropriate way to yield enough resolution in
tomographic reconstruction [10], compared to analysis of thin sections
of chemically fixed (reviewed in [15]) or high-pressure frozen, freeze-
substituted chloroplast sections [16].
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Fig. 2. Surface views of two reconstructed granal stacks (A-C and D-F), composed of two granal membrane vesicles of different thickness. Reconstructions are seen in top view (A, D),
tilted view (B, E) and side-view (C, F) orientation, respectively. The outer and inner membranes are depicted in green and brown, respectively. PSII complexes were resolved in four
membrane layers and are depicted as green, cyan, red, and blue spheres.

Fig. 3. 3D data of PSII complex and fitting. (A-C) 3D average of the best 100 sub-volumes of PSI complexes selected from tomographic reconstructions viewed from the lumenal and
stromal side, and from a side along the membrane plane, respectively. Isosurface model shows the PSII core complex together with extrinsic subunits of oxygen-evolving complex
resolved on the lumenal side of the complex. Further, two additional spherical densities were revealed at the lumenal side of the PSII complex. (D) a comparison of the isosurface
model of PSII complex with a pseudo-atomic model of the complete PSII supercomplex (C,S,M, supercomplex) [7], viewed from the lumenal side. The fit indicates that the spherical
densities coincide with the position of the S-type LHCII trimers. (E) a comparison of the isosurface model of PSII complex obtained from the average of PSII sub-volumes of an
increased size (with respect to the model presented in A-D) with the pseudo-atomic model of the complete PSII supercomplex. Analysis of the larger sub-volumes revealed
additional, non-membrane embedded spherical densities, which coincide with the position of the M-type LHCII trimers. Analysis of larger sub-volumes was at the expense of the
resolution of the PSII core complex and extrinsic subunits of oxygen-evolving complex.
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The potency of the cryo electron tomography approach applied on
non-chemically fixed chloroplasts is also obvious from the current
data. Imaging of single grana discs free of any fixation agent led to a
resolution which is far better than previously obtained by thin section
studies of chemically fixed chloroplasts. This is evident from the
appearance of individual PSII core complexes in the membrane which
could not be resolved before. This is mainly due to using smaller
volumes [33], but also because of better instrumental performance.
Especially, the application of energy filtering to remove inelastically
scattered electrons that blur the image is beneficial for a higher
resolution in electron tomography [34].

4.1. 3D analysis of PSIl complexes revealed novel densities

The high-resolution structure of the PSII core complex of cyano-
bacteria was recently improved to 2.9 A resolution [35]. In contrast, the
structural analysis of plant PSII supercomplex is impaired mainly by its
lability and the complexity of its peripheral antenna system (see
Introduction). A novel protocol for obtaining homogeneous fractions of
the various types of PSII-LHCII supercomplexes enabled a 2D structural
characterization of the largest C;S,M, PSII supercomplex from Arabi-
dopsis at 12 A resolution [7]. Previously, 3D electron microscopy
structural studies yielded a 17 A resolution 3D map for the smaller
C,S, PSII supercomplex [6]. It is known, however, that PSII easily may
lose some of its subunits upon purification [36]. Here, we show a 3D
analysis of plant PSII complex, which was resolved in the native
thylakoid membrane by cryo electron tomography. The averaging of 3D
sub-volumes revealed the structure of PSII complex at 40 A resolution
(Fig. 3), which was assigned as the PSII core complex, based on the
comparison with the recently proposed pseudo-atomic model of the
complete, C,S;M, PSII supercomplex [7]. An overall architecture of
lumen-exposed oxygen evolving complex indicates similar features as
observed in a 3D map of plant PSII supercomplex [5,6].

The averaging of 3D sub-volumes revealed extra densities on both
sides of the dimeric core. These densities must be genuine proteins,
because (1) they are at positions related by two-fold rotational
symmetry and (2) this symmetry was not imposed during averaging
or afterwards. They are too large to be considered as lumen-exposed
loops of LHCIL Comparison with the pseudo-atomic structure reveals
that these proteins are associated to the PSII supercomplexes, right on
top of the S- and M-trimers (Figs. 3D and E). We can be quite
confident that most LHCII trimers have the extra lumenal density,
because the 3D averaging is performed on all selected sub-volumes,
including those who may have LHCII trimers without such densities. If
for instance only 25% of the trimers would have a density, then the
other 75% would cause that in the final sum this detail would have
been more or less lost.

As the extra densities are attached to the lumenal side of the PSII
supercomplex (Fig. 3C), they likely represent an enzyme. Although a
proteome analysis indicates that the lumen compartment can contain
up to 200 different proteins [37] we tentatively propose that the extra
densities represent, due to their specific association to LHCII proteins,
violaxanthin deepoxidase (VDE). VDE is a soluble lumenal protein,
which is involved in the conversion of violaxanthin into zeaxanthin in
the xanthophyll cycle and thus in non-photochemical quenching of an
excess of excitation energy (see [38] for recent review). It was found
that VDE remains attached to the thylakoid membrane at acidic pH,
even after several freeze-thaw cycles [39]. Under our experimental
conditions, all tomography experiments were performed at pH=6.5,
which was shown to still keep VDE in the bound form [39]. On the
other hand, it remains puzzling that each LHCII trimer would have a
VDE copy, as enzymes are usually present in much smaller numbers
than proteins, such as the LHCII trimers. It will take more effort to
assign the nature of the extra densities and the most obvious way to
solve the problem is by using Arabidopsis null mutants.

4.2. Nature and distribution of the PSIl complexes in the thylakoid
membrane

Grana discs were obtained after a short treatment with a mild
detergent to get them separated. Tomographic reconstructions
revealed that grana discs consist of two concentrically folded
membranes, which form a sac with four layers (Figs. 1 and 2).
Densities of PSII core complexes were clearly resolved in all four
membrane layers. The tomographic data not only revealed the
positions of individual PSII complexes within the native membrane,
but showed clearly recognizable details of individual molecules.
Importantly, the features of dimeric PSII core complexes provide the
orientations of the PSII dimers within the membrane plane (Fig. 4).
This led us to correlate the map of the large C,S,M; PSII supercomplex
with the PSII cores. Hand fitting of this specific supercomplex contour
indicates that there would be enough space to accommodate
complete PSII supercomplexes on many of the cores (Fig. 4A, green
contours). In several cases, however, C,S,M, particles overlap with
their neighbors (Fig. 4A, red contours). In most of them, only smaller
PSII supercomplexes can be present (e.g. C;S, or C;S;M super-
complexes), because of overlapping antennae. The number of smaller

Fig. 4. Distribution of PSII complexes in thylakoid membrane. (A) superimposition of
contours of the complete, C,S,M, supercomplex over clearly resolved densities of the
PSII core in one membrane layer of the thylakoid stack of Fig. 1. Green and red contours
indicate positions of PSII complexes with either no or significant clashes with
neighboring PSII complexes, respectively. White arrows indicate smaller, non-assigned
densities, which could represent e.g. PSII monomers. (B) example of the higher
organization of PSII supercomplexes in the thylakoid membrane based on the
experimental data. Blue asterisk indicates the corresponding PSII complex within the
selected area of the tomographic data (see yellow box in A).
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complexes is estimated to be about half of red marked particles, or
23% of the total. Furthermore, tomographic data revealed also smaller
densities, which cannot be assigned to PSII dimers, and likely
represent monomeric PSIl complexes (Fig. 4A, white arrows). The
fact that not all of the PSII core complexes can be surrounded by a
complete set of four LHCII trimers is in line with previous work on
solubilized spinach chloroplast membranes [40]. However, in that
particular study only 1% of the particles was assigned as C;S;M,
supercomplexes and the vast majority of PSII particles (70%) was
comprised of the smaller C,S, complexes. It is well possible that the
absolute amount of supercomplexes became decreased by detergent
solubilization; thus our tomographic data provide a closer-to-reality
view of the grana membrane (Fig. 4A). However, it should also be
realized that light conditions have a strong influence on the amount of
free- and bound LHCII [41], which can cause different amounts of
individual types of PSII supercomplexes.

It is also evident that regardless of a minor fraction of unassigned
densities, PSII supercomplexes do not occupy the whole surface of grana
membrane (Fig. 4B). There are several membrane areas, which are very
flat and seem to be free of protruding proteins. They can represent
membrane lipid areas, which are important for a lateral diffusion of
proteins and plastoquinone molecules in the membrane, or they can be
partially occupied by free LHCII proteins, as pointed out earlier [3]. Thus,
there appears to be ample space for the non-bound fraction of LHCII
trimers, as was already suggested two decades ago [42].

Within the reconstructed volumes there were no highly ordered
crystalline domains of individual PSII complexes present, except of one
tomogram, where some clear rows of PSII molecules were seen
(Supplemental Fig. 2). The rows of PSII are similar to those observed
before in isolated paired inside-out membranes [11,12]. It is highly
unlikely that a mild detergent treatment in the purification procedure
has a negative effect on the crystallinity, as the ordered PSII arrays have
been observed before in detergent treated samples, including the recent
tomography data [10]. However, such crystalline domains usually
occupy only a small part of all grana membranes [10,11,13] and their
presence is mostly a matter of lateral segregation within the densely
packed membranes [3]. Although in these particular membranes the
distribution and orientation of PSIl complexes is seemingly random, the
fitting indicates there is some preference for a parallel alignment
(Fig. 4), which is in line with statistical analysis of AFM data [9].

4.3. Architecture of the granal stacks by cryo electron tomography

The total folding of the grana membrane remains certainly an
intriguing question to address by any microscopy technique. In our
study, we could not address the question of the complete architecture of
the granal thylakoids by using cryo electron tomography because the
Spinacea chloroplasts turned out to be just too thick to image them as

entities. Therefore, we compromised with working on thin grana stacks
from disrupted chloroplasts. The use of detergent in our experiments led
to removal of stroma thylakoids, which made it impossible to reconstruct
how the grana membranes interconnect the unstacked stroma mem-
branes. Disruption probably also lead to an alteration of membrane
stacking and thus to variation in the distances between the different
membranes (Figs. 2 and 5), as is evident from other studies [43].

Nevertheless, tomographic reconstructions on the thinner moiety of
grana stacks revealed that many grana discs consist of two concentri-
cally folded membranes, which form a sac with four layers (Figs. 1, 2
and 5), although some thicker ones were also observed. Densities of PSII
core complexes were clearly resolved in all four membrane layers with
no obvious sign for a higher ordered organization (Fig. 1 and 4, see
below for a discussion). Crucial for a thorough examination of the
overall thylakoid structure is the fact that the stroma and lumen sides of
the membrane could be established from the PSII orientation, which was
derived from 3D analysis of PSII sub-volumes selected from individual
membrane layers. 3D analysis clearly indicated that the two folded
membranes are facing each other from their lumen sides as illustrated in
our schematic models (Fig. 5A,B). The thickness of the lumen space was
found rather constant, in a range of 14-16 nm, which is in a range
reported for thylakoid membranes isolated from dark adapted plants
[3]. In contrast, the dimension of the stroma space was found rather
variable (Figs. 2C and F; 5A). Considering the dimensions of the oxygen
evolving complex (about 5nm in a direction perpendicular to the
membrane plane), there is no spatial restriction for the distribution of
PSII complexes in the adjacent layers. Thus, under applied experimental
conditions, a juxtaposition of PSII complexes is also possible. A smaller
distance is not expected simply due to the presence of the novel
densities on top of the LHCII trimers. Only in the absence of such
densities, the PSII supercomplexes would have the possibility to
approach closer, as claimed in [10].

Tomographic data further indicate that in the margins of the grana
discs the pair of membranes is separated by only 3-4 nm (Figs. 1 and 5)
and free of PSII complexes, a firm proof for the hypothesis that the
margins are free from the major proteins involved in the light reactions
in photosynthesis [3].

The appearance of crystalline arrays, discussed in Section 4.2, is
often within two adjacent layers [11,12]. In previous studies, it was
found that PSII complexes from two such layers with semi-crystalline
arrays also show preferential orientations in their interaction in the
stroma [11,12]. This was also confirmed by recent tomography study
[10], where it was discussed that electrostatic interactions of LHCII
trimers are responsible for this. The 3D data of Fig. 3A allow us to see
trends in the lateral distribution of PSII protein complexes of four
intact layers. The interaction of PSII complexes of the layers separated
by the narrow stromal space (Fig. 2C) could, in principle, also be
specific. The current data, however, do not show any obvious relation
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Fig. 5. Scheme of the stacking of membranes in two reconstructed granal stacks of different thickness. The same stacks are presented in Fig. 2. The stroma and lumen sides of the
membranes were established from the orientations of the PSII complexes in sub-volumes as indicated in the picture; the C,S,M, supercomplexes are depicted on scale. (A) schematic
representation of the granal stack from Fig. 2A. (B) schematic representation of the granal stack from Fig. 2B. The box at the right indicates that the membranes were locally not

continuous.
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in orientation of PSII complexes from adjacent layers. Apparently, the
interaction of single PSII complexes, randomly distributed in grana
membranes is different from stacked semi-crystalline arrays.

4.4. Conclusions and outlook

Combination of cryo electron tomography on intact ice embedded
samples with 3D analysis of sub-volumes clearly represents a powerful
approach for structural studies close to native conditions. It can reveal
novel structures of transient and unstable assemblies, which have not
been observed before in studies of isolated protein complexes obtained
even under optimized conditions. Our tomography data provide the
most detailed information on PSII within grana membranes until now.
But further investigation of more intact grana stacks is necessary to
disclose the nature and formation of their architecture, which will
extend our current and simplified views [3,18-20]. In the future, it
should be technically feasible to record tomography data on complete
chloroplasts at a resolution as provided here, which was performed with
current best technology. It should be performed on already existing
microscopes equipped with a higher acceleration voltage than the
300 kV applied here to be able to penetrate thicker samples. A more
crucial factor necessary to get the good resolution is the use of a direct
electron counting camera [44], instead of current CCD camera
technology, expected to become available in 2011 and to have a 10x
better performance. Thus it may be possible to provide an improved
view on grana stacks with interconnected stroma membranes which
may lead to refined models of how green plant photosynthesis is carried
out at the membrane level.

Supplementary materials related to this article can be found online
at doi:10.1016/j.bbabio.2010.11.007.
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Arabidopsis Mutants Deleted in the Light-Harvesting Protein
Lhcb4 Have a Disrupted Photosystem Il Macrostructure and
Are Defective in Photoprotection
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The role of the light-harvesting complex Lhcb4 (CP29) in photosynthesis was investigated in Arabidopsis thaliana by
characterizing knockout lines for each of the three Lhcb4 isoforms (Lhcb4.1/4.2/4.3). Plants lacking all isoforms (koLhcb4)
showed a compensatory increase of Lhcb1 and a slightly reduced photosystem II/I ratio with respect to the wild type. The
absence of Lhcb4 did not result in alteration in electron transport rates. However, the kinetic of state transition was faster in
the mutant, and nonphotochemical quenching activity was lower in koLhcb4 plants with respect to either wild type or
mutants retaining a single Lhcb4 isoform. KoLhcb4 plants were more sensitive to photoinhibition, while this effect was not
observed in knockout lines for any other photosystem Il antenna subunit. Ultrastructural analysis of thylakoid grana
membranes showed a lower density of photosystem Il complexes in koLhcb4. Moreover, analysis of isolated super-
complexes showed a different overall shape of the C5S, particles due to a different binding mode of the S-trimer to the core
complex. An empty space was observed within the photosystem Il supercomplex at the Lhcb4 position, implying that the
missing Lhcb4 was not replaced by other Lhc subunits. This suggests that Lhcb4 is unique among photosystem Il antenna

proteins and determinant for photosystem Il macro-organization and photoprotection.

INTRODUCTION

Oxygenic photosynthesis is performed in the chloroplast by a
series of reactions that exploits light as an energy source to fuel
ATP and NADPH production for CO, fixation and synthesis of
organic compounds. Light harvesting is the primary process
in photosynthesis and consists of absorption of photons by
an array of hundreds of chlorophylls (Chls) organized into pho-
tosystems. Excitons are transferred among Chls and to the
reaction center (RC), where charge separation occurs. In photo-
system Il (PSII), electrons are transferred to the quinonic accep-
tor plastoquinone (PQ), leading to charge accumulation in the
oxygen evolving complex and water splitting (Nelson and Ben-
Shem, 2004). RC of PSlI consists of the D1/D2/cytochrome b559
complex carrying the cofactors for electron transport, which
forms, together with the nearest subunits CP43 and CP47, a core
complex (Ferreira et al., 2004). Core complexes form dimers (Co),
which bind an extended system of nuclear-encoded light-
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harvesting proteins (Lhc), each binding Chl a, Chl b, and xan-
thophylls. Lhcb4 (CP29) and Lhcb5 (CP26) are located near the
core and mediate the binding of a trimeric LHCII antenna com-
plex called LHCII-S (strongly bound). These components form
the basic PSII supercomplex structure, called C,S, (Boekema
et al., 1999), which is the major PSII form found in plants grown
under high light (HL) (Morosinotto et al., 2006; Frigerio et al.,
2007). Under low/moderate light, larger supercomplexes, called
C5S5M,, are formed: one additional monomeric subunit Lhcb6
(CP24) and two LHCII trimers (LHCII-M and LHCII-L, moderately
and loosely bound, respectively) are accumulated to extend the
light-harvesting capacity (Melis 1991; Ballottari et al., 2007). In
Arabidopsis thaliana, single genes encode Lhcb5 (CP26) and
Lhcb6 (CP24) subunits, while Lhcb4 (CP29) is encoded by three
highly conserved genes. Lhcb4.1 and Lhcb4.2 are similarly
expressed, while the level of the Lhcb4.3 messenger is 20 times
lower under control conditions (Jansson, 1999). The polypeptide
encoded by Lhcbh4.3 is predicted to lack a large part of the
C-terminal domain, a peculiar feature of Lhcb4.1 and Lhcb4.2
isoforms, leading to the suggestion of renaming it as Lhcb8
(Klimmek et al., 2006).

A remarkable property of the antenna system is the ability to
actively regulate PSII quantum efficiency to avoid the damaging
effects of excess light. Indeed, under constant moderate light
conditions, the efficiency of energy conversion is high, due to
photochemical reactions. On the other hand, fluctuations of
light intensity/temperature/water availability may yield into the
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excitation of PSII over the capacity for photochemical quenching
of Chl singlet excited states ('ChI*). The consequent lifetime
increase enhances the probability of Chl triplet (3ChI*) formation
by intersystem crossing and yields into single oxygen ('Oy)
production (Melis, 1999). Since formation of 3Chl* is a constitu-
tive property of Chls (Mozzo et al., 2008), photoprotection
mechanisms are activated to prevent damage and improve
fitness in the ever-changing environment experienced by plants.
Safety systems have evolved to either detoxify the reactive
oxygen species (ROS) (Asada, 1999) or to prevent their formation
(Niyogi 2000) by (1) downregulating 'Chl* lifetime through the
process of nonphotochemical quenching (NPQ) that dissipates
excess excited states into heat (Horton 1996); (2) by quenching
3Chl*; and (3) by scavenging ROS. Sustained overexcitation is
counteracted by the long-term reduction of PSII antenna size
(Anderson, 1986). Additional regulation is activated in limiting
light conditions by transferring LHCII complexes between pho-
tosystems, which balances excitation delivery to photosystem |
(PSI) and PSII (Allen, 1992; Haldrup et al., 2001).

The conservation of the different Lhcb gene products through
evolution suggests each has a specific functional role, which,
however, is not yet fully clarified. Two major approaches have
been used to this aim: namely, the analysis of individual gene
products either purified from thylakoids (Bassi et al., 1987;
Caffarri et al., 2001) or recombinant (Caffarri et al., 2004;
Formaggio et al., 2001) and reverse genetics, by which plants
lacking one or more Lhcbs have been produced and character-
ized (Andersson et al., 2001; Kovéacs et al., 2006; de Bianchi et al.,
2008; Damkjaer et al., 2009). These studies have provided
evidence for differential roles of LHCIl components (Lhcb1-3)
with respect to monomeric subunits (Lhcb4-6). Antisense lines of
Arabidopsis devoid of Lhcb1+2 (Ruban et al., 2003) showed a
reduced fitness for plants grown in the field, while only minor
differences were observed for growth rate, PSII quantum yield,
photosynthetic rate, and capacity for NPQ in a controlled envi-
ronment (Andersson et al., 2003). Similar considerations apply to
Lhcb3, the major effect of its depletion consisting of a faster
kinetic of state | to state Il transitions (Damkjaer et al., 2009).
More specific effects have been reported for monomeric Lhcb4
and Lhcb5, which have been shown to (1) carry protonatable
(DCCD binding) sites (Pesaresi et al., 1997; Walters et al., 1996);
and (2) undergo conformation changes upon exchange of
violaxanthin (Viola) to zeaxanthin (Zea) in their L2 xanthophyll
binding site (Morosinotto et al., 2002), an important feature since
Zea is synthesized in excess light conditions and correlates with
NPQ (Demmig-Adams et al., 1989). The Zea-dependent alloste-
ric change was shown to affect the properties of these pigment
proteins, including a decrease in fluorescence lifetime (Crimi
et al.,, 2001; Moya et al., 2001) and formation of carotenoid
radical cations (Ahn et al., 2008; Avenson et al., 2008), suggest-
ing a major role in NPQ. Consistently, koLhcb6 plants exhibited
decreased gE (Kovécs et al., 2006; de Bianchi et al., 2008), while
koLhcbb plants were affected in the slower relaxing component
of NPQ called gl. Other properties of Lhcb proteins, which are
essential for photoprotection, appear to be redundant. In fact,
while the total depletion of Lhcb proteins induces photosensi-
tivity in ch7 mutants (Kim et al., 2009; Dall’Osto et al., 2010), no
individual knockout (KO) lines have shown major impairment in

their capacity to resist HL treatment so far (Ruban et al., 2003; de
Bianchi et al., 2008). Lhcb4 antisense lines showed NPQ kinetics
and amplitude, photosynthetic electron transport rate, and light
sensitivity similar to that of the wild type (Andersson et al., 2001).
However, since this work only employed growth in mild condi-
tions, the question is open for the role of Lhcb4 in photo-
protection. Indeed, the maintenance of Lhcb4, in HL stress
conditions that leads to the reduction of Lhcb6 and LHCII
(Ballottari et al., 2007), suggests that Lhcb4 might be a key
factor in light harvesting and photoprotection. Lhcb4 phospho-
rylation in both monocots (Testi et al., 1996) and dicots (Hansson
and Vener, 2003; Tikkanen et al., 2006) affects the spectral
properties of the protein (Croce et al., 1996) and correlates with
higher resistance to HL and cold (Bergantino et al., 1995; Mauro
et al.,, 1997) and water stress (Liu et al., 2009). Although the
mechanism of this protective effect is unknown, there is evidence
for a link between Lhcb4 and NPQ, since the protein has been
identified as an interaction partner of PsbS (Teardo et al., 2007),
the pH-dependent trigger of gE (Li et al., 2000), and it is part of a
pentameric complex whose dissociation is indispensable for the
establishment of NPQ (Betterle et al., 2009). Finally, two Chl
ligands in Lhcb4 have been identified as components of the
quenching site, which catalyzes the formation of a xanthophyll
radical cation (Holt et al., 2005; Avenson et al., 2008).

In this work, we constructed KO mutants for Lhcb4 isoforms in
Arabidopsis and analyzed their performance in photosynthesis
and photoprotection. PSIl quantum efficiency and capacity for
NPQ were affected by lack of Lhcb4, and, unlike that of any other
Lhcb subunit, the capacity of resisting excess light conditions
was affected. Although depletion of Lhcb subunits is usually
complemented by the overaccumulation of other members of the
subfamily (Ruban et al., 2003; de Bianchi et al., 2008), this is not
the case for Lhcb4 and PSIl supercomplexes isolated from
koLhcb4 that although they retained their C,S, organization, they
lacked Lhcb4. This caused a different mode of binding of LHCII-S
trimer within the PSIl supercomplex and changed the overall
shape of the C,S, particle. Deletion of either Lhcb4.1 or Lhcb4.2
yielded into a compensatory accumulation of the remaining
subunit; instead, the double mutant koLhcb4.1 4.2 was unable to
accumulate Lhcb4.3. We conclude that Lhcb4 is a fundamental
component of PSII, which is essential for maintenance of both
the function and structural organization of this photosystem.

RESULTS

The construction of a plant without a CP29 complex (hereafter
named koLhcb4) requires the isolation of KO mutants at three
distinct loci, namely, Lhcb4.1, Lhcb4.2, and Lhcb4.3 (Jansson,
1999). We identified koLhcb4.1, koLhcb4.2, and koLhcb4.3
homozygous plants in T-DNA F5 seed pools, obtained from the
European Arabidopsis Stock Centre (NASC), by PCR analysis of
genomic DNA using specific primers (Figure 1A). The triple KO
mutant koLhcb4 was obtained by selection of the progeny from
crossing single mutants. PCR analysis confirmed that all Lhcb4
coding regions carried a T-DNA insertion in both alleles (Figure
1A), while RT-PCR showed that mRNAs encoding Lhcb4 iso-
forms were absent in the mutant (Figure 1B).
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Figure 1. Genetic and Biochemical Characterization of the koLhcb4 Mutant (Triple Mutant for the Three Isoforms of Lhcb4).

(A) Amplification of Lhcb4.1, Lhcb4.2, and Lhcb4.3 loci with allele-specific PCR primers. Top panel: amplification using gene-specific primers. Bands of
1378, 520, and 1046 bp were obtained for the amplification of the Lhcb4.1, Lhcb4.2, and Lhcb4.3 loci, respectively. Bottom panel: amplification using T-
DNA-specific primers. Bands of 685, 661, and 773 bp were obtained for the amplification of Lhcb4.1, Lhcb4.2, and Lhcb4.3 KO loci, respectively.
Details of primer sequences are reported in Methods. WT, wild type.

(B) RT-PCR measurement of gene-specific transcripts. Sequences of the oligonucleotides used are reported in Methods. Top panel: for each gene,
RNA extracted from the wild type and the corresponding mutant was subjected to reverse transcription, followed by 30 cycles of PCR amplification.
Bottom panel: amplification of the housekeeping gene actin2 transcript from the same RNAs used as loading control. M, molecular weight marker. The
expected sizes of the PCR products are as follows: Lhcb4.1, 724 bp; Lhcb4.2, 715 bp; Lhcb4.3, 730 bp; and actin, 384 bp. Each RT-PCR measurement
was repeated three times.

(C) SDS-PAGE analysis of wild-type and koLhcb4 mutant thylakoid proteins performed with the Tris-Tricine buffer system (Schagger and von Jagow,
1987). Selected apoprotein bands are marked. Purified thylakoid sample, corresponding to 15 pg of chlorophylls, was loaded in each lane.

(D) SDS-PAGE analysis performed with the Tris-Tricine buffer system with the addition of 7 M urea to the running gel in order to separate Lhcb4 isoforms
in the Lhcb4 KO mutants. Selected apoprotein bands are marked. Fifteen micrograms of chlorophylls were loaded in each lane.

During the course of this work, two additional lines (N124926
and SK32480) with a T-DNA insertion mapped to the Lhcb4.1
and Lhcb4.2 genes, respectively, became available. Both lacked
the corresponding protein. The lines showed very similar phe-
notypic characteristics to N376476 (koLhcb4.1) and N877954
(koLhcb4.2), respectively. Below, we present data from the
N376476 and N877954 lines, unless otherwise stated.

By screening the F2 generation, it was possible to isolate
double mutants expressing single Lhcb4 isoforms, namely,
koLhcb4.2 4.3 (retaining Lhcb4.1), koLhcb4.1 4.3 (retaining

Lhcb4.2), and koLhcb4.1 4.2 (retaining Lhcb4.3). All of the
isolated genotypes did not show a significant reduction in growth
with respect to the wild type under control light conditions (100
wmol photons m=2 s~1, 24°C, 8/16 day/night). Electron micros-
copy analysis of plastids from mesophyll cells of the wild type
and mutants was performed to test if the thylakoid structure was
changed as an effect of the missing Lhcb (see Supplemental
Figure 1 online). All the mutants showed a membrane organiza-
tion similar to that of wild-type chloroplasts with well-defined
grana, containing approximately six discs per granum, as well as
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similar amounts of grana, stroma lamellae, and end membranes
per plastid (see Supplemental Table 1 online).

Thylakoid membranes isolated from the koLhcb4 mutant
lacked the corresponding gene product (Figure 1C). A better
resolution in the 22 to 35 kD molecular mass range was obtained
using a gel incorporating 7 M urea, which split Lhcb4 into a
doublet in wild-type thylakoids, the upper band corresponding
to Lhcb4.2 as shown by comparison with the pattern from double
KO genotypes (Figure 1D). The gel without urea (Figure 1C) re-
vealed that an additional band with lower molecular mass was
also missing, which corresponded to Lhcb6, as revealed by
immunoblotting (Figures 2A and 2B). The pigment content of the
koLhcb4 mutant did not differ from the wild type in either
chlorophyll content per leaf area or Chl/Car ratio but showed a
significant decrease in the Chl a/Chl b ratio (Table 1).

To determine whether the capacity of the antenna system and
its ability to transfer absorbed energy to RCs was affected by the

mutation, the functional antenna size of PSIl was measured on
thylakoids by estimating the rise time of chlorophyll florescence
in the presence of DCMU and nigericin. No significant differences
were observed in to;3 Fax (See Methods for details) between
koLhcb4 and the wild type (Table 1; see Supplemental Figure 2
online), suggesting that Lhcb4 depletion did not impair the overall
light-harvesting capacity. Analysis of the fluorescence induction
in dark-adapted leaves (Butler and Strasser, 1978) revealed a
higher Fg value and a significant decrease of maximum quantum
efficiency of PSII (F,/F,) in koLhcb4 with respect to the wild type.
Thus, a larger fraction of absorbed energy is lost as fluorescence
in the mutant, implying that the connection between the major
LHCII complex and PSII RC is less efficient in the absence of
Lhcb4 (Table 1). Nevertheless, parameter S./trmax, Which is
used for quantifying PSII electron transport (ET) activity, was
essentially the same in koLhcb4 and the wild type, suggesting
that ET was not limited downstream from Q™ in mutant leaves.
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Figure 2. Polypeptide Composition of Thylakoid Membranes from Wild-Type and koLhcbh4 Mutant.

(A) Immunoblotting used for the quantification of photosynthetic subunits in the wild type (WT) and koLhcb4 thylakoids. Immunoblot analysis was
performed with antibodies directed against individual gene products: minor antenna proteins, the LHCII subunit, the PSII core subunit PsbB (CP47), the
PSI core subunit (PsaA), cytochrome f, and plastocyanin. Thylakoids corresponding to 0.25, 0.5, 0.75, and 1 pg of chlorophyll were loaded for each

sample. All samples were loaded on the same SDS-PAGE slab gel.

(B) Results of the immunotitration of thylakoid proteins. Data of PSIl antenna subunits were normalized to the core amount, PsbB content (Ballottari
et al., 2007), and expressed as a percentage of the corresponding wild-type content. Significantly different values from wild-type membranes are

marked with an asterisk.

(C) Thylakoid pigment-protein complexes were separated by nondenaturing Deriphat-PAGE upon solubilization with a-DM. Thylakoids corresponding

to 25 pg of chlorophylls were loaded in each lane.
[See online article for color version of this figure.]
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Table 1. Chlorophyll Content and Fluorescence Induction Parameters Determined for Leaves of Arabidopsis Wild-Type and koLhcb4 Plants and

Mutants Retaining a Single Lhcb4 Isoform

Genotype Chl a/b Chl/Car ng Chl/cm? Fv/Fm to/3 (MS) Si/tEmax (Ms™7)
Wild type 3.06 = 0.07 3.63 = 0.08 20.7 = 3.0 0.195 + 0.002 0.790 = 0.007 182 £ 6 1.2 = 0.1
koLhcb4 2.83 = 0.06* 3.58 = 0.03 19.0 = 1.1 0.253 *= 0.021* 0.747 = 0.021* 176 =+ 8 1.5+ 0.3
koLhcb4.2 4.3 2.97 = 0.038 3.70 = 0.13 225 *+1.2 0.213 + 0.012 0.796 = 0.004 182 £ 5 1.1 =04
koLhcb4.1 4.3 2.97 = 0.03 3.61 = 0.09 226 = 45 0.231 + 0.012* 0.777 = 0.007* 175 = 11 1.6 = 0.1
koLhcb4.1 4.2 2.83 = 0.09* 3.63 = 0.08 229 =25 0.266 + 0.004* 0.745 + 0.007* 184 £ 6 1.4 +0.2

Data are expressed as mean =+ SD (n > 5); significantly different values (Student’s t test, P = 0.05) with respect to the wild type are marked with an

asterisk.

Organization and Stoichiometry of
Pigment-Protein Complexes

The organization of pigment binding complexes was analyzed by
nondenaturing Deriphat-PAGE upon solubilization of wild-type
and kolLhcb4 thylakoid membranes with 0.7% dodecyl-a-D-
maltoside («-DM). Seven major green bands were resolved
(Figure 2C). In the wild type, the PSI-LHCI complex was found
as a major band (B7) in the upper part of the gel, while the
components of the PSII-LHCII migrated as multiple green bands
with different apparent masses, namely, the PSII core dimer and
monomer (B6 and B5, respectively) and the antenna moieties,
including the Lhcb4-Lhcb6-LHCII-M supercomplex (B4), LHCII
trimer (B3), and monomeric Lhcbs (B2). Four faint green bands
with high apparent molecular mass, which contained undissoci-
ated PSII supercomplexes of different LHCIl composition, were
detected in the upper part of the gel (B8). The major differences
detected in koLhch4 with respect to the wild type were the lack of
B4 and a reduced level of PSII supercomplexes. Densitometric
analysis of the Deriphat-PAGE showed a higher PSI/PSII ratio in
the koLhcb4 mutant (1.38 *= 0.11) with respect to the wild type
(1.04 = 0.03).

To detect possible alterations in the relative amount of protein
components of the photosynthetic apparatus, we determined
the stoichiometry of several subunits by immunoblotting titration
using CP47 (PsbB) as an internal standard (Ballottari et al., 2007).
KoLhcb4 plants lacked both Lhcb4 and Lhcb6 proteins (Figure
2A), while there was a 30% increase in Lhcb1 (Figure 2B) with
respect to the wild-type level. The other pigment-protein com-
plexes, as well as cytochrome (cyt) f and plastocyanin, were
present in wild-type amounts. A slight but significant increase in
PsaA content in koLhcb4 compared with the wild type (Figure 2A)
was detected.

We also analyzed the Lhc protein composition in double
mutants expressing individual Lhcb4 isoforms (Figure 1D; see
Supplemental Table 2 and Supplemental Figure 3 online). The
koLhcb4.2 4.3 mutant retained 87% of wild-type Lhcb4 levels,
while koLhcb4.1 4.3 had a significantly lower amount of Lhcb4
(59%) with respect to the wild type (see Supplemental Table 2
online). The koLhcb4.1 4.2 mutant did not show any band with
mobility similar to Lhcb4.1 and Lhcb4.2 (Figure 1D). Neverthe-
less, the Lhcb4.3 gene product is expected to have a molecular
mass significantly lower than the 0.1 and 0.2 isoforms. Therefore,
we cannot exclude that it migrates together with the bulky LHCII
band. Immunoblotting analysis also revealed that the level of

Lhcb6 polypeptide underwent changes in agreement with the
amounts of Lhcb4.1 + Lhcb4.2 protein. In the koLhcb4.1 4.2
mutant, Lhcb6 was not detectable (see Supplemental Table 2
online).

Photosynthesis-Related Functions: ET Rate, State
Transition, and P700 Redox State

Since pigment-protein complexes participate in modulating ET
between photosystems, PSIl and PSI function during photosyn-
thesis was further analyzed by chlorophyll fluorometry. KoLhcb4
showed no significant differences with respect to wild-type
plants either in the linear electron flow (LEF) or in the Qp redox
state (gL), as measured at different light intensities in the pres-
ence of saturating CO, on leaves (Figures 3A and 3B), thus
indicating no limitations in photosynthesis downstream of PSII.
This was further confirmed by measuring rates of O, evolution in
CO,-saturating conditions: no significant reduction in the quan-
tum yield of photosynthesis was observed in koLhcb4 versus
wild-type plants at any of the light intensities used (Figure 3C).

The capacity for state transitions (Allen, 1992) was measured
from the changes in chlorophyll fluorescence on leaves (Jensen
et al., 2000). The final amplitude of the state transitions (qT) after
a 15-min illumination was the same in both genotypes (0.091 =
0.002 and 0.091 = 0.006, respectively, in the wild type versus
koLhcb4) (Figures 3D and 3E). However, the kinetic of the
transition from state | to state Il upon switching off far-red light
was 3 times faster in koLhcb4 (half-time = 71 + 5 s) with respect
to the wild type (half-time = 204 = 17 s) (Figures 3D and 3E).
Furthermore, it was observed that the switching on of far-red
light produced a sudden decrease of fluorescence intensity in the
wild type but not in koLhcb4. In fact, fluorescence level in the
latter was already very low, consistent with a faster reoxidation of
the PQ pool in koLhcb4 with respect to the wild type under low-
intensity blue light.

Fluorescence induction analysis on intact leaves showed a Fg
value up to 40% higher in koLhcb4 versus the wild type, implying
the absence of Lhcb4 caused a lower efficiency in energy
transfer between LHCII and PSII RC (Table 1). Photosynthetic
electron flow through PSI during steady state photosynthesis in
vivo was measured from the dependence of the P700+/total
P700 ratio on intensity of PSI+PSII light (\ = 630 nm; Figure 3F). In
the wild type, this value approached saturation level at >1000
pwmol photons m~—2s~1. In koLhcb4, the saturation was observed
already at 600 wmol photons m=2 s=1, which implies a higher
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Figure 3. Characterization of Photosynthetic Electron Flow in Wild-Type and koLhcb4 Plants.

(A) Dependence of the LEF rate on light intensity in wild-type (WT) and koLhcb4 leaves. LEF rate is calculated as ¢ps)'PAR-Acar-fractionps (see
Methods for details).

(B) Photosynthetic oxygen evolution in saturating CO,. Rate of oxygen evolution was measured on whole leaves during illumination with various levels of
actinic red light.

(C) Amplitude of gL measured at different light intensities on wild-type and koLhcb4 leaves. gL reflects the redox state of the primary electron acceptor
Qa, thus, the fraction of open PSII centers.

(D) and (E) Measurement of state |-state Il transition in the wild type (D) and koLhcb4 (E). Upon 1-h dark adaptation, plants were illuminated with blue
light (40 wmol photons m—2 s—*, wavelength <500 nm) for 15 min to reach state Il. A far-red light source was then superimposed on the blue light to
induce a transition to state I. Values of F,,, F,,,, and F,,,’" were determined using light saturation pulses (4500 wmol photons m—2s—1, 0.6 s). a.u., arbitrary
units.

(F) and (G) Dependence of the P700 oxidation ratio (AA/AAmax) on light intensity. AA/AAax Was measured on wild-type and koLhcb4 leaves at varying
actinic intensities, exciting either PSIl + PSI (\ = 630 nm; [F]) or PSI only (\ = 730 nm; [G]).



functional antenna size of PSlin mutant leaves. To investigate the
origin of this difference, cyclic electron flow (CEF) was deter-
mined by following (1) the rereduction of P700* at 705 nm, upon
far-red saturating flashes, on leaves infiltrated with DCMU (see
Supplemental Figure 4A online) and (2) the relationship between
LEF and the steady state proton flux across the thylakoid
membrane (vy,; see Supplemental Figure 4B online). The fast
decay component of P700*, which has been attributed to CEF,
was the same in both the wild type and koLhcb4, as well as the
dependence of vy, to LEF. Redox kinetics of cyt bg reduction and
of cyt f oxidation (see Supplemental Figure 4C online) confirmed
that both PQ diffusion and cyt bef activities were not significantly
affected in koLhcb4 plants, thus ruling out the possibility that less
efficient diffusion of PQ or plastocyanin, or altered activities of
the cyt bef complex, could account for the faster P700 oxidation.
Analysis of the functional antenna size of PSI, measured by the
rate coefficient of P700 oxidation in steady far-red light following
a saturating flash, did not reveal any difference between the
two genotypes (see Supplemental Figure 4D online). To further
investigate this point, P700 redox state was measured using PSI
light (actinic far red, A = 720 nm) rather than PSI+PSlII light. The
difference in P700 oxidation rate between wild-type and mutant
leaves disappeared once measured with far-red light (Figure 3G),
implying that PSIl components contribute to increase PSI an-
tenna size in koLhcb4. To verify this suggestion, we investigated
the distribution of Chl b and Chl a absorption forms contributing
to PSI and PSII excitation by 77K chlorophyll fluorescence
spectroscopy. Wild-type and koLkcb4 leaves were either dark
adapted or illuminated for 5 min (500 wmol photons m—2 s~ 1,
room temperature), upon which they where rapidly frozen in
liquid nitrogen and grounded in a cooled mortar, diluted to 0.05
absorption units with cold buffer containing 5 mM Mg?+, and
finally frozen to 77K. Supplemental Figure 5A online shows the
emission spectra from dark-adapted versus light-treated wild-
type samples. A small increase in the amplitude of the 685-nm
emission peak, from PSI| versus the 735-nm peak from PSI was
obtained upon illumination, a behavior likely due to a completion
of the transition to state I. lllumination of koLhcb4 leaves, instead,
yielded an opposite effect, with a decreased amplitude of the
PSII emission peak (see Supplemental Figure 5B online). Con-
sistently, excitation spectra for the PSI| emission (735 nm) clearly
show that, while the Chl b contribution is essentially the same in
dark- versus light-treated wild type, it is increased in the mutant,
implying an enhanced LHCII contribution to PSI (see Supple-
mental Figures 5C and 5D online).

NPQ of Chlorophyll Fluorescence

Thermal energy dissipation is a major photoprotection mecha-
nism in plants. Although a quenching component has been
localized in PSII core (Finazzi et al., 2004), most quenching acti-
vity was associated to the antenna system (Horton and Ruban,
2005; Havaux et al., 2007). In a previous work (Betterle et al., 2009),
we observed that the koLhcb4 mutant, among other KO mutants
for Lhcb genes, cannot assemble the CP29-CP24-LHCII complex
(B4C), whose dissociation is essential for triggering of NPQ. Here,
we focus on the elucidation of the mechanistic role of Lhcb4 in
NPQ and photoprotection. The NPQ activity of koLhcb4 plants is
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shown in Figure 4A. Upon exposure of the wild type to saturating
light intensity (1200 wmol photons m=2s~1, 24°C), NPQ showed a
rapid rise to 1.4 in the first minute followed by a slower raise,
reaching a value of 2.3 after 8 min. Induction of NPQ in koLhch4
was slower (0.7 att = 1 min) and reached a lower amplitude (1.6 at
t = 8 min). Recovery in the dark was faster and wider in koLhcb4
compared with the wild type (Figure 4A), as previously shown
(Betterle et al., 2009). NPQ activity of koLhcb4 reached the wild-
type level upon longer light treatment (25 min). When a second
illumination period was applied (Figure 4B), the delay in NPQ rise
was reduced, while dark recovery was still faster in koLhcb4. It
should be noted that Zea synthesis had the same kinetic in the wild
type and koLhcb4 (Figure 4C), implying that the delayed NPQ
onset was not due to a delayed Zea synthesis.

We also investigated whether the three Lhcb4 isoforms had
the same activity in NPQ by analyzing the kinetic of NPQ rise in
double mutants retaining one single Lhcb4 gene. The results
reported in Figure 4D show that mutants conserving the Lhcb4.1
gene had slightly faster onset of NPQ than the wild type, while
those retaining Lhcb4.2 gene were unable to reach the final NPQ
level of wild-type plants. Mutant plants retaining only Lhcb4.3
behaved like koLhcb4. The faster fluorescence recovery ob-
served in koLhcb4 compared with the wild type is present in the
mutants retaining only Lhcb4.2 or Lhcb4.3 genes, whereas
mutant retaining Lhcb4.1 recovered with the slower wild-type
kinetic.

Photosensitivity under Short- and Long-Term
Stress Conditions

Treatment of plants with strong light produces photoxidative
stress, whose severity is enhanced by low temperature. Under
these conditions, enhanced release of 'O, leads to bleaching of
pigments, lipid oxidation, and PSIl photoinhibition, which is
accompanied by a decrease in F,/F,, (Zhang and Scheller,
2004). The sensitivity to photoxidative stress of wild-type and
Lhcb4-depleted plants was assessed upon transfer from control
conditions to HL + low temperature (500 umol photons m=2s~1,
4°C). The level of F,/F,, was monitored for 2 d (Figure 5A). In wild-
type plants, the F,/F,, parameter gradually decreased from 0.8
to 0.35 during the treatment, while in koLhcb4 plants, the
decrease was stronger, reaching a value of 0.15 at the end of
the treatment. As a reference, we compared the photosensitivity
of different antenna mutants, namely, koLhcb5/Lhcb6, koLhcb3,
and LHCII antisense plants (asLHCII). Interestingly, mutants
lacking antenna components other than Lhcb4 showed the
same level of photoinhibition as wild-type plants, implying that
Lhcb4 is the only antenna component indispensable for full
level of photoprotection under photoxidative stress (Figure 5A).
Measurements of F,/F., recovery after photoinhibitory treat-
ment (see Supplemental Figure 6 online) clearly showed that
wild-type and koLhcb4 leaves had the same capacity of PSII
quantum efficiency recovery, implying that a higher photosen-
sitivity of mutant plants is due to a less effective photoprotec-
tion rather than to impaired PSII repair mechanism (Aro et al.,
1994). Loss of Lhcb4 caused a decrease in PSIl quantum yield
(Figure 5A) that could be caused either by damage of the PSII
core complex or by an incomplete excitation transfer to PSlI
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Figure 4. Kinetics of the Formation and Relaxation of Photoprotective Energy Dissipation.

(A) Measurements of NPQ kinetics on wild-type (WT) and koLhcb4 leaves illuminated with 1200 wmol photons m—2 s, 24°C.

(B) NPQ kinetics of wild-type and koLhcb4 plants during two consecutive periods of illumination with white light (1200 wmol photons m=2 s=1, 25 min,
24°C) with an 18-min period of darkness in between, as indicated by the white and black bars.

(C) Time course of Viola deepoxidation in wild-type and koLhcb4 plants. Leaf discs from dark-adapted leaves were illuminated at 1200 wmol photons
m~—2 s~1, 24°C (white actinic light). At different times, discs were frozen in liquid nitrogen and total pigments extracted before HPLC analysis.

(D) NPQ kinetics of the wild type, koLhcb4, and mutants retaining single Lhcb4 isoforms. The expression of the isoform Lhcb4.1 (koLhcb4.2 4.3) leads to
complete compensation of the NPQ phenotype of koLhcb4; instead, the expression of the Lhcb4.2 isoform partially recovered the quenching ability in
the first minutes of induction; nevertheless the mutant failed to fully match the wild type quenching capacity within 8 min of illumination. The presence of
the Lhcb4.3 gene did not contribute to NPQ activity. Symbols and error bars show means = sD (n > 3).

RC. To provide a more complete characterization of the photo-
damage, leaf discs from the wild type and koLhcb4 were
submitted to HL + cold stress (1500 wmol photons m—2 s,
4°C) and the time course of pigment photobleaching and lipid
peroxidation was measured (Figures 5B and 5C). Analysis
indicates that chlorophyll bleaching was faster and malondial-
dehyde (MDA) production was higher in koLhcb4 with respect
to wild-type leaves, implying a higher level of lipid peroxidation
(Havaux et al., 2005). Photodamage can be caused by the
production of ROS, including singlet oxygen ('O,) (Triantaphylides
et al., 2008). To identify if this species was involved in the

preferential photodamage of koLhcb4, we quantified produc-
tion of 0, directly in wild-type and koLhcb4 leaves using
vacuum-infiltrated '0,-specific probe (see Methods for de-
tails). After illumination with strong light at 4°C, koLhcb4 leaves
clearly showed a significantly higher release of singlet oxygen
compared with the wild type (Figure 5D).

An interesting question is whether the different Lhcb4 isoforms
have a specific importance in photoprotection. We measured the
level of PSII photoinhibition on KO mutants retaining individual
Lhcb4 genes. Plants retaining either Lhcb4.1 or Lhcb4.2 showed
a wild-type level of resistance to HL + cold stress, while those
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Figure 5. Photooxidation of Arabidopsis Wild Type and koLhcb4 Mutant Exposed to HL and Low Temperature.

(A) PSII photoinhibition (F,/F,, decay) was followed in the wild type (WT), koLhcb4, and antenna-depleted mutant (koLhcb5 Lhcb6, koLhcb3, and LHCII
antisense) plants, treated at 550 wmol photons m—2 s=7, 4°C for 30 h with a 6-h period of low light (20 wumol photons m—2 s—) between the 12 h of HL

stress; low-light interval permitted the PSII efficiency recovery.

(B) and (C) Detached leaves floating on water were treated at 1500 pmol photons m—2 s—* at 4°C, and kinetics of chlorophyll bleaching (B) and MDA

formation (C) were recorded.

(D) Wild-type and mutant detached leaves were vacuum infiltrated with 5 .M SOSG, a 'O,-specific fluorogenic probe. SOSG increases its fluorescence
emission upon reaction with singlet oxygen. The increase in the probe emission was followed with a fiber optic on the leaf surface during illumination

with red actinic light (550 pmol photons m—2 s—7) at 4°C. a.u., arbitrary units.

retaining the Lhcb4.3 gene (koLhcb4.1 4.2 mutant) were similar
to koLhcb4 (Figure 6). More detailed analysis was performed
after 3 and 8 d of treatment by determining the leaf chlorophyll
content, a target of photoxidative stress. Mutants koLhcb4 and
koLhcb4.1 4.2 underwent a significant reduction of leaf chloro-
phyll content (Table 2), while mutants retaining either Lhcb4.1 or
4.2 did not show this effect. This indicates that a compensatory
accumulation of Lhcb4.1 or 4.2 isoforms can restore photo-
protection to the wild-type level. Interestingly, the presence of
wild-type alleles of Lhcb4.3 as the only Lhcb4 isoform did not
restore photoprotection, thus prompting us to get further insight
into the Lhcb4.3 expression. We investigated accumulation of
the Lhcb4.3 isoform upon several stress conditions, namely, (1)
500 wmol photons m=2 s~1, 4°C for 2 d; (2) 900 umol photons

m~—2s~1,4°C for 10 d; and (3) 1600 pmol photons m~2s~1, 24°C
for 10 d. At the end of these treatments, thylakoids were isolated
from the wild type, koLhcb4, and koLhcb4.1/4.2 and analyzed by
SDS-PAGE/immunoblotting using a polyclonal antibody. Under
all experimental conditions, no Lhcb4 immune-reactive bands
were detected in the koLhcb4.1 4.2 sample from all the tested
conditions. In order to verify that our antibody was indeed able to
detect Lhcb4.3, the three recombinant apoproteins were as-
sayed by the anti-Lhcb4 antibody and were recognized with the
same efficiency (see Supplemental Figure 7 online). Based on
these experiments, we conclude that plants retaining the
Lhcb4.3 gene only were unable to accumulate the encoded
protein to a significant level in the conditions explored in this
work.
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Figure 6. Photoinhibition of the Wild Type and Mutants Retaining a
Single Lhcb4 Isoform Exposed to HL and Low Temperature.

Kinetics of F,/F,, decay were measured on the wild type (WT), koLhcb4,
koLhcb4.1 4.2, koLhcb4.1 4.3, and koLhcb4.2 4.3. Whole plants were
treated as described for Figure 5A.

Role of the Zea-Lhcb4 Interaction in Long-Term Membrane
Lipid Photoprotection

Earlier work has shown that Lhcb4 exchanges Viola with Zea
both in vitro (Bassi et al., 1997; Morosinotto et al., 2002) and in
vivo upon HL treatment (Bassi et al., 1993), which leads to an
increased activity of several photoprotection mechanisms, in-
cluding ROS scavenging, improved Chl triplet quenching (Mozzo
et al., 2008), and formation of carotenoid radical cations (Holt
et al., 2005; Avenson et al., 2008). In order to investigate the role
of Zea on Lhcb4-dependent photoprotection, koLhcb4 was
crossed with npq7 and selected a genotype lacking both the
capacity of producing Zea and Lhcb4. The level of stress caused
by HL + cold treatment in the wild type, npq1, koLhcb4, and
koLhcb4 npg1 was measured from the extent of lipid peroxida-
tion detected by thermoluminescence (TL) (Ducruet and Vavilin,
1999). Figure 7 shows plots of TL amplitudes at different time
points during exposure of leaf discs to HL stress (800 pmol
photons m—2 s~1, 4°C). In koLhcb4 genotypes, HL treatment
produced higher levels of lipid peroxidation with respect to the
wild type, while npq1 behavior was intermediate. Experimental
points were fitted using a first-order exponential function (Y = A
ebX), and the resulting equations were used to obtain the differ-
ential effect of Zea in the presence or absence of Lhcb4 (Figure 7,

inset). Clearly, a much stronger differential effect of the npg1
mutation was observed in koLhcb4 versus the wild type back-
ground, implying that photoprotection mediated by Lhcb4 is
enhanced in the presence of Zea.

Structural Analysis of Isolated Grana Membranes

The above results suggest that the koLhcb4 mutant was more
strongly affected than genotypes lacking other components of
the PSII antenna system. Previous work with koLhcb6 (koCP24)
(Kovéacs et al., 2006; de Bianchi et al., 2008) and koLhcb3
(Damkjaer et al., 2009) has shown that mutations in members of
the Lhcb subfamily can affect the macro-organization of PSII
supercomplex and PSll-associated regulatory functions. To ver-
ify whether a structural effect was induced by lack of Lhcb4, we
analyzed both the organization of PSIl supercomplexes in grana
membranes and isolated PSIl supercomplexes by transmission
electron microscopy and single particle analysis. Grana mem-
branes from wild-type and koLhcb4 plants exhibit randomly
distributed tetrameric stain-excluding particles, corresponding
to the PSII-OEC complexes exposed on the luminal surface of
dimeric PSIlI core complexes (Figures 8A and 8B) (Boekema
et al., 2000; Betterle et al., 2009). In case of the wild type, a
density of PSIl complexes in the grana membrane was ~1.5 PSl|
per 1000 nm? (Figure 8B). Samples from koLhcb4 were clearly
different (Figure 8A), being characterized by a wider spacing of
the tetrameric particles (0.9 PSII particles per 1000 nm?3). To
further investigate how the lack of Lhcb4 affects the structure of
PSIlI supercomplex, purified PSIl supercomplexes were analyzed
by single-particle analysis. To this aim, freshly isolated thylakoids
were mildly solubilized with 0.3% «-DM followed by rapid
fractionation by gel filtration (Damkjaer et al., 2009). The first
eluted fractions, containing membrane fragments and PSII
supercomplexes, were analyzed by electron microscopy. Single
projections of PSIl supercomplexes images, identified on the
basis of their shape as determined by earlier work (Caffarri et al.,
2009), were collected and subjected to image analysis, including
translational and rotational alignments, multivariate statistical
analysis, and averaging of homogeneous classes. Figure 8C
shows the average projection map from a set of 1024 projections
of C,S, supercomplexes from plants lacking Lhcb4. Clearly, the
projection map is rather similar to the projection map of the wild-
type C,S, supercomplex (Figure 8E). In both genotypes, typical
features of the core complex were resolved, together with the
S-trimer within the peripheral antenna. However, a detailed
comparison between the complexes from koLhcb4 (Figures 8C
and 8D) and from the wild type (Figure 8E) (adopted from
Boekema et al., 2000) showed a different mode of binding of

Table 2. Chlorophyll Content of the Wild Type and Lhcb4 Mutants upon 3 and 8 d of Stress (900 wmol Photons m—2 s—1, 4°C)

Days of Stress Wild Type koLchb4 koLhcb4.2 4.3 koLhcb4.1 4.3 koLhcb4.1 4.2
0 21.7 = 2.86 19.5 = 0.16 225 1.2 215 = 21 222 + 26
3 19.1 £ 0.7 16.5 = 1.6~ 18.9 + 2.6* 17.7 £ 0.9 17.2 £ 1.47
8 20.3 £ 22 18.7 = 1.7* 19.7 £ 2.0 18.1 =23 15.8 = 1.8*

Data are expressed as mean = SD (n = 5); for each genotype, significantly different values (Student’s t test, P = 0.05) with respect to ty are marked with

an asterisk.
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Figure 7. Kinetics of Lipid Peroxidation of Arabidopsis Detached Leaves
Exposed to HL Stress.

Wild-type, npq1, koLhcb4, and koLhcb4 npq1 mutant leaves floating on
water were exposed to HL (800 wmol photons m—2 s~', 4°C), and
photooxidation was estimated from the extent of lipid peroxidation
measured by high-temperature TL. Each experimental point corre-
sponds to a different sample. The kinetic of oxidized lipid accumulation
was described by fitting the data set with first-order exponential func-
tions: differential kinetics npg7-wild type (WT) and koLhcb4 npqi1-
koLhcbh4 were calculated on the basis of the first-order exponential
functions obtained by fitting experimental points (error bars, 95% con-
fidence level). a.u., arbitrary units.

the S-trimer to the core complex and, thus, a different overall
shape of the C,S, particles. In addition, electron density, at the
position where Lhcb4 binds in wild-type C,S, particles, is less
evident but still present in koLhcb4; however, the space between
the core complex and LHCII-S seems to be too small to accom-
modate an Lhcb subunit, suggesting it could represent a lipid-
filled area. The simplest way to interpret this result is that PSII
supercomplex associates in the absence of Lhcb4 leading to a
reorganization of the overall shape of the particle with partial
occlusion of the Lhcb4 area and bending of the LHCII-S mass
toward the CP47 complex of the core. To verify this hypothesis,
we determined the polypeptide composition and relative
amounts in the PSII particles from the wild type versus koLhcb4.
Grana membranes from wild-type and mutant plants were sol-
ubilized with low a-DM concentration (0.3%) and fractionated by
nondenaturing Deriphat-PAGE (see Supplemental Figure 8A
online), yielding a pattern superimposable to that previously
reported (Caffarri et al., 2009). Fractions containing the C.S,M
(Band 10) and C,S,M, (Band 11) supercomplexes were still
detectable in koLhcb4, albeit their amounts were reduced com-
pared with the wild type (14 and 9% of C>S,M and C,SoMy). We
chose to analyze C,S,M supercomplexes (Band 10) since this
fraction is homogeneous while fractions with higher mobility
contain more comigrating complexes (Caffarri et al., 2009) (see
Supplemental Figure 9 online). Band 10, and other bands used as
a reference, were eluted from the gel and their protein compo-
sition was determined by SDS-PAGE, quantitative protein gel
blotting analysis, and densitometry (see Supplemental Figures
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8B to 8D online). In the C>S,M supercomplex (Band 10) from the
wild type, polypeptides of PSIlI core were found along with
Lhcb4, Lhcb5, and LHCIL. In the same fraction from koLhcb4, the
amounts of Lhcb5 and LHCII with respect to PSII core subunits
were the same despite the lack of Lhcb4, implying that this
C,S,M supercomplex, although exhibiting a similar overall or-
ganization and mobility in green gels, lacked one of its inner
subunits. Lhcb4 was not substituted by any other protein com-
ponent that we could confirm by Coomassie blue staining or
immunoblotting (see Supplemental Figure 8 online for details).

DISCUSSION

The Role of Lhcb4/Lhcb6 in the Topology of Grana
Membranes and in the Assembly of the
PSII-LHCII Supercomplex

Lhcb4 is one of the six homologous Lhc proteins composing the
PSIl antenna system. These pigment-protein complexes are

LHCII regit;n

kolLhcb4

koLhcb4 koLhcb4

Figure 8. Electron Microscopy of Grana Membranes and PSII Particles.

(A) and (B) Electron microscopy of negative staining grana partition
membranes were obtained by partial solubilization of thylakoids from
koLhcb4 (A) or wild-type (WT) plants (B) with a-DM. High-resolution
micrographs show the distribution of stain-excluding tetrameric particles
(arrows). Grana partitions from koLhcb4 (A) were characterized by the
presence of tetrameric particles more widely spaced than wild-type
membranes (B). Arrows indicate PSIl core complexes (magenta) and
LHCII region (violet).

(C) to (E) Average projection map of a set of 1024 projections of C,S,
supercomplexes from plants lacking Lhcb4 ([C] and [D]) and the wild
type (E). Contours representing PSII dimeric core (green), Lhcb4 (yellow),
and whole wild-type C,S, supercomplex (red) are superimposed.

[See online article for color version of this figure.]
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expected to share a common three-dimensional organization on
the basis of the structural data available (Ben Shem et al., 2003;
Liu et al., 2004). Previous work with antisense lines has shown a
high degree of redundancy among Lhcb subunits; in fact, the
PSII supercomplex organization was maintained in the absence
of Lhcb1+2 components by overaccumulating Lhcb5 (Ruban
et al,, 2003). Similarly, plants lacking Lhcb5 and/or Lhcb6
overaccumulated Lhcb1 or Lhcb4 gene products, leading to
maintenance of the C,S, central architecture of the PSII super-
complex (de Bianchi et al., 2008). In the case of koLhcb4,
structural redundancy is broken as shown by the destabilization
of all supercomplex bands in green gels (Figure 2C; see Sup-
plemental Figure 3 online) and by the differences in the structure
of CoS, particles (Figure 8). These results are consistent with
Lhcb4 being the only Lhc subunit that can occupy the position
between CP47 and LHCII-M building blocks within the PSII
supercomplex (Figures 8C to 8E). This conclusion is supported
by the lack of compensation by other gene products in the
C,SoM of the mutant (see Supplemental Figures 8B to 8D online).

Isolation of the C,S, supercomplex from koLhcb4 grana
membranes shows that antenna proteins can be associated
with the core complex in the absence of Lhcb4 as a docking
subunit, which is consistent with the recent isolation of a stable
monomeric core with CP26 and the LHCII-S trimer complex
(Caffarri et al., 2009). Supercomplexes with a similar shape
around the Lhcb4 position were previously found after salt
treatment (Boekema et al., 2000). We conclude that in the
absence of Lhcb4, PSIl does assemble in grana membranes.
However, because of the missing subunit, the complex is less
stable and assumes a different overall structure with a low-
density area located in the position where Lhcb4 is present in the
wild type, which is likely occupied by lipids. As for the organi-
zation of the outer shell of the PSIl antenna system, which is
formed by LHCII-M, LHCII-L and Lhcbé, it appears to be strongly
affected in koLhcb4. Titration of the different Lhcb proteins with
respect to PSII RC showed that the Lhcb6 complex was com-
pletely missing in koLhcb4 (Figure 2B). Since the Lhcb6 mes-
senger level was unchanged with respect to the wild type,
this implies that removal of Lhcb4 decreases Lhcb6 stability. This
is consistent with Lhcb4 being the docking site for Lhcb6
(Andersson et al., 2001; Caffarri et al., 2009), both participating
in a pentameric complex called B4C (band 4 complex), which
connects inner and outer antenna moieties (Bassi and Dainese,
1992; Betterle et al., 2009). One component of B4C, interacting
with Lhcb4 and/or Lhcb6, is Lhcb3 (Betterle et al., 2009), which is
still present in koLhcb4 membranes; this result is consistent with
the observation that, besides Lhcb4, Lhcb3 can interact with
Lhcb1 and Lhcb2 in complexes containing LHCII-M (see Sup-
plemental Figure 8B online, lanes B9 to B11), while it is absent in
complexes containing only LHCII-S, such as CS complexes
(lanes B6). Less stable C>S,M, supercomplexes can still form in
the koLhcb4 mutant, which lacks both Lhcb4 and Lhcb6, al-
though their molecular interactions are rather weak and the
abundance of this complex is only 5% with respect to the wild
type. Previous work with koLhcb6 has shown that a large part of
the outer antenna formed by LHCII-M and LHCII-L is not directly
bound to PSII supercomplexes; rather, trimers L and M form
LHCII-only domains that segregate from arrays of C,S, particles

(de Bianchi et al., 2008). No such arrays were observed in
koLhcb4 membranes (Figure 8A) nor was PQ diffusion restricted
(Figure 3), suggesting that the altered shape of C,S, particles
and/or their instability prevents cooperative interactions with
arrays. Besides this, the distance between neighbor PSII centers
is higher than in the wild type (Figures 8A and 8B), implying
a higher number of LHCII trimers is interposed between PSII
centers.

Consequences for Photosynthesis: Light Harvesting and ET

The loss of Lhcb4 in Arabidopsis did not strongly affect growth
rate and pigment compositions under control light conditions
(Figure 3, Table 1). Indeed, linear and cyclic ET rates were similar
to those in wild-type plants, as well as the functional antenna
size. However, alterations in the PSIl macrostructure in mutant
plants did result in differences in chlorophyll fluorescence pa-
rameters (Table 1). Increased F, (Table 1) showed that the
efficiency of excitation energy transfer from the antenna to the
PSII RC is decreased in mutant plants. In grana membranes from
the wild type (Figure 8B), the distribution of PSII particles is
homogeneous through the whole surface. This is not the case for
koLhcb4, whose grana membranes contained discrete patches
of LHCII trimers interspersed by fewer, randomly distributed PSII
cores (Figure 8A); therefore, in some discrete areas of koLhcb4
grana membranes, the LHCII/PSII core ratio is increased. In
these domains, LHCII fluorescence is probably not efficiently
photochemically quenched, thus yielding higher Fq (Table 1). This
is consistent with the results obtained in KO mutants for Lhcb5
and Lhcb6 (Kovacs et al., 2006; de Bianchi et al., 2008), while no
such effect was observed in asLHCIl (Andersson et al., 2003).
Increased Fq suggests that vacancy of Lhcb4 forces the excita-
tion energy to follow restricted pathways from the peripheral
antenna to the core; indeed, the migration time of excitations
from antenna to the PSII RC was significantly reduced in koLhcb4
with respect to the wild type (van Oort et al., 2010). Thus, despite
the fact that fluorescence induction in the presence of DCMU
showed no changes in functional antenna size, the number of
LHCII per PSII RC in grana membranes was higher (Figures 8A
and 8B). We conclude that in the absence of a well-organized
PSII-LHCII supercomplex, the efficiency of excitation energy
trapping in koLhcb4 was lower than in the wild type and that the
compensatory increase in peripheral LHCIl complexes (Figures
2A and 2B) contributed with lower efficiency to light harvesting.

Although functional measurements indicate that there was no
major perturbation of PSIl and PSI functions, a slight increase in
the PSI/PSII ratio was observed in koLhcb4 (Figure 2). The
consequences of a lower PSII level were not strong: the param-
eter S,/trmax,» €Xpressing the average fraction of open RCs
during the time needed to complete closure of centers, was
similar in koLhcb4 and wild-type plants, as well as the LEF and
Qa redox state at several light intensities (Figures 3A and 3B),
thus making ET restriction unlikely.

The major effect of the mutation on ET activity was a faster
saturation of the P700 oxidation ratio in koLhcb4 with respect to
the wild type (Figure 3F). Since both LEF and CEF are not
affected in the mutant, we propose that this effect could be
related to the higher PSI functional antenna size of the mutant in



HL. Indeed, when measurements were performed by changing
the quality of actinic light (PSI rather than PSI+PSlII light), differ-
ences in P700 oxidation rate between wild-type and mutant
leaves disappeared (Figure 3G), implying the increase of PSI
functional antenna size in HL is due to PSIl components. This is
consistent with an increased level of spillover in koLhcb4 at
higher light intensity. This suggestion was verified by 77K fluo-
rescence spectroscopy (see Supplemental Figure 5 online),
showing that HL treatment induces an increased contribution
of LHCII to PSI excitation in koLhcb4 but not in the wild type.
Since the amplitude of the state I-state Il transition is the same in
the wild type and in the mutant and, moreover, the stn7 kinase is
inhibited in HL (Tikkanen et al., 2006), this spectral change
cannot be attributed to state transitions. Instead, we interpret
these results as evidence of spillover of excitation from LHCII to
PSI. We suggest that this effect ensues from the lower stability of
PSII-LHCII supercomplexes in the mutant, with the disappear-
ance of the B4 complex (Figure 2C) and the faster kinetic of state
transitions (Figures 3D and 3E). In koLhcb4, an overall weakening
of interactions between the PSII core and LHCIl would make
weakly bound LHCII at the grana margins able to contribute to
PSI antenna size particularly in HL, when grana membrane
reorganization occurs with segregation of LHCII-rich domains
(Kirchhoff, 2008; Betterle et al., 2009; Johnson et al., 2011).

Consequences for Regulation of Light Harvesting:
State Transitions

State transition is the mechanism by which the complement of
LHCII is balanced between PSIl and PSI, depending on the
reduction state of the intermediate electron carrier PQ, through
its reversible phosphorylation, which induces its disconnection
from PSII and binding to PSI (Allen and Nilsson, 1997; Jensen
et al., 2000). Lhcb4 can be phosphorylated in monocots
(Bergantino et al., 1995; Bergantino et al., 1998) and in Arabi-
dopsis (Hansson and Vener, 2003). In Chlamydomonas rein-
hardtii, P-Lhcb4 was found to be connected to PSI-LHCI
supercomplexes in state Il conditions (Takahashi et al., 2006),
and Lhcb4-depleted cells showed changes in state transitions
(Tokutsu et al., 2009). Thus, changes in state transitions can be
expected in Lhcb4-less plants. Results displayed in Figures 3D
and 3E show that koLhcb4 was not affected in its state transition
total activity, in agreement with the similar reduction state of the
PQ pool at all light intensities (Figure 3B) (Bellafiore et al., 2005).
We observed that in koLhcb4 the fluorescence changes, upon
switching off the far-red light, are faster than in the wild type,
implying that the transiently reduced state of the free PQ pool is
more promptly relaxed by migration of the LHCIl to PSI. The
same state transition phenotype has been described for koLhcb6
and koLhcb5 Lhcbé6 plants (de Bianchi et al., 2008), and this is a
clear indication that the connection between the PSII core and
the bulk trimeric LHCII is weaker in these mutants with respect to
the wild type. In the case of the koLhcb6 plants, the faster state
transition was attributed to the displacement of the M-trimer
from the PSII macrostructure, thus enhancing its migration to
PSI. We suggest that, in the koLhcb4 mutant, the weaker
binding of S trimer (and, possibly, of the M trimer) and the higher
amount of weakly connected LHCII trimers available increase
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the probability of migrating toward PSI upon phosphorylation. In
C. reinhardtii, state transitions do not only fulfill the role of
balancing light absorption between photosystems, they also
increase PSI electron flow at the expense of PSII, acting as a
switch between LEF and CEF (Vallon et al., 1991). This was not the
case in Arabidopsis since, despite an effect on state transitions
(Figures 3D and 3E), no changes in linear (Figure 3A) versus CEF
rates (see Supplemental Figures 4A and 4B online) were observed.

Nonphotochemical Fluorescence Quenching

Nonphotochemical dissipation of excess energy is affected in
koLhcb4 plants with respect to the wild type: mutant plants
showed a delayed rise and a lower NPQ amplitude after 8 min of
light (Figure 4A). Upon prolonged illumination and/or upon re-
peated light treatments (Figure 4B), the amplitude of NPQ was
similar to that of the wild type. A similar effect was previously
observed in the koLhcb5 Lhcb6 double mutant (de Bianchi et al.,
2008). Since Lhcb6 is destabilized in koLhcb4 (Figure 2), this
mutant phenocopies a double koLhcb4 Lhcb6 mutant. NPQ
kinetic can be modified by changes in the trans-thylakoid ApH
gradient (de Bianchi et al., 2008), by changes in the level of the pH
sensor PsbS (Li et al., 2002, 2004), or by changes in the number/
relative abundance of protein subunits hosting quenching sites
(Bonente et al., 2008). Changes in luminal pH appear unlikely;
in fact, the kinetics of Zea synthesis, catalyzed by the pH-
dependent enzyme VDE (Yamamoto and Higashi, 1978), were
the same in wild-type and mutant leaves (Figure 4C). Moreover,
the level of PsbS was unchanged (Figure 2B), leaving modifica-
tion in the abundance and identity of quenching sites localized in
Lhcb proteins as the most likely cause for the observed pheno-
type. We interpret our results in the framework of the recently
proposed model (Miloslavina et al., 2008; de Bianchi et al., 2010),
based on the formation of quenching sites within each of two
distinct domains in grana discs: (1) C,S, particles (containing
PSIl RC, Lhcb4, Lhcb5, and LHCII-S) and (2) the peripheral
antenna, including Lhcb6, LHCII-M, and LHCII-L (Miloslavina
etal., 2008; Betterle et al., 2009), which segregate because of the
action of PsbS. Zea-dependent quenching activity has been
detected within monomeric Lhcb4, b5, and b6 in detergent
solution (Avenson et al., 2008), while, in LHCII, it was activated by
aggregation and was independent from Zea (Ruban et al., 2007).
The similar NPQ kinetics of koLhcb4 and of koLhcb5 Lhcb6 can
thus be explained because they both retain a quenching site
within the C,S, domain; the faster quenching kinetic upon
repeated illumination is due to the enhancement by Zea of the
quenching activity (Niyogi et al., 1998) associated with Lhcb4
(Figure 4) or Lhcb5. This is consistent with the capacity of
exchanging Viola with Zea in binding site L2 observed in mon-
omeric Lhcbs (Morosinotto et al., 2002; Wehner et al., 2006)
rather than in trimeric LHCII. In koLhcb5 Lhcbé, the recovery of
NPQ upon the initial delay is faster and more complete than in
koLhcb4, implying that Lhcb4 is more active as a quencher than
Lhcb6 and Lhcb5 (de Bianchi et al., 2008). If there are two distinct
quenching domains within PSII antenna (Miloslavina et al., 2008)
and monomeric Lhcb4-6 proteins are the only sites of quenching
in vivo, the peripheral antenna domain should remain un-
quenched in both koLhcb5 Lhcb6 (de Bianchi et al., 2008) and
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koLhcb4 because they both lack Lhcb6. Since both genotypes
reach NPQ levels similar to the wild type, although with a delayed
kinetic, it is likely that some kind of quenching does occur in the
peripheral antenna domain disconnected from C,S, particles in
these genotypes. Previous work with koLhcb6 has shown that
this component has a quenching effect on the major LHCII
antenna (van Oort et al., 2010); here, we observe that, evenin the
absence of Lhcb6, the overall quenching activity is high, con-
sistent with quenchers being activated in both PSIl antenna
domains, and conclude that LHCI! is likely to contribute to NPQ
in vivo, in spite of the fact that it does not exhibit the spectro-
scopic and structural features of quenching sites (Ahn et al.,
2008; Avenson et al., 2008). Thus, it likely activates quenching
by a different mechanism (Ruban et al., 2007). Consistent with
this view is the finding that a red-shifted fluorescence lifetime
component was observed in vivo under NPQ conditions (Muller
et al., 2010), which has properties similar to LHCII aggregated
in vitro.

While differences in qE were minimized by prolonged/re-
peated illumination, we observed that the gl component, which
is responsible for the slowly relaxing component of quenching, is
equally decreased upon short/long or repeated light treatments
(Figure 4B). Previous work suggested that gl was specifically due
to Zea binding to Lhcb5 (Dall’Osto et al., 2005); instead, removal
of Lhcb6 has a negligible effect on gl amplitude, since the double
mutant koLhcb5 Lhcb6 did not further decrease its gl level (de
Bianchi et al., 2008). Here, we show that removal of Lhcb4
reduces the extent of gl, implying that gl is modulated by both
Lhcb4 and Lhcbb5.

Consequences for Photoprotection: Resistance to
Photooxidative Stress Is Decreased in koLhcb4 Plants with
Respect to the Wild Type

Lhcb4-less plants showed a reduced photoprotection capacity
when exposed to high irradiance at low temperature. The highest
sensitivity to photooxidative stress of koLhcb4, among all other
Lhcb KO mutants, is consistent with the higher reduction in
fitness of plants lacking Lhcb4 (Andersson et al., 2001; Ganeteg
et al., 2004), supporting the importance of this gene product for
PSII performance and chloroplast photoprotection. The struc-
tural integrity of photosynthetic supramolecular complexes is
essential for the resistance to photooxidative stress (Horton and
Ruban, 2005), although the reasons are not completely clear.
Depletion of light-harvesting antennae has been reported to
favor photoinhibition of both PSI (Alboresi et al., 2009) and PSI|
(Kim et al., 2009; Dall’Osto et al., 2010). KoLhcb4 mutant plants
are more sensitive to photooxidative stress than the wild type
(Figure 5), and this effect is associated with increased production
of 10,. This effect cannot be ascribed to a pleiotropic effect on
photosynthetic ET efficiency, since lack of Lhcb4 does not
significantly affect either the rate or the regulation of photosyn-
thetic ET (Figures 3A to 3C). A putative mechanism for photo-
inhibition is the reduction of 'Chl* dissipation (QE and q|)
(Johnson et al., 2007); however, in koLhcb4, qE activity is
affected at the onset of illumination, while it is similar to the
wild type on a longer timescale. Since our photoinhibitory light
treatment was performed at constant light intensity, we conclude

that photosensitivity of koLhcb4 plants is not due to differences
in gE or ql.

The connection between the PSII core complex and outer
LHCII was partially impaired. Indeed, a steady increase in Fo was
measured in koLhcb4 plants with respect to the wild type (Table
1); a higher 'Chl* level might lead to 3Chl* formation through
intersystem crossing. Although we cannot exclude that the
inefficient connection of LHCII to PSII RC could contribute to
the higher photosensitivity of koLhcb4, we notice that the
koLhcb5 Lhcbh6 double mutant was as resistant as wild-type
plants (Figure 5A) despite a F,/F,, reduction comparable to that
of Lhcb4-less plants (de Bianchi et al., 2008). Since photo-
protection in koLhcb5 Lhcb6 plants was similar to that in the wild
type (Figure 5A), neither the increase in Fg per se nor the absence
of Lhcb6 can be the cause of higher photosensitivity of koLhcb4
plants. Instead, this effect appears to be specific for the absence
of Lhcb4, implying that this gene product is of particular impor-
tance in providing PSIl photoprotection (Figure 5A). Indeed,
Lhcb4 appears to be the most conserved among Lhc proteins
associated with PSIl (Koziol et al., 2007), and it maintains its
stoichiometry with the RC even under stressful growth condi-
tions that lead to a depletion of Lhcb1, 2, and 6 (Ballottari et al.,
2007). The most obvious peculiarity of Lhcb4 is that it cannot be
replaced in PSIl supramolecular architecture by other Lhcbs and
is thus required for allowing structural integrity of PSII (Boekema
et al., 1999) (Figures 8C to 8E). Thus, the higher photosensitivity
in koLhcb4 could be the effect of a less stable PSIlI super-
complex; indeed, the extreme photosensitivity of Arabidopsis
mutants such as ch7 (Dall’Osto et al., 2010) can be ascribed to
the absence of light-harvesting complexes surrounding the PSII
RC, leaving the PSII core complex exposed to the lipid phase,
where radical chain reactions of peroxy-lipids occur during
photooxidative stress.

Measurement of lipid peroxidative damage by thermolumi-
nescence in intact leaves of wild type versus koLhcb4 and
koLhcb4 npq1 plants showed that Zea and Lhcb4 are synergis-
tically active in protection from photodamage (Figure 7). There-
fore, it appears that a specific effect for Zea in providing efficient
photoprotection is preferentially amplified when bound to Lhcb4.
This observation is consistent with a previous report of a pro-
tective effect of Zea (Dall’'Osto et al., 2010) in addition to gE
enhancement (Niyogi et al., 1998) and to ROS scavenging in the
lipid phase (Havaux and Niyogi, 1999; Baroli et al., 2003, 2004;
Havaux et al., 2007). Upon light-induced synthesis, Zea enters
the protein-bound xanthophyll pool by binding to the L2 site
of minor Lhc (Avenson et al., 2008; Jahns et al., 2009) and to
the V1 site of LHCII (Caffarri et al., 2001), in addition to the
accumulating in the lipid phase. The molecular mechanism of
enhanced resistance to photooxidation by Zea is not yet clear.
The hypotheses include (1) draining excitation energy from the
PS core by xanthophylls bound at the interface with Lhcbs; (2)
quenching of 3Chl* energy from RC, possibly by the Dexter
exchange mechanism (Nayak et al., 2002) by Zea located in site
L2 on specific Lhcs; and (3) preferential scavenging of 10, by
Zea into site V1 of LHCII (Johnson et al., 2007). Although all of
these mechanisms are plausible for explaining the higher pho-
tosensitivity of koLhcb4, their relative contribution needs further
investigation.



Effect of the Accumulation of the Individual Isoforms on
koLhcb4 Phenotype

The attenuation of the Fy and NPQ phenotypes produced by the
triple koLhcb4 mutations is different in the three double koLhcb4
mutants. Retention of Lhcb4.1 restores F,/F,,, and NPQ to wild-
type levels, while Lhcb4.2 is only partially effective in this func-
tion, Lhcb4.3 is completely inefficient (Figures 4D and Figure 6,
Table 1). Indeed, plants retaining only Lhcb4.3 show the same
reduction in Chl a/b ratio (Table 1), increased photosensitivity
(Figure 6), and delayed NPQ kinetic as the triple koLhcb4.
Although we cannot exclude that Lhcb4.1, 4.2, and 4.3 gene
products are intrinsically different, the penetration of the pheno-
type appears to be essentially due to the level of the gene
product. Indeed, levels of Lhcb4.1, Lhcb4.2, and Lhcb4.3 in the
three double mutant are 1, 0.6, and 0, respectively, per PSIl RC
(see Supplemental Table 2 online). In fact, although Lhcb4.3
transcription is lightly increased under stress conditions
(Alboresi et al., 2011), we were unable to detect the corresponding
protein even by keeping plants under a variety of stress condi-
tions, implying it is either not translated or rapidly turned over.

The Lhcbh4.3 gene appeared recently in plant genome. lts
sequence is not present in algal genomes, and no orthologs were
found in the moss Physcomitrella patens; therefore, it appeared
only at later stages in the evolution of the green lineage (Alboresi
et al., 2008). It seems unlikely that a new gene conserved in
higher plants has no function or is not translated at all. EST data
from Arabidopsis show that Lhcb4.3 is expressed at low levels
(Jansson, 1999), and its transcription seems to be confined to
dicots (Goff et al., 2002; Yu et al., 2002); furthermore, clustering
analysis of Lhc superfamily expression data (Klimmek et al.,
2006) confirmed that Lhcb4.3 is regulated in an opposite way
with respect to Lhcb4.1 and Lhcb4.2. The putative Lhcb4.3
protein is shorter than other Lhcb4 isoforms, and its sequence is
considerably different from both Lhcb4.1 and Lhcb4.2 isoforms,
suggesting it might have a different function in the stress con-
ditions in which this gene is actively transcribed. However, we
cannot exclude that the Lhcb4.3 isoform might accumulate in
special and still uninvestigated environmental/developmental
conditions; so far, the role of this isoform remains elusive.

We have shown that Lhcb4 has a specific function in protect-
ing PSII from photoinhibition, which accounts for the increased
sensitivity of koLhcb4 to HL stress. This gene product, different
from any other PSIl antenna component, cannot be replaced by
homologous subunits in the PSII-LHCII supramolecular com-
plex. This leads to the formation of incomplete PSII particles with
a gap in the position normally occupied by Lhcb4, a modified
shape and a lower stability. This is consistent with evidence that
a core group of antenna proteins developed prior to green algal
diversification (Koziol et al., 2007) and included Lhcb4 protein
associated with PSII RC. The weaker interaction between PSII-
LHCIl components leads to a faster migration of LHCIl com-
plexes to the stroma membrane upon phosphorylation, similar to
the case of koLhcb6 and koLhcbh3. Although PSII activity is not
impaired in moderate light conditions, there is a lower level of
PSII RC in grana membranes, probably because the PSII core
complex is less strongly retained within grana discs, because
one of the two monomeric Lhcbs that bridges it to LHCII is
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missing. Under stress conditions, koLhcb4 is photoinhibited, and
this effect is selectively enhanced in the absence of Zea, which is
active in preventing the synthesis of ROS species and promoting
their scavenging. By binding in between LHCII trimers and the
CP47 subunit of PSII, Lhcb4 is crucial for the protection of PSII
RC from ROS produced during photosynthesis either by neigh-
bor damaged PSII complexes (Krieger-Liszkay et al., 2008) or by
overexcited antennae (Santabarbara et al., 2002; Mozzo et al.,
2008). Thus, the absence of a specific antenna subunit, although
it does not restrict light harvesting and photosynthetic ET rate,
impairs PSIl photoprotection capacity through its effect on the
assembly of supercomplexes. This is an example of optimization
of the building blocks of photosynthetic complexes and the
tuning of their interactions with each other toward overcoming
the inhibitory effect of increasing oxygen concentration over
evolution time. It is worth noting that functional alterations
described in koLhcb4 plants likely result from the reduced ability
of PSII macroassemblies to undergo proper organization in low
versus high light, thus confirming the crucial role of Lhcb4 in
modulating structural and functional flexibility of grana mem-
branes.

METHODS

Plant Material and Growth Conditions

Arabidopsis thaliana T-DNA insertion mutants (Columbia ecotype) GK Line
ID282A07 (insertion into the Lhcb4.1 gene), SAIL_910_D12 (insertion into
the Lhcb4.2 gene), and SALK_032779 (insertion into the Lhcb4.3 gene)
were obtained from NASC collections (Alonso et al., 2003). Homozygous
plants (Betterle et al., 2009) were identified by PCR analysis using the
following primers: forward 5-TCACCAGATAACGCAGAGTTTAATAG-3’
and reverse 5-CACATGATAATGATTTTAAGATGAGGAG-3' for the
Lhcb4.1 sequence, 5'-CATCATACTCATTGCTGATCCATG-3' for the inser-
tion; forward 5-GCGTTTGTGTTTAGCGTTTCGACATCTGTCTG-3' and
reverse 5'-GGTACCCGGGTGGTTTCCGACATTAGC-3' forthe Lhcb4.2 se-
quence, 5'-GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC-3' for the
insertion; forward 5-GTGAGCTGATCCATGGAAGGTGG-3’ and reverse
5'-GGCCGGTTTTGAACGATTGATGTGAC-3' for the Lhcb4.3 sequence,
and 5'-GCGTGGACCGCTTGCTGCAACT-3’ for the insertion. Genotypes
kolLhcb4, koLhcb4.1 4.2, koLhcb4.2, koLhcb4.3, and koLhcb4.1 4.3 were
obtained by crossing single mutant plants and selecting progeny by PCR
analysis. For RT-PCR, total RNA was isolated from 4-week-old plants with
the Trizol protocol. Reverse transcription was performed using M-MLV
reverse transcriptase with oligo(dT) primer and 1.5 pg of total RNA. For
normalization purposes, actin2 was chosen as an endogenous control.
The primers used were as follows: 5'-GTGGCTCCCGGTATCCATCC-3’
and 5'-TTGAACCGCGAATCCCAAGAAGG-3' for Lhcb4.1 cDNA; 5'-
GGTTTCCGACATTAGCTCCAATTC-3' and 5'-CTGAACCGCAAAACCCA-
AGAATC-3' for Lhcb4.2 cDNA; 5'-CCGGTTCGGGTTCAGTTTCGG-3'
and 5'-GGCAAGGAAGCTGACAGGGC-3' for Lhcb4.3 cDNA; and 5'-
CCTCATGCCATCCTCCGTCTTG-3' and 5'-GAGCACAATGTTACCGTA-
CAGATCC-3' for actin2 cDNA.

The Arabidopsis T-DNA insertion mutant koLhcb3 (SALK_020342) from
NASC was obtained by selecting progeny by immunoblotting using a
specific antibody against the Lhcb3 subunit; asLHCII (Andersson et al.,
2003) was obtained from the NASC. The double mutant koLhcb4 npq1
was obtained by crossing single mutants and selecting progeny by
immunoblotting (with the a-Lhcb4 antibody) and HPLC upon HL treat-
ment of leaves. Insertion mutants koLhcb6 and koLhcb5 Lhcb6 were
isolated as previously described (de Bianchi et al., 2008). Mutants were
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grown for 5 weeks at 100 wmol photons m=2 s=1, 23°C, 70% humidity,
and 8 h of daylight.

Stress Conditions

Short-term HL treatment was performed at 1200 wmol photons m=2s~1,
45 min, and room temperature (24°C), to measure the kinetics of Zea
accumulation, on detached leaves floating on water. Samples were
rapidly frozen in liquid nitrogen prior to pigment extraction. Longer
photooxidative stress was induced by exposing whole plants to either
550 wmol photons m=2 s~ at 4°C for 2 d, 900 wmol photons m~2 s~ 1 at
4°C for 10 d, or 1600 wmol photons m~—2 s~ at 24°C for 10 d. Light was
provided by halogen lamps (Focus 3; Prisma) and filtered through a 2-cm
recirculation water layer to remove infrared radiation.

Pigment Analysis

Pigments were extracted from leaf discs, either dark adapted or HL
treated, with 85% acetone buffered with Na,COs, and then separated
and quantified by HPLC (Gilmore and Yamamoto, 1991).

Membrane Isolation

Functional thylakoids were isolated from dark-adapted or HL-treated
leaves as previously described (Casazza et al., 2001).

Gel Electrophoresis and Immunoblotting

SDS-PAGE analysis was performed with the Tris-Tricine buffer system
(Schéagger and von Jagow, 1987), with the addition of 7 M urea to the
running gel to separate Lhcb4 isoforms. Nondenaturing Deriphat-PAGE
was performed following the method developed by Peter et al. (1991) with
modification described by Havaux et al. (2004). Thylakoids concentrated
at 1 mg/mL chlorophylls were solubilized in a final concentration of 1% o/
B-DM, and 25 mg of chlorophyll were loaded in each lane. For immunoti-
tration, thylakoid samples corresponding to 0.25, 0.5, 0.75, and 1 pg
of chlorophyll were loaded for each sample and electroblotted on
nitrocellulose membranes, and proteins were detected with alkaline
phosphatase-conjugated antibody according to Towbin et al. (1979).
Signal amplitude was quantified (n = 4) using GelPro 3.2 software (Bio-Rad).
To avoid any deviation between different immunoblots, samples were
compared only when loaded in the same slab gel.

In Vivo Fluorescence and NPQ Measurements

PSII function during photosynthesis was measured through chlorophyll
fluorescence on whole leaves at room temperature with a PAM 101
fluorimeter (Heinz-Walz) (Andersson et al., 2001), a saturating light pulse
of 4500 pmol photonsm~2s~1, 0.6 s, and white actinic light of 100 to 1100
wmol photons m~—2 s~7, supplied by a KL1500 halogen lamp (Schott).
NPQ, dpsii, P, gL, and LET were calculated according to the following
equations (Van Kooten and Snel, 1990; Baker, 2008): NPQ = (F,, — F')/
Fm,; ¢‘PSI = (Fm' - Fs)/Fm'v qP = (Fm' - Fs)/(Fm' - FO’)! qL: qP'FOV/Fsv LET=
dpsirPAR-Aearfractionps),, where Fo/Fq' is the minimal fluorescence from
dark/light-adapted leaf, F./F,," is the maximal fluorescence from dark/
light-adapted leaves measured after the application of a saturating flash,
Fs the stationary fluorescence during illumination, and PAR the photo-
synthetic active radiation; A, (Ileaf absorptivity) was 0.67 =+ 0.05 for the
wild type, 0.62 = 0.04 for koLhcb4; fractionps, was measured by
quantitative immunoblot: wild type, 0.50 + 0.01; koLhcb4, 0.47 = 0.06.
State transition experiments were performed using whole plants
according to established protocols (Jensen et al., 2000). Preferential
PSII excitation was provided by illumination with blue light (40 pmol
photons m—2 s~1), excitation of PSI was achieved using far-red light from

an LED light source (Heinz-Walz; 102-FR) applied for 15 min simulta-
neously with blue light. Fy, level in state | (F,,") and state Il (F,,’') was
determined at the end of each cycle by the application of a saturating
light pulse. The parameter qT (PSII cross-section changes) was calcu-
lated as (Fn1 — Fm2)/Fm1 (Where Fn1/2 is the maximal fluorescence yield in
state I/11).

Fluorescence induction kinetics was recorded with a home-built ap-
paratus to measure functional antenna size on leaves. S, /trmax Was
calculated from variable fluorescence curves induced with green light
(1100 wmol photons m—2 s~ ) (Strasser et al., 1995). For measurements of
PSII functional antenna size, variable fluorescence was induced with a
green light of 15 pmol photons m~—2s~1, on thylakoids (10 p.g Chls/mL) in
a measuring buffer containing 10 mM HEPES, pH 7.8, 5 mM MgCl,, 30
M DCMU, and 50 uM nigericin. The reciprocal of time corresponding to
two-thirds of the fluorescence rise (T,/3) was taken as a measure of the
PSIlI functional antenna size (Malkin et al., 1981). For measurements of the
PSII repair process, whole plants were illuminated at 900 pmol photons
m~2s~1, 4°C for 4 h to induce photoinhibition of PSII, and restoration of
the F,/F, ratios was subsequently followed at irradiances of 20 umol
photons m=2s~1, 4°C (Aro et al., 1994).

Analysis of P700 Redox State

All in vivo spectroscopic measurements were performed using a LED
spectrophotometer (JTS10; Biologic Science Instruments) in which ab-
sorption changes are sampled by weak monochromatic flashes (10-nm
bandwidth) provided by LEDs. P700+ reduction following a flash was
assayed as detailed by Golding et al. (2004). Leaves were infiltrated with
50 uM DCMU in 150 mM sorbitol. A 400-ms saturating flash of red light
(Amax = 630 nm; 3000 pwmol photons m~—2 s~7) was delivered to the leaf,
and changes in absorbance at 705 nm were used to measure the kinetics
of P700* reduction. Oxidized P700 (AAnax) Was recorded during far-red
light illumination (2500 wmol photons m=2 s, A\ yax = 720 nm). The level
of oxidized P700 in the leaf (AA) was determined during illumination with
either orange light (630 nm, from 50 to 980 wmol photons M=2s~1, A jax =
720 nm) or far-red light (720 nm, from 200 to 2500 wmol photons m—2s~7)
(Zygadlo et al., 2005). Antenna size of PSI was estimated according to
Kim et al. (2009).

Analysis of Cytochrome bgf Redox Kinetics

Absorption transients were measured on thylakoids (30 ng Chls/mL) in a
measuring buffer containing 10 mM HEPES, pH 7.8, 5 mM MgCl,, 1 mM
sodium ascorbate, 20 M nigericin, and 50 uM methylviologen (Kirchhoff
et al., 2000). Cytochrome redox changes were measured in continuous
light (630 nm, 300-ms pulse, 560 umol photons m=2 s~') at four
wavelengths: 548, 554, 563, and 573 nm; redox changes of cytochromes
b and f were calculated according to Joliot and Joliot (1984).

Analysis of Steady State Proton Flux across Thylakoid Membranes

Light-induced pmf was estimated on intact leaves, from DIRK changes in
absorbance associated with the ECS at 520 nm, as described previously
(Livingston et al., 2010). ECS was induced with orange (630 nm) actinic
intensities ranging from 15 to 960 pmol photons m—2 s~ . Relative values
of steady state proton flux across the thylakoid membrane (v4*) was
estimated from the initial slope of the ECS decay upon rapid light-dark
transitions.

Gas Exchange Measurement

Measurements of O, evolution in saturating CO, were performed using an
S101 O, electrode (Qubit System). Light response curves were deter-
mined using broadband red light.



Determination of the Sensitivity to Photooxidative Stress

Photooxidative stress was induced in detached leaves by HL treatment
at low temperature. Detached leaves floating on water were exposed
to 1500 wmol photons m—2 s~ for 8 h, in a growth chamber at 4°C, and
then immediately frozen in liquid nitrogen. Photooxidative stress was
assessed by measuring MDA formation as an indirect quantification of
lipid peroxidation (Havaux et al., 2005). Lipid peroxidation was measured
on whole plants by TL with a custom-made apparatus (Ducruet, 2003).
The amplitude of the TL peak at 135°C was used as an index of
lipid peroxidation (Havaux, 2003). Measurements of singlet oxygen
production from leaves were performed with SOSG (Molecular Probes),
a '0,-specific fluorogenic probe, as described by Dall’Osto et al.
(2010).

Electron Microscopy

Samples were negatively stained with 2% uranyl acetate on glow dis-
charged carbon-coated copper grids. Electron microscopy was per-
formed on a Philips CM120 electron microscope equipped with a LaB6 tip
operating at 120 kV. Images were recorded with a Gatan 4000 SP 4 K
slow-scan CCD camera at 80,000 magnification at a pixel size (after
binning the images) of 0.375 nm at the specimen level with GRACE
software for semiautomated specimen selection and data acquisition
(Oostergetel et al., 1998). Single-particle analysis of a data set of 1350
PSII particles was performed using Groningen Image Processing soft-
ware, including multireference and no-reference alignments, multivariate
statistical analysis, classification, and averaging of homogeneous clas-
ses (van Heel et al., 2000).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under accession numbers
At5901530 (Lhcb4.1), At3g08940 (Lhcb4.2), At2g40100 (Lhcb4.3),
At5g54270 (Lhcb3), At4g10340 (Lhcb5), At1g15820 (Lhcb6), At1g08550
(npq1), and At3g18780 (actin2). The KO lines mentioned in the article can be
obtained from the NASC under the stock numbers N376476 (koLhcb4.1),
N877954 (koLhcb4.2), N532779 (koLhch4.3), N520342 (koLhcb3), N514869
(koLhcb5), N577953 (koLhcb6), and N6363 (asLHCII).
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Supplemental Figure 2. Induction Curves of Chl Fluorescence
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Green plant photosystem II (PSII) is involved in the light reactions of photosynthesis, which take place in the
thylakoid membrane of the chloroplast. PSII is organized into large supercomplexes with variable amounts of
membrane-bound peripheral antenna complexes. These supercomplexes are dimeric and contain usually 2-4
copies of trimeric LHCII complexes and have a further tendency to associate into megacomplexes or into
crystalline domains, of which several types have been characterized. This review focuses on the overall
composition and structure of the PSII supercomplex of green plants and its organization and interactions within
the photosynthetic membrane. Further, we present the current knowledge how the thylakoid membrane is
three-dimensionally organized within the chloroplast. We also discuss how the supramolecular organization in
the thylakoid membrane and the PSII flexibility may play roles in various short-term regulatory mechanisms of
green plant photosynthesis. This article is part of a Special Issue entitled: Photosystem II.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Photosystem II (PSII) is one of the key proteins of the light reactions
of photosynthesis. It is universally distributed throughout prokaryotes
and eukaryotes capable of oxygenic photosynthesis, including higher
plants, macroalgae, diatoms, dinoflagelates, and the oxyphotobacteria
(cyanobacteria and prochlorophytes), but not in archea [1]. In this
review we will focus on the green plant system. The function of PSII and
its role in the light reactions of photosynthesis cannot be understood
without a detailed knowledge of its structure, including its peripheral
antenna. Over the last two decades a substantial effort has been put on
solving medium (4-10 A) to high-resolution (<3 A) structures of intact
PSIl complexes [2-7], single subunits [8-12] and light-harvesting
complex II (LHCII) [13,14], which forms part of the peripheral antenna.
Most of the high resolution information, however, has been obtained
with cyanobacterial PSII complexes, which are generally more stable
than the complexes from plants. There is also an increasing emphasis on
the interaction of these complexes into higher order associates, like
supercomplexes. This is not unique for the chloroplast, since also in the
(plant) mitochondrion the existence of several supercomplexes has
been described, such as a dimeric form of the ATP synthase [15] and a
supercomplex consisting of monomeric complex I and dimeric complex
M1 [16].

A good understanding of the reactions performed by PSII does,
however, not only require a deep knowledge of its structure including
the peripheral light-harvesting complexes, it requires also knowledge

¥ This article is part of a Special Issue entitled: Photosystem II.
* Corresponding author. Tel.: +31 20 598 7931; fax: 431 20 598 7999.
E-mail address: j.p.dekker@vu.nl (J.P. Dekker).
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doi:10.1016/j.bbabio.2011.05.024

of how PSII works together with the other main protein complexes
such as photosystem I (PSI) and the cytochrome bgf complex in the
photosynthetic membrane to perform the primary light reactions.
This is particularly relevant for the light-harvesting function and its
regulation. During evolution green plants have adapted different
strategies to develop and survive in very diverse environmental
conditions characterized by high light or low light, strongly
fluctuating light conditions, conditions in which the incoming light
is spectrally altered due to shading by water or other photosynthetic
organisms or certain types of stress conditions.

To understand how PSII works in the photosynthetic or thylakoid
membrane we have to study this membrane in detail within the intact
chloroplast. The thylakoid membrane forms a physically continuous
three-dimensional network that encloses a single aqueous space, the
thylakoid lumen. A characteristic feature of this membrane is its
extensive folding. As a consequence, the thylakoid membranes of
vascular plants and some green algae are structurally inhomogeneous.
They consist of two main domains: the grana, which are stacks of
thylakoids, and the stroma lamellae, which are unstacked thylakoids
and connect the grana stacks. Three-dimensional models of the spatial
relationship between grana and stroma thylakoids show that PSII and
LHCII reside mainly in the grana membranes, while PSI and ATPase
reside predominantly in the stroma and the cytochrome bg/f complex
is distributed about evenly between the two types of membranes. It is
important to realize that protein-protein interactions determine for a
major part the shape and folding pattern of the thylakoid membrane
[17]. In other words, we need to know the precise interactions of PSII
with its neighbors within the intact chloroplast to fully comprehend
how the light reactions of photosynthesis occur under changing light
and environmental conditions.
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This review focuses on the overall composition and structure of the
PSII supercomplex of green plants and its organization and in-
teractions within the photosynthetic membrane. Further, we present
the current knowledge how the thylakoid membrane is three-
dimensionally organized within the chloroplast and finally how this
organization can play roles in the various photosynthetic regulation
mechanisms.

2. Molecular organization of photosystem II
2.1. Peripheral antenna

In higher plants, the peripheral antenna consists of a number of
pigment-protein complexes belonging to the Lhc super-gene family
[18]. Two types of peripheral antenna proteins associated to PSII can
be distinguished. The most abundant complex is the so-called “major”
LHCII antenna complex. This complex occurs in a trimeric oligomer-
ization state and consists of various combinations of three very similar
proteins, encoded by the Lhcb1, Lhcb2 and Lheb3 genes, which usually
occur in a ratio of about 8:3:1 [19]. In addition, there are three “minor”
antenna complexes, which are called Lhcb4 (CP29), Lhcb5 (CP26) and
Lhcb6 (CP24) and usually occur in monomeric states. All these
complexes bind various pigment molecules and the high-resolution
structures of the major trimeric LHCIl complex and CP29 have been
solved [12-14]. It is likely that the minor complexes CP26 and CP24
adopt rather similar overall three-dimensional organizations.

2.2. PSII-LHCII supercomplexes

A variable number of peripheral antenna proteins can associate
with dimeric PSII core complexes to form PSII-LHCII supercomplexes
[17]. These supercomplexes have been denoted according to their
composition. A dimeric core, Cy, can associate with up to four copies of
peripheral LHCII trimers. Connection of the first two LHCII S-trimers
extends a C; complex to a C,S, supercomplex, and two further M-
trimers are bound in a C;S;M, supercomplex [20]. Spinach super-
complexes may bind a third type of L-trimer, but the resulting
C3S,M,L, 5 supercomplexes are rare. The C,S; supercomplex contains
almost all PSII core proteins [21], but from the peripheral antenna the
Lhcb3 and CP24 proteins appear to be absent [22]. A three-
dimensional structure of this supercomplex from spinach was
constructed using a low-resolution 3D electron density map obtained

by single particle cryo electron microscopy [23]. A recent analysis
concerns the larger, C;S,M; supercomplex of Arabidopsis thaliana and
shows details at 12 A resolution [24], permitting a more accurate
fitting of the peripheral antenna proteins, based on the known LHCII
structure. The combination of high-resolution structures of compo-
nents with the low-resolution provided by electron microscopy is
useful because the precision of fitting an X-ray structure into an EM
density map is much better than the resolution of the EM data [25].
The model is presented in Fig. 1 and shows how within the PSII-LHCII
supercomplex the innermost LHCII S-trimer is attached to a dimeric
PSII via CP29, binding to one PSII core monomer and CP26 to the other.
Indeed, monomeric cores with a full set of peripheral antenna
particles have never been observed in disrupted grana, although
recently a particle consisting of a monomeric core plus CP26 and one
LHCII trimer was found in Arabidopsis [24]. The need for dimeric core
configuration also explains why the peripheral antenna proteins
easily detach from PSII during the transition from dimer to monomer.
No intact supercomplexes could be isolated from Arabidopsis plants
expressing antisense constructs to CP29 [26], although recently small
numbers of PSII-LHCII supercomplexes with empty Lhcb4 binding
sites could be found [S. de Bianchi, N. Betterle, R. Koufil, S. Cazzaniga,
E. ]. Boekema, R. Bassi and L. Dall'Osto, Plant Cell, in press]. This
suggests that CP29 occupies a unique position in the PSII macrostruc-
ture and that in contrast to CP26 its presence is essential for the
formation of PSII-LHCII supercomplexes. Both the CP29 and CP26
antisense mutants showed a rather normal photosynthetic perfor-
mance, although the mutants showed slightly different fluorescence
characteristics and an increased number of PSII centers [27]. This
suggests that the organization of PSII and LHCII into supercomplexes
is not absolutely required for photosynthetic performance, at least
under normal physiological conditions and light levels.

A more peripheral LHCII trimer (M-trimer) is attached via CP24
and CP29. CP24 is necessary for binding the M-trimer because
Arabidopsis plants depleted of CP24 do not form C;S;M, super-
complexes [28]. In the green alga Chlamydomonas reinhardtii, which
lacks CP24, only C,S, supercomplexes could be detected [17]. Some
small core subunits, such as PsbW, are also necessary for intact
supercomplexes [29], but their localization is not yet clear.

Analysis of supercomplexes isolated from Arabidopsis plants
expressing an antisense construct to Lhcb2 revealed that the LHCII
binding sites are not unique for the various types of trimers [30]. In
these plants, not only was the synthesis of Lhcb2 almost completely

Fig. 1. Projection map and a structural model of the PSII C;S,M, supercomplex. (A) Top view projection map of the C;S;M; supercomplex from Arabidopsis thaliana obtained from
single particle electron microscopy. (B) Assignment of the subunits of the supercomplex by fitting the high-resolution structures of PSII core [7] (subunits D1, D2, CP43, CP47 and
extrinsic subunit PsbO are highlighted in blue, cyan, salmon, pink and yellow, respectively) and Lhcb [13] (trimeric LHCII and monomeric Lhcb in dark and light green, respectively).
PSII core monomer, “C"-, “S”- and “M"-type of LHCII trimers and the minor antennas, CP24, CP26 and CP29, are schematically depicted in blue, light green, cyan, light blue, magenta

and orange contours, respectively. Adapted from Ref. [24].
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abolished, but also that of the strongly related Lhcb1 protein [31]. It
appeared that in these plants, the expression of the antisense Lhcb2
construct resulted in strongly increased levels of CP26 and (to a minor
extent) Lhcb3, and that supercomplexes were formed with trimers
consisting of Lhcb5 and Lhcb3 at the S- and M-binding positions [30].
This replacement is unique, because expression of antisense con-
structs to the minor peripheral antenna proteins and to the peripheral
antenna proteins of PSI did not lead to increased synthesis of other
proteins, and stresses the importance of the particular organization of
PSII and LHCII in supercomplexes.

2.3. Energy transfer

The recent structures of PSII-LHCII supercomplexes allow a more
detailed description of the energy transfer routes from the peripheral
antenna to the core antenna and the reaction center. Fig. 2 shows the
chlorophylls and carotenoids of one half of the C;S,M; supercomplex,
based on data reported in Ref. [24], with chlorophylls a in green and
chlorophylls b in blue to point out the major routes of energy transfer
between the pigment-protein complexes, based on a relatively close
proximity of chlorophylls a in adjacent complexes (arrows Fig. 2).
Chlorophylls b are probably only to minor extents involved in energy
transfer between complexes, because their energies are at least 2 kgT
higher than those of chlorophylls a. The figure shows that within each
PSII core monomer, there are two major routes of energy transfer, i.e.,
from CP47 to the RC and from CP43 to the RC (yellow arrows), and
that within the supercomplex there are also two major routes of
energy transfer to the PSII core (blue arrows). The first route goes
from S-LHCII and/or CP26 to CP43 and the PSII core monomer on the
left in Fig. 2, the other route goes from M-LHCII and CP24 via CP29 to
CP47 and the other PSII core monomer on the right in Fig. 2. Along the
sides of the PSII core, there is a rim of pigment-free low-molecular
mass proteins (indicated by grey bars in Fig. 2), which prevents a close

LHCHI S

7/

LHCII M

Fig. 2. Energy transfer routes within the PSII C,S,M; supercomplex. The chlorophylls
and carotenoids of one half of the C;S,M; supercomplex are depicted, with chlorophylls
a in green, chlorophylls b in blue and carotenoids in orange. The six central chlorophylls
and pheophytins of the PSII RC are depicted in yellow. The arrows indicate major routes
of energy transfer between (i) the RC and the core antenna proteins CP43 and CP47,
(yellow arrows), (ii) within the supercomplex (blue arrows), and (iii) to or from
possible neighboring (super)complexes within the membrane (green arrows). Grey
bars indicate a rim of pigment-free low-molecular mass protein subunits. The model is
based on data reported in Ref. [24].

proximity of chlorophylls between neighboring complexes and
therefore makes energy transfer through this part of the structure
less likely. This means that energy transfer to the supercomplexes
within the membrane will predominantly flow through the peripheral
antenna (green arrows) and not among dimeric PSII core complexes.
This structural arrangement could be advantageous for the effective-
ness of regulatory processes of light harvesting (such as high-energy
quenching, see below).

3. Organization of supercomplexes in stacked grana membranes

There is quite some variation in the numbers and distribution of
the PSII supercomplexes over the grana membranes. Most grana
membranes show a rather random organization (Fig. 3A), but in some
conditions, which are still not exactly understood, large parts of the
membranes occur in semi-crystalline domains and row-like associa-
tions (Fig. 3B, C). The formation of semi-crystalline domains in the
membrane requires a physical separation of PSII supercomplexes from
the other membrane proteins, e.g. free LHCII proteins or PsbS (see also
the Section 5.2), which can hamper a specific ordering of PSII
supercomplexes into 2D arrays. However, the forces which lead to
the protein separation, remain to be elucidated. It is likely that the
ordered configuration is energetically favorable and that the random
configuration is entropically favorable, and so it is possible that the
network of forces at work in the membranes is balanced in such a way
that relatively large structural changes (from disorder to order and
vice versa) become possible with minimal energetic changes, thus
allowing functional modifications.

Crystalline 2D arrays of dimeric PSII have been observed decades
ago after freeze-etching and freeze-breaking of green plant photo-
synthetic membranes (see Refs. [17,22,32] for recent reviews). There
is quite some variation in these crystalline arrays, which depends on
factors like temperature and biochemical composition of the grana
membranes. At least three types of supercomplexes can form the
crystals (C5S,, C2S,M and C,S5,M5), see Ref. [17] and moreover, these
different types of particles can arrange in several different types of
packing, which means that the interaction with neighbors is different.
A recent novel type of packing of C,S;M, found in Arabidopsis is
presented in Fig. 3D. The relevance of such crystals was not clear until
recently when Kirchhoff et al. could relate the crystals to light
conditions [33]. They found a remodeling of the photosynthetic
machinery induced by growing spinach plants under low light
intensities. This caused an up-regulation of light-harvesting com-
plexes and down-regulation of PSII and cytochrome bgf complexes in
intact thylakoids and isolated grana membranes [33]. The antenna
size of PSII increased by 40-60% as estimated by fluorescence
induction and LHCII/PSII stoichiometry. These low light-induced
changes in the protein composition were accompanied by the
formation of ordered PSII complexes in grana thylakoids as detected
by electron microscopy. They suggested that the supramolecular
reorganization in ordered arrays in low light grana thylakoids is a
strategy to overcome potential diffusion problems in this crowded
membrane [33].

A further variation in the organization of supercomplexes is caused
by the occurrence of pairs of supercomplexes. Image analysis of these
pairs has indicated that the supercomplexes can laterally associate to
each other in rather specific ways to form megacomplexes. In spinach
three types of megacomplexes (dimers of supercomplexes) have been
observed thus far, while in Arabidopsis a fourth type was found [17].
Some of these megacomplexes appear to be similar to two building
blocks within the crystalline arrays [17].

Finally, the higher association of supercomplexes is not restricted
to one grana membrane. It appeared that ordered PSII arrays are
formed in two adjacent membranes, which are in a specific contact
through their stromal sides. There are preferential angles between
rows in opposing membranes, both in spinach and in Arabidopsis
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Fig. 3. The higher organization of PSII complexes in the thylakoid membrane. Examples of electron micrographs of negatively stained pairs of thylakoid membranes isolated from
Arabidopsis thaliana with either a random (A) or ordered (B) organization of PSII complexes. Detergent treatment removed the margins; the black arrows point at remaining single
membranes at the periphery. The inset in (A) shows the result of single particle analysis of 224 PSII particles selected from the electron micrograph. The projection map shows a
typical density of the PSII core complex. The inset in (B) shows the result of single particle analysis of 96 sub-areas of ordered arrays of PSII complexes selected from the electron
micrograph. (C) Assignment of the 2D array of PSII from (B) by the fitting of the structural model of the PSII C,S,M, supercomplex according to Ref. [24]. (D) A novel type of packing
of the PSII C;S,M, supercomplexes. Scale bar for the electron micrographs in (A, B) is 100 nm.

[17,34]. At these angles the overlap of LHCII trimers is optimized, at
least for the central part of the domains. For spinach the preferential
angles were about 3° and 46° [35] or about 90° [34], and for
Arabidopsis they were about 32° and 58° [36]. The fact that optimal
angles are different for these two plant species is related to different
basic units (C;S,M and C,S;M,, respectively). These crystals indicate
that the organization of the complexes in one membrane affects the
organization of complexes in the opposing membrane and in
particular, the preferential angles induce a strong overlap of LHCII
trimers of adjacent layers (Fig. 4).

Much of the earlier work on the organization of PSII-LHCII
supercomplexes in grana membranes was performed on detergent-
derived membrane fragments, the so-called BBY preparations [37]. It
was recently shown that the protein packing ratio in these
membranes is about 80%, which is slightly higher than the ratio of
70% found in intact grana thylakoids [38], and that dilution of BBY
membranes with lipids down to the ratio of 70% resulted in an
increased antenna size and enhanced connectivity between reaction
centers. Further dilution resulted in a functional disconnection
between PSII and LHCII, suggesting that a packing ratio of about 70%
brings about optimal photosynthetic performance, by keeping on one
hand the distance between the various antenna and PSII core
complexes as short as possible to allow fast excitation energy transfer
kinetics, and on the other to allow sufficient structural flexibility to
allow long-range transport of plastoquinone and to respond optimally
to short-term physiological adaptations (e.g., high-energy quenching,
state transitions, D1 repair).

In line of this, it was recently shown that excitation energy transfer
in PSII is somewhat slower in intact thylakoids than in isolated PSII

membranes [39], suggesting on average a larger distance between PSII
and a part of the peripheral antenna in physiological conditions. It was
furthermore shown that PSII fluorescence lifetimes were similar in
wild-type thylakoids and in thylakoids obtained from a mutant
lacking CP26, whereas longer PSII fluorescence lifetimes were
observed in mutants lacking CP29 or CP24 [39]. It was discussed
above that mutants lacking CP26 retain the supramolecular organi-
zation of PSII and LHCII, whereas in mutants lacking CP29 the
supercomplexes are much less stable [26], so this result suggests that
an organization of PSII and LHCII in supercomplexes facilitates the
transfer of excitation energy to the PSII core complexes. The absence
of CP24 prevents the formation of C;S,M; supercomplexes but retains
the possibility to form C,S, supercomplexes [28], suggesting that in
particular the additional M-LHCII-CP24-CP29 energy transfer route
(Fig. 2) is important for allowing fast energy transfer between
peripheral and core antenna.

4. Overall chloroplast membrane topology

The thylakoid membrane of higher plants forms a very characteristic
network consisting of grana stacks interconnected by stroma thylakoids.
The 3D architecture of the granum-stroma assembly and the entire
thylakoid membrane network is intriguing, especially because of the
ability of the membranes to undergo reversible changes in folding and
organization under varying environmental conditions [40,41]. In the
next sections we will focus on the most recent efforts to determine the
overall 3D organization of the thylakoid membranes, of which the
capacity to form grana stacks is a well-known aspect. In a previous
review we discussed several aspects of the stacking, such as the factors


image of Fig.�3

6 R. Koufil et al. / Biochimica et Biophysica Acta 1817 (2012) 2-12

® W ¢

W 4%

Fig. 4. Example of preferential stacking in paired inside-out grana membranes from Arabidopsis thaliana. (A) Electron micrograph of a negatively stained grana fragment of a 58°-type
in which the layers make an angle of about 58°. (B) Simulation of the overlap pattern in the 58°-type crystal, based on 150 averaged crystals [36]. Asterisks indicate positions where
PSII core complexes (in red) of adjacent layers match optimally. (C) The specific positions of the core complexes of two layers cause a strong local overlap of part of the LHCII trimers

(light green).

that sustain the grana and stroma division the protein distribution
within the stacks and the location of the cytochrome bg/f complex [17].
Some are worth to repeat briefly, to better appreciate novel findings
about changes in response to stress and other factors.

One of the main consequences of stacking is the physical
separation of PSI and PSII. The stacking not only prevents spill-over
of excitation energy, but it also provides the chloroplast the means to
fine-regulate the light requirements for photosynthesis and provides
PSII a very large functional antenna, in which excitation energy can
flow within a thylakoid membrane and between two stacked
membranes until an ‘open’ PSII reaction center is found. In addition,
it provides an easy means to adapt to low light conditions, in which
both the amount of LHCII and the extent of stacking have been shown
toincrease [17]. It is also possible that a physical separation of PSII and
PSI is required to fine-tune the balance between linear and cyclic
electron transport, as discussed before in more detail [17].

4.1. Architecture of chloroplast thylakoid membrane

Despite considerable efforts to get a detailed view of the 3D
organization of the thylakoid membranes using different experimental
approaches (employing conventional electron microscopy, state-of-
the-art cryo electron tomography or atomic force microscopy), there is
not yet a consistent view of the overall membrane architecture.
Discrepancies in the interpretation of structural data can be caused by
technical limitations of different experimental approaches and thus in
the resolution of 3D reconstructions, or by the flexibility of the plant
material. A major obstacle is the size of the entire thylakoid membrane
system within an intact chloroplast. This size is just exceeding the limits
of the penetration power of a medium-voltage transmission electron
microscope and thus makes their direct visualization in an intact form
unachievable. Analysis of either thin sections or partially solubilized
thylakoid membranes can be applied to overcome the sample thickness
limitation [42], however, at the cost of loss of intactness of the 3D
membrane architecture.

In the last 40 years, several models of the thylakoid membrane
organization have been proposed (see Ref. [43]). Two of them, the
helical model and the fork or folded membrane model (Fig. 5), can be
discussed as appropriate models of the thylakoid membrane
architecture.

4.1.1. Helical model

In the helical model, which was derived from EM studies of thin
sections and serial sections of chemically fixed thylakoid membranes
[44], the tilted stroma thylakoids are wound around the granal stacks
in the form of multiple right-handed helices, where each granum

thylakoid is connected to an average of seven stroma thylakoids
(Fig. 5A). The helical arrangement of the stroma thylakoids around
grana was further supported by other electron microscopy techniques
including scanning electron microscopy [45] and freeze-fracture EM
[46]. More recently further evidence came from a number of electron
tomography studies: (i) on serial sections of chemically fixed
membranes [47], (ii) on high pressure frozen and freeze-substituted
sections of chloroplasts [48], and (iii) on high pressure frozen vitreous
sections of isolated chloroplasts and thylakoid membranes [34]. In
addition, these new tomography data revealed new and unexpected
features. For instance, the periodicity of the connections between the
stroma and grana thylakoids appeared to be more variable than
previously proposed. Furthermore, there are fewer connections
between one particular granum thylakoid and its surrounding stroma
thylakoids [48]. Also the number of connected grana thylakoids in a
stack by one spiral stromal thylakoid seems to be lower than
previously thought [34,48]. Finally, dimensions of the connections
between the stroma and grana thylakoids were found wider and also
more variable in size [34,48]. Thus, their possible role in a regulation
of the flow of ions, membrane molecules and proteins between
stroma and grana thylakoids was suggested [48]. On the other hand,
the observed variable dimensions of membrane connections can be
accidential and thus these variations do not necessarily point to a
regulatory role.

4.1.2. Fork model

In the fork or folded membrane model, which was originally
proposed to illustrate the lateral heterogeneity in the distribution of
PSII and PSI in the thylakoid membrane [49], the stroma membranes
bifurcate and make a fork, which connects two adjacent grana
thylakoids within a stack (Fig. 5B). The model became popular in
the field especially due to its ability to illustrate in a simple and
understandable way a principle of a dynamic reversible folding/
unfolding of the thylakoid membrane [50]. Although the proposition
of the fork model was not based on direct structural data, the fork
motif was observed in many micrographs, including those of thin
serial sections, which were, however, interpreted in favor of the
helical model, due to a low depth resolution of serial sectioning [47].
Strong evidences for the existence of the fork at the granum-stroma
assembly were provided by cryo tomography on cryo immobilized
and freeze-substituted sections of intact leaves [42] and high pressure
frozen vitreous sections [34]. The former work further indicates that
the adjacent grana membranes fuse both at the margin of and within
grana stacks, which is important for granum formation [42]. However,
the formation of such membrane bridges would put significant
constraints on the reversible membrane folding/unfolding. Structural
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B

Fig. 5. Two current models for the 3D organization of thylakoid membranes in plant chloroplasts. (A) The helical model (from Ref. [43]). (B) The fork model (based on earlier
drawings first presented in Ref. [49]) with a schematic presentation of PSII and LHCII trimers in dark and light green, respectively. The black arrows indicate a fork formation.

studies of thylakoid membrane rearrangements during state transi-
tions indicate that a significant alteration of the membrane organi-
zation is accompanied by a reversible membrane fission and fusion
[51]. Interestingly, recent tomography data suggest the existence of
tubular interconnections between adjacent parallel stroma thylakoids
[48].

4.1.3. Conclusions of overall 3D structure

In the light of these novel findings, it is evident that our current
structural models are still rather limited and there is a clear need for
further improvements of our structural knowledge of the thylakoid
membrane architecture to better understand dynamic changes in the
membrane folding. Earlier models of the thylakoid membrane
organization, which have been obtained using conventional micros-
copy techniques, are now challenged by new tomography data
[47,52,53]. Undoubtedly, a study of intact frozen-hydrated samples
(free of fixation artifacts) using cryo electron tomography on a high-
voltage electron microscope is an approach that could shed light on
the grana structure, the granum-stroma assembly and the grana
dynamics, because it visualizes the protein complexes within the
membranes and therefore can provide insight in the molecular
interactions that underlie the membrane architecture. However, any
further refinement of current models will depend very much on the
performance of electron microscopy hardware to reach better data
acquisition and on perfecting tomography reconstruction techniques,
necessary to image complete chloroplasts.

4.2. Dynamic rearrangements within the grana stacks

Besides the enigmatic 3D organization of the entire thylakoid
membrane, the individual grana stacks possess other intriguing
features. Firstly, although the diameter of single grana discs usually
varies within a rather narrow range between 300 and 600 nm [43,54],
the extent of grana membrane stacking is highly alterable under
different and often varying environmental conditions [55]. Shade-
type plants are characteristic for much broader grana with more
stacked thylakoids per granum compared to sun-type plants [56].
Even a short exposure of plants to a lower light intensity results in a
loss of small grana and formation of larger ones. The opposite is
observed under a higher light intensity, although the total changes of
the grana membrane stacking (a grana disc area) did not exceed 20%
[57]. Surprisingly, a high light treatment induced a similar effect on
grana membrane stacking, which was observed under a low light
intensity. The observed effect of light quantity on the grana
membrane stacking was attributed to a structural alteration that
occurs in the thylakoid membrane during state transitions, as they
were found to be controlled by the light intensity, not exclusively by a
spectral light quality [58]. However, further studies showed that state
transitions induced by light of a specific spectral composition can

bring about a structural rearrangement of the thylakoid membrane
even at a larger scale [51]. It is also intriguing that the extent of in vitro
thylakoid membrane unstacking can be further enhanced by e.g. low
salt conditions or elevated temperature, when a complete reversible
unstacking of the thylakoid membrane can be observed [50,54,59,60].
It clearly indicates that the thylakoid membrane represents a dynamic
system, which can undergo under different conditions of highly
variable structural rearrangements. It remains to be answered
whether only one or more factors are involved in a regulation of the
induced membrane rearrangements.

Secondly, the vertical distances between the stacked grana
membranes are highly variable [41]. On the stromal side, the grana
membranes are very flat, as their protein constituents (PSII, LHCII, cyt
be/f complex) do not possess any protruding stromal domains. These
structural features allow a very close stromal contact between two
adjacent layers, which facilitates the stacking of these membranes
(reviewed in Ref. [17]). The width of the stromal gap, estimated from
thin sections of plastic-embedded chloroplasts, was found to vary
between 2 nm and 4 nm. A value of 2.6 nm was determined from an
atomic force microscopy study [61], which seems to represent a
situation of displaced organization of PSII complexes in two adjacent
membranes. Analysis of cryo tomography data indicates an average
width of the stromal gap 3.2 nm [34], which most likely represents a
spatial limit for a juxtaposition of PSII complexes. Calculation of
electrostatic surfaces from the X-ray structure of LHCII [14] and their
fitting into the tomography data prooved that the stromal gap of
3.2nm is sufficient to accommodate N terminal peptides of two
adjacent LHCII trimers upon their interdigitation [34]. In contrast, at
the lumenal side, the distance between the membranes is (i) much
larger due to the presence of large membrane-protruding subunits of
the PSII core and cytochrome bg/f complex and (ii) much more
variable. The lumen width derived from plastic-embedded thin-
sectioned chloroplasts varies roughly from 6 to 16 nm (reviewed in
Ref. [17]). Recently, cryo tomography data reported a lumen width
within the above range [42,62], although a tighter contact of about
5 nm was also reported in cryo tomography [34] and an atomic force
microscopy study [61]. The observed variation is related to the light-
induced acidification of the lumen, which was accompanied by a
shrinking of the lumen volume [34,41,63,64]. However, the observed
effect of light on the lumen width seems to represent a more complex
response, as the opposite light effect was observed during state
transitions. Under state 2 light conditions, a swelling of the lumen
volume up to about 24 nm was observed [51], which strikingly differs
from e.g. ~5 nm lumen width observed in plants adapted to growing
light conditions [34]. It was hypothesized that the observed variation
of the lumen volume is mediated by the light-induced structural
rearrangement of the oxygen-evolving-complex (OEC) of PSII [65],
which represents the largest membrane-protruding domain at the
lumenal side and thus the main spatial barrier determining the lumen
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space. Under optimal light conditions, when PSII is photochemically
active, a fully assembled OEC complex can closely interact in the
lumen with the OEC of the opposite PSII complex. Under unfavourable
light conditions, which lead to an inhibition of the photochemical
activity of PSII complex, the OEC complex and its interaction with the
opposite OEC are destabilized, which results in an expansion of the
lumen. Namely PsbQ, an extrinsic subunit of OEC of PSII, was proposed
to be a key subunit involved in the above-mentioned interactions as
well as in the structure and dynamics of grana membrane stacking
[65]. However, considering the height of OEC complex (about 4.5 nm),
the hypothesis can only explain a shrinkage of the lumen up to 9 nm
for a juxtaposition of PSII complexes. Reported values of the lumen
width under 9 nm have to indicate a displacement of OECs of
opposing PSII complexes. Although a mechanism and reason of the
lumenal volume variation is not fully understood yet, shrinkage of the
lumen space could severely hinder the mobility of the complexes in
both membranes [61] and also limit the available volume for lumenal
proteins. On the contrary, a lumen swelling under e.g. state 2
conditions [51] could facilitate a lateral diffusion of phosphorylated
LHCII in the grana membrane. The finding of novel densities attached
to the lumenal side of LHCII trimers in supercomplexes (see below in
Section 4.3.2 and Fig. 6) further constrains possible large-scale
shrinkage of lumen widths.

4.3. Higher organization of PSII in situ

4.3.1. Possibilities and limitations of freeze-fracture EM and AFM

The possibility of studying the 3D organization of photosynthetic
proteins in situ, within the thylakoid membrane has been a long
standing dream, because it would give an opportunity to obtain
information about their distribution and their higher organization. As
will be explained in the next section, this possibility was only realized
recently. For many years, freeze-fracture EM was the only way to
obtain basic information about a lateral distribution of photosynthetic
proteins within different compartments of thylakoid membrane from
a metal replica of split lipid bilayer (see Ref. [32] for a review).
Although the resolution of the technique is rather limited, it allows
monitoring the protein density and distances of neighboring
complexes in the membrane. Using this approach, an interesting

observation was recently made by a study of PSII rearrangements
under either low light or high light intensities, which were found to
induce a decrease in the density of PSII in the grana thylakoid
membrane [66,67]. Moreover, the former study revealed the forma-
tion of rows of ordered PSII particles in low light grana thylakoids.
Freeze-fracture EM was also used to show that the formation of a
photoprotective state induced by a short-term exposure of plants to
high light is accompanied by rapid and reversible structural re-
arrangements of photosynthetic proteins in the membrane. These re-
arrangements involve the dissociation of LHCII from PSII followed by
LHCII aggregation and a tighter clustering of PSII particles [68]. Atomic
force microscopy is another technique to study proteins in native
membranes, by means of their surface properties. Because of a higher
lateral resolution, in the range of about 4 nm, it can determine not
only the position of individual PSII complexes within unfixed grana
membranes, but also their orientation, which was found to be often in
a parallel alignment [61, K. Sznee, ].P. Dekker, R.T. Dame, H. van Roon,
GJ.L. Wuite and R.N. Frese, manuscript in preparation]. In particular,
height differences can be determined quite accurately.

4.3.2. Emerging technique of cryo electron tomography

Although the AFM technique can provide structural data in three
dimensions, it is basically limited to register the surface topology of
objects with height differences. Hence the amount of structural
information about, e.g., a three-dimensional membrane stack is rather
limited. In contrast, cryo electron tomography can provide full 3D
information and is currently the most promising technique with a
great potential to fully extend our structural knowledge of intact
biological objects in three dimensions close to in vivo conditions [69].
Cryo electron tomography is most efficient with thin objects because
there is a direct relation between the size of an object and the
theoretical resolution [70]. Objects up to about 0.5-1um can be
studied at reasonable resolution, but for larger objects the thickness
causes problems, engraved by multiple scattering of electrons. To
overcome the specimen thickness limitation, large objects can be cut
into a series of thin vitrious sections, which are examined separately.
An alternative approach is to slightly disrupt organelles. The loss of in
vivo conditions is compensated by a possibility to reach a higher
resolution in a tomographic reconstruction. The latter approach was

Fig. 6. 3D model of the PSII core complex and its possible organization in a pair of grana membranes. (A) 3D average of subvolumes of PSII complexes selected from tomographic
reconstructions, viewed from the lumenal side and from a side along the membrane plane (from the top to the bottom, respectively) [62]. Isosurface model shows the PSII core
complex together with extrinsic subunits of oxygen-evolving complex resolved on the lumenal side of the complex. Further, four additional spherical densities were revealed at the
lumenal side of the PSII complex. A comparison of the isosurface model of PSII complex with a pseudo-atomic model of the complete PSII supercomplex [24] viewed from the
lumenal side indicates that the spherical densities coincide with the position of LHCII trimers. (B, C) Possibilities in the variation of the lumenal width at different positions of
opposing PSII complexes. (B) A juxtaposition position of PSII complexes of two opposing grana membranes results in a large lumenal space. Extrinsic subunits of oxygen-evolving
complex and novel lumenal densities revealed by cryo tomography represent a physical barrier of a closer contact between the opposing grana membranes. (C) Shrinkage of lumenal

space is only possible upon a full lateral displacement of opposing PSII complexes.


image of Fig.�6

R. Koufil et al. / Biochimica et Biophysica Acta 1817 (2012) 2-12 9

recently successfully used for the first study of PSII arrangement in
situ, inside the isolated thylakoid membrane [34,62]. Typical densities
of the extrinsic parts of PSII core complexes were clearly distinguished
in tomograms of different preparations of stacked thylakoid mem-
branes, including mild digitonin solubilization or osmotic shock. PSII
core complexes were found to be either randomly distributed within
the thylakoid membrane [34,62] or they were organized in 2D arrays
of C,S, supercomplexes. Interestingly, 2D arrays of PSII complexes
were merely found in pairs, in two adjacent membrane layers, which
were in a contact through their stromal sides [34]. Analysis of PSII
interactions in those adjacent layers indicates multiple specific
interactions between PSII subunits, including PSII reaction centers,
LHCII trimers and minor antennae, which all might contribute to the
grana stacking [17,34]. Analysis of positions of randomly distributed
PSII cores and their distances from neighboring complexes within an
entire membrane layer indicated that about one quarter of super-
complexes in spinach must be of smaller size than full C;S;M,
supercomplexes, to avoid overlap [62]. This is consistent with earlier
EM studies of grana membranes, where in case of crystalline arrays
the C,S;M units were found to be predominant [35]. Tomography data
further showed that regardless of a minor fraction of unassigned
densities, there were several membrane areas, which were very flat
and free of PSII supercomplexes or other protruding proteins [62].
Similar areas were found by AFM (Sznee et al., manuscript in
preparation). It was suggested that they can be occupied by free
LHCII proteins [17]. Calculations by Kirchhoff [71] on the numbers of
lipids and proteins exclude the presence of large lipid-only areas. It
should be pointed out that light growing conditions have a strong
influence on the amount of free and bound LHCII [55], which can
modify a relative ratio between different types of PSII supercomplexes
(e.g. CSM,, GS,M, CzSz).

The fact that PSII core densities can be traced in tomograms offers
the possibility to perform 3D averaging of hundreds of subvolumes
containing such large proteins. In this way electron tomography can
reveal details of protein structures in situ[34,62]. This opportunity will
make sure that in the future electron tomography will fill the gap
between high-resolution structures on the one side and low-
resolution information of cellular structures on the other side. In the
study of Koufil et al., the PSII complex was resolved at 40 A resolution,
which revealed novel protein densities associated with the PSII
supercomplexes, which were not observed before in isolated forms of
PSII complexes (Fig. 6). Similar densities were also observed in recent
AFM data (Sznee et al., manuscript in preparation). The nature of
these protein densities, however, has to be established.

5. Structural rearrangements of protein complexes upon
short-term adaptation

In most habitats, plants are exposed to a wide variety of irradiance
intensities. There are two major short-term acclimations to changing
light quantities and quality in which PSIl supercomplexes are
involved. A redistribution of absorbed light energy between PSI and
PSII by means of a reversible redistribution of mobile LHCII trimers is
called ‘state transitions’ (see Refs. [72-76] for reviews). Besides a
redistribution, the formation of LHCII aggregates seems also to
mediate the energy balance [76]. The other main fast acclimation is
non-photochemical quenching (NPQ) when the light intensity
exceeds the plant's capacity for photosynthesis [77]. Without proper
protection, the accumulation of excited states will result in the
accumulation of harmful oxygen species, which can damage the
membranes, pigments and proteins of the photosynthetic organism
[78,79]. The ability of plants in high light conditions to harmlessly
dissipate excess excitation energy into heat is called high-energy
quenching (qE) and is one of the main features of NPQ. Recent reports
suggest that qE quenching involves dissociation of a complex
consisting of CP24, CP29 and M-LHCII [80]. Thus it has been

speculated that the formation of energy-dissipative LHCII aggregates
is relevant for both qE and state transitions, at least in the green alga
C. reinhardtii [76]. If such energy-dissipative aggregation is facilitated
by acidification of the lumen and/or reinforced by PsbsS, the quenching
could be classified as qE; if it is induced by redox-controlled
LHCII phosphorylation, the quenching could be classified as a state
transition [76,81,82].

5.1. State transitions

State transitions refer to a mechanism by which excitation energy
is redistributed among PSI and PSIl when they become exposed to
light conditions that preferably excite either PSI or PSIL There is
general consensus now about the basic features of this process. When
PSII is preferentially excited by ‘light 2’, the plastoquinone pool
becomes more reduced, which leads to a conformational change of the
cytochrome bg/f complex, which in turn activates a kinase bound to
the be/f complex. A number of kinases have been characterized [75]
and they all have in common a single transmembrane a-helix and a
large extrinsic part at the stromal side of the membrane, suggesting
that these kinases cannot occur in the grana stacks because of steric
hinderance and thus are located in the stroma membranes. The kinase
is then released from bg/f, after which it can migrate to the margins
between stroma and grana membranes, where it meets LHCII and
promotes its phosphorylation. Phosphorylated LHCII has a decreased
affinity for the grana stacks because of the charges on the phosphate
groups and thus a lateral movement of phosphorylated LHCII from
grana to stroma occurs where it can meet PSI, to form a PSI-LHCII
supercomplex [83]. Such a move can explain the shift from ‘state 1’
(induced by ‘light 1’) to ‘state 2’ (induced by ‘light 2’) in plants.

There are several aspects of this mechanism that interfere with the
supramolecular organization of PSII and PSI supercomplexes in the
thylakoid membranes. Recent studies have focussed on the green alga
C. reinhardtii, rather than on green plants, because the overall state
transition effect is much larger in this particular species [84]. Gel
filtration and electron microscopy of affinity-purified C. reinhardtii
particles showed that a PSII-LHCII megacomplex was predominant in
state 1, whereas the PSII core complex was predominant in state 2,
indicating LHCII trimers dissociate from PSIl upon a state 1-to-2
transition. Moreover, in state 2, strongly phosphorylated LHCII was
found in the supercomplex, but not in the megacomplex. Phosphor-
ylated minor LHCIIs (CP26 and CP29) were only found in the unbound
form. The PSII subunits including the CP43 and D2 proteins were most
phosphorylated in the core complex. Based on these observations, a 3-
step model was proposed for the PSII remodeling during a state 1-to-2
transition [76]. Initially, unphosphorylated LHCIIs stabilize the
megacomplex (State 1), then in step 1: the phosphorylation of LHCII
in a LHCII trimer triggers the division of the megacomplex, resulting in
individual C,S, supercomplexes; step 2: the phosphorylation of CP26
and CP29, as well as the PSII core subunits D2 and CP43, induce the
undocking of all the LHCIIs from PSII; and in step 3: the dissociated
LHCIIs reassociate with the PSI-LHCI supercomplex yielding state 2.

Although this is a plausible mechanism for the state transitions in
C. reinhardtii, we would like to make a few critical notes. First, there is
to our knowledge and unlike in plants no solid evidence for the
binding of trimeric LHCII to PSI in state 2. After the publication of our
electron microscopic analysis of PSI complexes of C. reinhardtii [85] it
appeared that these complexes were obtained from membranes
poised in a mixture of state 1 and state 2 (J.A. Thalainen, unpublished
observations). In this analysis, we found two types of PSI super-
complexes, but the size difference was consistent with a monomeric
LHC-type of protein, and certainly not by a trimeric complex. Second, it
is clear that the PSII protein CP29 has considerable affinity for the PSI
complex of C. reinhardtii, which in turn influences the association of the
PSII-LHCII supercomplex. All association—-dissociation processes are
equilibria, and when CP29 (a complex that is crucial for the stability of
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the PSII-LHCII supercomplex—see above) is taken away by binding to
PSI, it will result in a shift of the equilibrium of PSII-LHCII formation
towards the dissociated form. Third, free LHCII complexes don't need to
be firmly bound to PSI to induce excitation energy transfer to PSL In
artificially unstacked thylakoid membranes from spinach, a consider-
able part of the energy transfer from LHCII to PSI was ‘slow’ (in the order
of 150 ps), in contrast to ‘fast’ energy transfer from LHCII to PSI in a PSI-
LHCII complex (in the order of 30 ps) [60], but both contribute to the
increased absorption cross-section of PSI and both contribute therefore
to the state transition.

Although green plants and C. reinhardtii have similar PSII
complexes and peripheral antenna components, we speculate that
the molecular mechanisms for the state transitions are quite different.
In plants most of the LHCII is not accessible for the kinase, probably
because a tight stacking of grana membranes restricts the LHCIIs that
can be phosphorylated to those near the margins. In addition, the
direct binding of an LHCII trimer to PSI induces a relatively large
change in antenna cross section of PSI, and so the state transition
mechanism is basically meant to provide PSI a larger absorption cross-
section in state 2. In C. reinhardtii, a much larger part of PSII is
accessible for the kinase, perhaps because of a less tight stacking of the
thylakoid membrane. In view of the disappearance of the organization
in supercomplexes, the main effect of the state transition is to provide
PSII a smaller absorption cross-section in state 2, rather than to
increase the absorption cross-section of PSI, because the permanent
peripheral antenna of C. reinhardtii PSI is already much larger than in
plant PSL.

Molecular details of the state transition mechanism have to be
further studied, for instance, it is not yet clear how a protein like Lhcb3
(part of the M-LHCII trimer) modulates the state transitions [86].

5.2. High-energy quenching

The process of (E is triggered by acidification of the thylakoid
lumen, which activates violaxanthin de-epoxidase, the enzyme that
converts violaxanthin into zeaxanthin [87]. There is currently no
consensus on the precise physical mechanism of quenching, nor on
the site or sites in the PSII-LHCII macrostructure where the quenching
occurs. Some authors favor a major role of the minor complexes (in
particular CP24) [88,89], others prefer also an important role for the
major trimeric complex LHCII [90].

How the structural changes underlying the quenching take place is
not known in detail. It became clear, however, that the association and
dissociation of a five-subunit membrane complex, composed of CP29
and CP24 and the trimeric LHCII-M, named B4C, is an important step
[80]. Dissociation of this supercomplex seems essential for the onset
of non-photochemical fluorescence quenching in high light, possibly
because it makes quenching sites available for the switch to an
energy-quenching conformation. These association and dissociation
changes are reversible and do not require protein synthesis and
degradation, thus allowing for rapid changes in light adaptation.

The process also requires the presence of the PsbS protein [91] as
well as its protonation by the acidification of the thylakoid lumen [92].
There is no clear evidence yet for a direct structural role for PsbS in the
quenching, also because it is not present in PSII-LHCII super-
complexes and also not in PSII-LHCII supercomplexes organized in
2D arrays [93]. A clear indirect effect of PsbS is in the macro-
organization of PSII within the grana membranes. The amount of PsbS
determines the proportion of supercomplexes that are organised into
semi-crystalline arrays, and in addition determines the precise shape
of the psi-type CD signal [94], that thus can be used as a spectroscopic
fingerprint of ordered arrays in the thylakoid membranes (see also the
discussion in Ref. [95]). In Arabidopsis mutants with overexpressed
PsbS such arrays are absent [93,94] and the capacity for gE is increased
by around two-fold [96], whereas in a mutant lacking PsbS there are
significantly more crystals. Thus the vital role of PsbS in qE may be

explained in such a way that the changes in conformation and/or
interactions between LHCII subunits that are required for the
formation of the quenching state require a loose association of PSII
supercomplexes. This may also be considered as the fully functional
photosynthetic state that is fully competent in electron transport and
able to rapidly and reversibly switch between the light harvesting and
photoprotective state (see Fig. 3 from Ref. [93]). When the tendency
for strong interaction is present, giving rise to an increased proportion
of crystalline arrays, these changes in conformation are inhibited and
qE prevented. Specifically, the dissociation of the aggregate of CP29,
CP24 and the M-LHCII trimer, mentioned above and considered to be
an obligatory event in qE formation [80], would be prevented. Further
work is, however, necessary to test the hypothesis that qE involves a
PsbS-catalyzed re-organisation of PSII supercomplexes in the grana
membrane, mediating the transition between the unquenched and
quenched states.

6. Outlook

With recent progress by single particle electron microscopy,
atomic force microscopy and tomographic reconstructions of intact
and fragmented chloroplasts we have provided insight in the
supramolecular organization of PSII and how the thylakoid mem-
branes are organized in the chloroplast. The final question is then
what should come next? Tomography of complete chloroplasts is still
at the level of membranes. One would like to see in the near future a
completely reconstructed chloroplast at the level of individual
proteins and protein-protein interactions. This is not impossible,
but heavily relying on further improvements in hardware to increase
resolution in electron tomography [97].

There is also a strong demand for higher-resolution data of the
plant supercomplex, to understand in more detail excitation energy
transfer and phenomena like state transitions and NPQ in the
peripheral antenna. There are several questions to be solved in the
core part of PSII but it should be emphasized that the high-resolution
structures of the core complex of cyanobacteria cannot compensate
for the lack of a high-resolution model of the plant core complex,
because their proteins differ in their primary sequence and they have
even a different subunit composition. For instance, the higher plants
contain three small proteins (PsbR, PsbTn, and PsbW) that are not
present in cyanobacteria [98], and both their localization and
functional properties remain unclear. X-ray diffraction is the most
obvious way to solve protein structures. However, for large, fragile
structures like the PSII supercomplex this may be a very tedious
enterprise. Single particle analysis has become an alternative in the
case of large, water-soluble protein complexes [99] and large virus
structures can be solved at high resolution. The C;,S;M, supercomplex
was, however, found to be flexible which limited the finally obtained
resolution to only 12 A [24]. Before single particle analysis became the
most-popular way of performing EM analysis, electron crystallogra-
phy was already an established technique and maybe this technique
can provide higher resolution in the particular case of PSIL. Noteworthy,
this technique resulted in an LHCII structure [ 100], long before the X-ray
structures became available.

In conclusion, structure determination has to go on to provide
insight to one of the basic aspects of an enzyme, to fully understand
and appreciate the light reactions of photosynthesis.
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1. Introduction

Photosynthesis is carried out in the thylakoid membrane, which ac-
commodates the photosynthetic apparatus. Photosystem II (PSII) and
its accessory light harvesting complex II (LHCII) reside mainly in the
stacks of thylakoids, called grana, which are interconnected by stromal
thylakoids, where photosystem I (PSI) and ATP-synthase are mainly
confined. They form, together with the cytochrome bgf complex, the
core of the photosynthetic apparatus [1,2].

PSII of higher plants is a multiple protein supercomplex. The core
complex consists of D1 and D2 and the inner antenna proteins CP43
and CP47. A dimer of the core complex interacts with a variable number
of additional light harvesting complexes (Lhcb1-6). Lhcb1-3 form several
types of heterotrimers. They interact specifically with the PSII core via
monomeric antenna proteins Lhcb4 (also called CP29), Lhcb5 (CP26)
and Lhcb6 (CP24) to form PSII-LHCII supercomplexes (see [3] for a recent
review). The largest PSII-LHCII supercomplex in Arabidopsis, the so-called
C5S;M, supercomplex, consists of the PSII core dimer (C;), two strongly
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bound LHCII trimers (S,) at the side of CP26 and two moderately bound
LHCII trimers (M), which interact with the core via CP29 and CP24
[4,5]. A 2D projection map of the C,S,M, supercomplex was obtained
by single particle electron microscopy (EM) at 12 A resolution [6],
which allowed the reconstruction of a 3D pseudo atomic model of the
PSII-LHCII and the visualization of possible energy transfer pathways in
the supercomplex [7]. Biochemical evidence suggests that in the thyla-
koid membrane up to eight LHCII trimers can be present per PSII core
dimer [8-10]. This indicates the presence of a pool of “extra” LHCII,
which has unknown location with respect to PSII.

It is obvious that more detailed studies of the molecular architecture
of the PSII-LHCII supercomplex are important for a deeper understanding
of its role in the primary reactions of photosynthesis. There is gathering
evidence that the higher organization of PSII and LHCII in the thylakoid
membrane is of equal relevance for the regulation and optimization of
photosynthetic process. Pioneering freeze-fracture and freeze-etch EM
studies revealed first glimpses about a random or well-ordered organ-
ization of PSII complexes in the thylakoid membrane [3,11-13]. More
recently, both mathematical simulations and data from atomic force mi-
croscopy confirm that the PSII distribution in the grana membranes is
not completely random [14-16]. Details of the packing and the molecular
composition of PSII in these arrays are known from EM analysis of nega-
tively stained grana membranes, which revealed that the arrays consist
of G5S,, C28:M or G5, M, supercomplexes [17,18]. Although factors like
cold acclimation [16,19], low light acclimation [20], lack of PsbS and
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absence of specific Lhcb antenna proteins [21-23] were found to increase
the population of semi-crystalline arrays, their physiological significance
is not understood. Recently, cryo electron tomography extended our
knowledge about the higher organization of PSIl complexes into the
third dimension, which provides, among others, unique information
about the interaction between PSII complexes in adjacent layers of
grana membranes [24,25]. These tomography data indicate that the for-
mation of semi-crystalline arrays in situ depends on the interaction of the
stroma exposed membrane surface of two adjacent layers, which both
contain ordered arrays of PSII complexes [24].

In nature, plants are continuously exposed to varying environmental
conditions on a daily or seasonal time scale. Light is for photosynthetic
organisms which is one of the most important factors to cope with. As
short-term response to varying light intensity and spectral quality, plants
had to evolve different mechanisms (i) to protect themselves from pho-
tooxidative damage under high light (Non-Photochemical Quenching
(NPQ), reviewed by e.g. [26]) and (ii) to optimize photosynthetic func-
tion under low light (state transitions, reviewed by e.g. [27]). There are
experimental indications that these mechanisms involve structural
changes at the level of PSII, LHCII and their higher organization in the
thylakoid membrane [28].

Long-term acclimation to different light intensities is accompanied by
a regulation of the amount of LHC proteins and PSII/PSI ratio [29]. Under
high light, the amount of LHC is reduced, whereas the PSII content in-
creases compared to PSI. The opposite effect is observed under low
light, where the lower PSII/PSI ratio reflects a lower amount of PSII com-
plexes, which associate with a larger amount of LHCII proteins [30-32].
Current structural data about the higher organization of PSII in grana
membranes are limited to low light conditions, when down-regulation
of the PSII content led to a formation of specifically ordered rows of PSII
in the grana membrane [20].

The aim of this work is to extend our knowledge about structural as-
pects of long-term acclimation of plants to either high or low light inten-
sity at the level of PSII supercomplexes and their higher organization in
the thylakoid membrane of Arabidopsis thaliana. Biochemical analysis
of plants acclimated to different light conditions indicates a specific alter-
ation of the composition of PSII supercomplexes and the amount of LHCII
proteins. Thorough analysis of electron micrographs revealed a specific
response of acclimated plants at the level of both well-ordered and ran-
domly distributed PSII supercomplexes in the thylakoid membrane. We
addressed the question whether a long-term acclimation of plants to dif-
ferent light intensities favors the formation of semi-crystalline arrays of
PSII supercomplexes in the grana membrane and whether PSII associa-
tions in such arrays are characteristic to specific light conditions. Further-
more, analysis of randomly distributed PSII supercomplexes in the grana
membrane gave us information about the strategy used by the plant to
acclimate to different light intensities.

2. Materials and methods
2.1. Plant material

A. thaliana (Col) plants were grown in a growth chamber (Plant
Climatics Percival Growth Chamber, Model AR-36L, Germany) at
100 pE/m?/s, 70% humidity, 22 °C, and 8 h of daylight and 16 h of
dark period. After four weeks, control plants were grown for addi-
tional 2.5 weeks at 100 uE/m?/s (NL) and plants acclimated to low
light (LL) and high light (HL) were grown under 20 pE/m?/s and
800-1100 UE/m?/s, respectively, for additional four weeks.

2.2. Isolation of thylakoid membranes

A. thaliana leaves were harvested at the end of a dark period. Thyla-
koid membranes were prepared according to [33], with modifications
described in [6]. The membranes were resuspended in 20 mM HEPES,

pH=7.5, 0.4 M sorbitol, 15 mM NaCl, 5 mM MgCl,, quickly frozen in
liquid N, and stored at 193 K until use.

2.3. Polyacrylamide gel electrophoresis and immunoblot analysis

SDS-PAGE was performed with the Tris-Tricine system [34] at a 14.5%
acrylamide concentration. To estimate the level of Lhcb1,2 per CP29 the
gels were digitized with a Fujifilm LAS 300 scanner after Coomassie Bril-
liant Blue staining, and the optical density integrated on the area of the
CP29 and Lhcb1,2 band was quantified using the GEL-PRO Analyzer
(Media Cybernetics). The number of Lhcb1,2 copies per CP29 was quanti-
fied as described by [35], as one CP29 is present per PSII core [18], this
gives the Lhcb1,2/PSII core ratio. One Lhcb3 is present per M trimer
[6,36,37] and thus per PSII core in NL and LL plants, while based on immu-
noblot analysis the Lhcb3 level is reduced to 0.5 per PSII in HL plants.
These values were used to calculate the amount of LHCII trimers
(Lhcb1,2 + Lhcb3)/3 per PSII core. Double amounts are present per PSII
core dimer. Immunoblot analysis was performed as in [38] with anti-
bodies from Agrisera (Sweden).

2.4. Electron microscopy of grana membranes

Prior to the solubilization step, thylakoids were thawed on ice and
resuspended in an excess of buffer A (20 mM HEPES, pH=7.5 and
5 mM MgCl,) and spun down using an Eppendorf table centrifuge
(5 min, max. speed, 4 °C) to remove the sorbitol. After this washing
step, thylakoid membranes were solubilized using digitonin (0.5 mg
of chls/ml, 0.5% digitonin in buffer A) for 20 min at 4 °C while slowly
stirred, followed by centrifugation in an Eppendorf table centrifuge
(5 min, max. speed, 4 °C). The pellet, with the non-solubilized grana
thylakoid membranes, was washed once more with buffer A, spun
down again for 5 min and then used for EM analysis.

Specimens were prepared by negative staining with 2% uranyl acetate
on glow-discharged carbon-coated copper grids. Electron microscopy
was performed on a Philips CM120 electron microscope equipped with
a LaBg tip and operated at 120 kV. Images were recorded with a Gatan
4000 SP 4 K slow-scan CCD camera at 80,000 magnification with a pixel
size of 0.375 nm at the specimen level after binning the images to
2048 %2048 pixels. GRACE software was used for semi-automated data
acquisition [39]. Electron micrographs were band-pass filtered prior anal-
ysis to improve an image contrast. Sub-areas of semi-crystalline arrays of
PSII supercomplexes were analyzed using a single particle approach with
the Groningen Image Processing (GRIP) software including reference
alignments and averaging of aligned projections. Sub-areas (256 x 256
pixels) of PSII arrays were selected from individual electron micrographs
and analyzed separately. To determine the minimal distance between PSII
complexes and the density of PSII complexes in the membrane area,
mid-mass positions of the PSII core complexes were marked manually
using GRIP. To determine the minimal distance, coordinates of about
5000 PSII complexes were selected for each examined sample and ana-
lyzed with Microsoft Excel.

3. Results

3.1. Long-term acclimation to different light intensities induces changes
in the composition of the PSII light harvesting antenna and modifies the
level of PsbhS

Biochemical analysis of plants acclimated to different light intensi-
ties revealed a diverse regulation of both the composition and size of
the antenna system of PSII and also the level of the PsbS protein. The
modification in the content of CP24, CP29 and Lhcb3 (a component of
the M trimer of LHCII) was monitored by immunoblotting and normal-
ized to the amount of Chl content and CP43 (a PSII core protein). Fig. 1
shows that in HL plants the level of CP43/Chl was significantly higher
than in both NL and LL plants, due to a reduced level of LHCII proteins
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Fig. 1. Quantification of light harvesting proteins of photosystem Il and PsbS in plants acclimated to different light conditions. (A) Immunoblotting was performed with antibodies
against CP43, CP24, CP29, Lhcb3, and PsbS. The sample was loaded at four different Chls concentrations. Note: it was needed to load different quantities of high light (HL), control
(NL) and low light (LL) samples to have similar amounts of CP43 protein. (B) Quantification of immunoblot data. Results are presented relative to the amount of Chl and relative to
the PSII core (CP43, quantified by the same method on the same gel; for CP43 per Chl the average from the different gels is shown). Data were normalized to the polypeptide con-
tent in the NL sample, the standard deviation is given (n=23 or 4). Error bars indicate SE (n=3 or 4); *, ** indicate statistically significant differences at P=0.05 and P<0.01 levels,
respectively, determined using the Student's test. (C) Determination of Lhcb1 and Lhcb2 content per CP29. SDS-PAGE gel after Coomassie staining. The sample was loaded at four

different Chls concentrations to ensure a linearity of the signal.

(see below, Table 1) and probably due to a higher PSII/PSI ratio [30-32].
For that reason, analysis of the polypeptide levels per CP43 was also
performed. Obtained data for HL plants indicate an about 50% suppres-
sion of both CP24/CP43 and Lhcb3/CP43 content compared to the NL
sample, while the amount of CP29/CP43 was unaffected. Analysis of LL
plants shows the same amounts of those proteins per PSII core as in
NL plants.

Lhcb1 and Lhcb2 levels were quantified by SDS-PAGE and used to es-
timate the total antenna size per PSII core complex (Fig. 1C, Table 1). In NL

Table 1

plants there are on average 4.8 LHCII trimers per PSII core dimer. As
expected, acclimation to HL led to a reduction of the antenna size (3.8
LHCII per PSII core dimer), whereas the opposite effect was observed
upon acclimation to LL (7.4 LHCII per PSII core dimer) (Table 1). In line
with these results, analysis of the Chl a/b ratio also indicates a reduction
of the Chl b-rich Lhcb antenna in HL plants (chl a/b=3.4) compared to
NL plants (chl a/b=3.0), whereas under LL conditions, plants possess a
larger PSII antenna (chl a/b=2.7) (Table 1). Considering that there are
4 LHCII per PSII core dimer in the C,S,M, supercomplex, then in NL and

Chlorophyll a/b ratio and amounts of trimeric LHCII complexes in plants acclimated to different light intensities. Chl a/b ratio determined by a fitting of the 80% acetone extract
spectra (SD<0.1). Amounts of both bound and “extra” LHCII trimers per PSII core complex were estimated from gels (see Fig. 1 and Section 2.3. for details).

Sample Chl a/b Bound LHCII/PSII core “Extra” LHCII/PSII core Total LHCII/PSII core
Low light (LL) 2.7 4 34 7.4
Normal light (NL) 3.0 4 0.8 4.8
High light (HL) 34 3 0.8 3.8
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LL plants there are 0.8 (NL) and 3.4 (LL) “extra” LHCII’s. In HL plants we
observed a 50% reduction of CP24 and Lhcb3 (Fig. 1A, B). As Lhcb3 is pre-
dominantly or exclusively present in M trimer and that there is one copy
per trimer [6,36,37], it can be assumed that in HL there is a 50% reduction
in the number of M trimers. This implies that there are 3 LHCII and 0.8
“extra” LHCII per PSII core dimer in HL plants.

The level of PsbS present in membranes of acclimated plants was an-
alyzed. The result was unexpected, as we found a strong reduction of
PsbS per PSII core in HL plants (about 50%), whereas its level increased
in LL plants in comparison to NL plants (Fig. 1A, B). When the level of
PsbS was normalized to the Chl content, as it is usually done, a reduced
level of the PsbS was still observed in HL plants (Fig. 1B).

In summary, biochemical data indicate that plant acclimation to HL
conditions leads to a reduction of the antenna size of PSII and of the
amount of large (C;S;M,) PSII supercomplexes. The amount of the
“extra” LHCII remains at the same level as in NL plants. Acclimation to
LL does not affect the ability of PSII to form large supercomplexes and
further, it leads to an increase of the “extra” LHCII pool. Finally, acclima-
tion of plants to HL led to the unexpected significant reduction of PsbS
per PSII core, whereas acclimation to LL led to a partial increase of the
PsbS level. Interestingly, PsbS was reduced to the same level as CP24
and Lhcb3 proteins.

3.2. Electron microscopy revealed both random and well-ordered organi-
zation of PSII complexes in grana membranes

We analyzed the organization of PSIl complexes and their antenna
proteins in the thylakoid membranes in plants acclimated to HL, NL,
and LL. Isolation of thylakoid membranes under stacking conditions was
performed after mild solubilization using digitonin. In these conditions,
non-appressed membranes are well accessible to detergent and are pref-
erentially solubilized, in contrast to appressed (grana) membranes, which
remain intact and appear in the pellet after a short centrifugation. EM of
the negatively stained pellet fraction revealed pairs of grana membranes,
where characteristic densities of PSII core complexes were clearly visible.
Inspection of several hundred of electron micrographs of grana mem-
branes, isolated from plants acclimated to different light intensities,
revealed that PSIl complexes are mostly randomly distributed, but a sub-
set of them is organized into ordered semi-crystalline arrays (Fig. 2).

3.3. The frequency of semi-crystalline arrays of PSII complexes depends
on light conditions

As a semi-crystalline array we consider an array of at least three rows
of PSII with at least three PSII complexes in each row. The frequency of
semi-crystalline arrays was determined from the number of recorded

micrographs where semi-crystalline arrays appeared. The analysis re-
vealed a significant difference between the samples. Under NL and LL
conditions, semi-crystalline arrays were found in about 7-8% of the
recorded micrographs. In the HL sample, the frequency was significantly
reduced to less than 3% (Table 2). Image analysis of sub-areas of 2D arrays
revealed that in all analyzed samples the semi-crystalline arrays were
composed of PSII C,S,M, supercomplex (Fig. 3). Only under HL condi-
tions, a smaller type of PSII supercomplex (the C,S, complex), was also
found to be involved in semi-crystalline arrays formation (Table 1, see
below for further details).

3.4. Analysis of semi-crystalline arrays of PSIl complexes reveals subtle
variations in the crystalline lattice under different light conditions

Semi-crystalline arrays of PSII C;S,M, supercomplexes were further
analyzed to see whether different light conditions specifically affect
their architecture. At first, semi-crystalline arrays were characterized
by the lattice parameters, which were determined from raw micro-
graphs. To be accurate, the lattice constants a and b of the unit cell,
which contains one C,S,M, supercomplex, were calculated over several
rows of PSII complexes from center to center of the mass of the PSII core
(see Fig. 3A for a definition of the lattice). We also measured the lattice
angle o to calculate the unit cell area (Table 3). The lattice constants a
and b fluctuated in a range of 18-22 nm and 24-29 nm, respectively,
seemingly without any noticeable dependence on different light condi-
tions. Obtained values are within the range of previously reported data
[13].

Secondly, image analysis of small sub-areas of the semi-crystalline
arrays was performed to reveal how the PSII supercomplexes interact
in these arrays. Fig. 3 shows a gallery of semi-crystalline arrays found
under different light conditions. Small insets in the raw electron micro-
graphs represent averaged projection maps of a particular 2D array,
which was further assigned by fitting of the pseudo-atomic model of
the PSII supercomplex [6]. The assignments indicate overall similar po-
sitions and interactions between PSII supercomplexes, independent on
light acclimation conditions. A closer look revealed only subtle varia-
tions in PSII interactions. For instance, in Fig. 3C and E the cores are
lined up in vertical position, whereas in Fig. 3A they slightly incline to
the left and in Fig. 3D the inclination is even stronger. This results e.g.
in a different interaction between CP24 and CP26 of neighboring PSII
supercomplexes (Fig. 3, see white arrowheads).

Another way to compare unit cells is to look at their surface
(Table 3). Since the unit cell of the 2D arrays is composed of just one
C,S,M, supercomplex, variation in the surface of the unit cell may tell
something about the tightness of packing, since the shape of the
supercomplex itself is considered to be rigid. There are indeed clear

Fig. 2. Examples of electron micrographs of negatively stained pairs of grana membranes isolated from Arabidopsis thaliana showing either a random (A) or ordered (B) organization
of PSII complexes. The white arrows indicate the characteristic densities of PSII core complexes; the black arrows indicate a single piece of a membrane layer. Scale bar is 100 nm.
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Table 2

Frequency and type of semi-crystalline arrays of PSII supercomplexes found in grana
membranes of the HL, LL, and NL plants. A total number of recorded micrographs is in-
dicated. Under HL conditions, a majority of semi-crystalline arrays were formed by the
C2S2M2 supercomplex (about 90%); only 10% of semi-crystalline arrays were formed
by the C2S2 complex.

Sample HL LL NL

Number of recorded micrographs 545 378 555

Micrographs with 2D PSII arrays [%] 2.8 8.5 7.4

Type of PSII supercomplexes involved C25,M, C,S,M, C,S,M,
in a 2D array formation G5,

differences in the packing surfaces. The strongest, statistically signifi-
cant difference in the averaged surface is between the LL and NL crys-
tals, with averaged surface of 503 nm? and 524 nm?, respectively
(Table 3). The average HL crystal has a surface of 519 nm?, but only a
small number has been determined, due to the low frequency. The
smaller surface of the LL crystals indicates a closer packing of the PSII
supercomplexes under LL conditions.

3.5. Randomly organized PSIl supercomplexes undergo specific
rearrangements in the membrane upon acclimation to different light
conditions

The major part of the electron micrographs (>90%) shows randomly
distributed PSII complexes (see Fig. 2A). To see whether different light
conditions have an influence on the random distribution, both the min-
imal distance between neighboring PSII complexes and their density in
the membrane area were determined.

Minimal distances between randomly distributed PSII complexes
under HL, LL, and NL conditions were calculated for about 5000 particles

¢
¥ 3
¢

which were manually selected from electron micrographs (see Section
2.4. for details). Analysis of HL and NL samples indicates a very similar
minimal distance distribution. Most PSIl complexes have a minimal dis-
tance to the closest neighbor of about 22 nm (Fig. 4). Analysis of LL sam-
ple revealed a slightly different distribution with frequency maximums
between 19 nm and 21 nm and amplitudes about 20% lower compared
to HL and NL samples. Further, LL conditions led to a larger separation of
PSII complexes in the membrane, which can be seen from a larger pop-
ulation of PSII complexes with a minimal distance over 26 nm (Fig. 4).
Interestingly, LL conditions do not preclude close contact between PSII
complexes, as the frequency of PSII complexes with minimal distances
below e.g. 18 nm was very similar to the distribution obtained for the
HL and NL samples.

Analysis of HL and NL samples shows a rather uniform distribution of
PSII complexes in the grana membranes with a density of about 1400 to
1900 PSII complexes per um? (Fig. 5). Analysis of LL plants revealed a con-
siderably lower density, which typically reached a value between 600 and
1300 PSII complexes per um? (Fig. 5). Moreover, electron micrographs of
the LL sample revealed a tendency of PSII complexes to specifically asso-
ciate into rows (Fig. 5C), as observed previously [20].

4. Discussion

4.1. Both bound and “extra” LHCII undergo a specific regulation under
plant acclimation to different light intensities

Analysis of plants acclimated to different light intensities indicates a
very specific regulation of PSII antenna size at the level of individual
proteins. In line with previously published data [31,32], our work con-
firms a down-regulation of Lhcb1-3 and CP24 proteins in HL plants,
while Lhcb1,2 were up-regulated in LL plants.

Fig. 3. A gallery of electron micrographs of negatively stained grana membranes with semi-crystalline arrays of PSII supercomplexes from Arabidopsis thaliana grown under high
light (HL) (A, B), low light (LL) (C, D) and under optimal light intensity (NL) (E, F). The insets show the results of image analysis of sub-areas of ordered arrays of PSII
supercomplexes selected from the electron micrographs. Averaged projections were assigned by the fitting of the structural pseudo-atomic model of the PSII C;S;M, supercomplex
according to [6] (PSII core complex, the minor antenna CP29 and S-type of light harvesting trimer are depicted in light green, M-type of light harvesting trimer, minor antennae
CP24 and CP26 are depicted in light blue, dark salmon and light pink, respectively). Semi-crystalline arrays consist of C;S,M, type of PSII supercomplex. In the high light sample,
semi-crystalline array of the C,S, type of PSII supercomplex was also found (B). White arrowheads in (C) and (D) indicate a different interaction between minor antenna proteins
CP26 and CP24. The right part of Fig. (A) indicates the definition of lattice parameters, a, b, and the intermediate angle o.
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Table 3

Lattice parameters of semi-crystalline arrays. In total, 93 semi-crystalline arrays of the PSII C2S2M2 supercomplexes from HL, LL, and NL plants were characterized. Presented are
the unit cell parameters of the lattice and the surface of the unit cell. Lattices are sorted by (1) an ascending angle o between lattice parameters a and b and (2) the ascending length
of a (see Fig. 3 for lattice parameters assignment). No. value indicates a number of semi-crystalline arrays with given lattice parameters. Average values of the surface of the lattice

2 sk

cells are 519 nm?, 503 nm
termined using the Student's test.

,and 524 nm? for HL, LL and NL plants, respectively. Asterisks indicate a statistically significant difference between LL and NL plants at P<0.001 de-

HL LL NL
a a b Surface No. a b Surface No. a b Surface No.
[°] [nm] [nm] [nm?] [nm] [nm] [nm?] (nm] [nm] [nm?]
65 19 28 490 1
20 28 509 1
66 20 29 528 1
67 21 28 529 1 18 29 490 1 20 28 517 2
19 28 488 2 21 27 523 1
68 21 28 544 2 19 28 495 5 19 28 513 1
20 28 502 2 20 28 507 1
69 19 28 499 1 20 29 532 6
20 28 510 1 21 28 541 2
22 26 552 1
70 19 28 508 1 19 28 502 1
20 28 508 4 20 28 517 3
71 20 27 515 2 19 28 503 2 19 28 507 1
22 26 533 1 21 26 527 1 20 27 517 3
21 28 551 1
72 20 26 500 1 20 28 518 2 20 26 499 1
21 27 530 3 21 25 498 3 21 27 533 1
22 25 530 1
73 21 26 521 1 20 25 490 1 19 28 512 2
21 26 503 1 20 26 511 1
21 26 527 3
22 26 535 1
74 21 25 507 1 20 26 511 3 21 26 524 2
21 26 525 1
75 20 25 491 1 20 25 497 1 20 26 514 1
21 25 498 1 21 25 510 1 21 26 529 2
76 21 26 535 1
77 21 24 489 1 20 25 490 1
78 18 27 488 1
81 20 26 520 1

In HL acclimated plants, immunoblot titration shows about 50%
reduction of both Lhcb3 and CP24 proteins (Fig. 1A, B), indicating a
50% reduction of the M trimer. This can fully account for the observed
reduction of Lhcb1 and Lhcb2 proteins (which form 2/3 of the M trimer).
Down-regulation of the M trimer should lead to the reduction of PSII-
LHCII supercomplex (the C;S,M, type) into smaller forms (e.g.C,S,M
or (5S;). Indeed, semi-crystalline arrays of the C,S, type of PSII
supercomplex were observed only in HL plants (Fig. 3B). Interestingly,

the “extra” LHCII pool remains at the same level as in NL plants. On
the contrary, in LL plants, the stoichiometry between the components
of the PSII-LHCII supercomplex remains unaffected (Fig. 1A,B). This
implies that the strong up-regulation of Lhcb1 and 2 leads to an enlarge-
ment of the “extra” LHCII pool. Indeed, EM analysis of LL acclimated
plants shows large areas without PSII complexes (Fig. 5C), which most
likely represent LHCII regions. In summary, our data indicate that PSII-
associated antenna proteins are the main targets of regulation in HL

Frequency of minimal distances

10 15 20

25 30 35 40
Minimal distance between PSII complexes [nm]

Fig. 4. A frequency of minimal distances between PSIl complexes determined from electron micrographs of grana membranes isolated from the high-light (HL), low-light (LL), and control
(NL) samples. About 5000 single particles were analyzed for each type of the sample. * indicates statistically significant difference at P=0.05 determined using the Student's test.
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Fig. 5. Density of PSII complexes (grey dots) in the grana membranes of the high-light (HL) (A), low-light (LL) (B), and control (NL) (C) samples. Scale bar is 100 nm. (D) Density of
PSII complexes determined for 8 electron micrographs of grana membranes from the HL, LL, and NL samples. A significantly different value from control sample is marked with an
asterisk. Error bars indicate SE (n=28); * indicates statistically significant difference at P=0.05 determined using the Student's test.

plants. Plant acclimation to LL is accompanied by a regulation of the
“extra” LHCII pool, whereas the antenna bound to PSII remains
unaffected.

4.2. Frequency of semi-crystalline arrays of PSII is strongly reduced in HL
plants

In many structural studies different EM techniques have highlighted
the enigmatic organization of PSIl complexes into semi-crystalline arrays
in the thylakoid membrane. Our data show that the frequency of PSII 2D
arrays in the thylakoid membrane depends on growing light intensity.
We observed a significant reduction in frequency of PSII 2D arrays in
HL plants (about three times) compared to NL (Table 2). Acclimation of
plants to LL led to only a minor increase in the frequency of semi-
crystalline arrays compared to NL plants. Thus our data did not prove a
strong stimulating effect of low light intensity on a formation of ordered
arrays of PSII in the membrane as was reported earlier [20]. A possible
explanation of this discrepancy is in the way of defining 2D arrays. In
contrast to work of Kirchhoff et al. [20], we did not consider single
rows of PSII complexes as 2D arrays, although such rows were frequently
seen in LL plants (Fig. 5C).

What can be the trigger for a reduced frequency of 2D arrays observed
in HL plants? One possibility is the effect of PsbS. It was reported that an
elevated level of PsbS in Arabidopsis mutant L17 completely suppresses
the formation of semi-crystalline arrays, whereas a lack of the PsbS

protein in Arabidopsis npg4 mutant increases their frequency [22,23].
However, the above observation is seemingly inconsistent with our
data, as acclimation of plants to HL led to a decrease in both PsbS level
(Fig. 1) and frequency of semi-crystalline arrays (Table 2). Thus, although
PsbS has an influence on the 2D array frequency, the array decrease ob-
served here is not due to an increase in the content of PsbS. Before we dis-
cuss this topic further on, we like to point out that our finding of a reduced
level of PsbS in HL plants is in disagreement with other reports, where
either nearly unchanged [40,41] or strongly increased levels of PsbS
were reported [32,42]. Although, part of observed discrepancies in the de-
termination of PsbS level in HL plants is due to the normalization method
(either to PSII core protein or Chl content), it should be mentioned that in
our case the amount of PsbS decreases in HL plants in respect to both the
core protein and the total chl content.

In general, one can assume that the formation of 2D arrays in the
thylakoid membrane requires a locally homogenous population of PSII
supercomplexes. Indeed, in the case of barley PSI-less mutant viridis
zb63, where PSII complexes are only present in the form of C,S,, the
grana membranes are organized into large semi-crystalline arrays of
up to 0.7 um in diameter [43,44]. Similarly a very high frequency of
semi-crystalline was observed in the CP24KO mutant, where only C,S,
complexes were present [45,46]. The presence of a mixture of different
types of PSII supercomplexes, like e.g. C;S,M,, CoS:M, and C,S,, can
hamper the formation of semi-crystalline arrays. In HL plants, we ob-
served a reduction of CP24 and components of the M trimer, which
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implies the presence of smaller PSII supercomplexes than the C;S;M;
supercomplex in the thylakoid membrane. Further, analysis of the LL
sample indicates that the presence of the “extra” LHCII proteins is not
hampering the formation of semi-crystalline arrays. Therefore, we can
conclude that the structural heterogeneity of the PSII supercomplexes
is the main reason for a lower frequency of PSII semi-crystalline arrays
in the thylakoid membrane.

4.3. Unit cell surface of semi-crystalline array of PSII is significantly reduced
in LL plants

In all previous EM studies where image processing was performed
on 2D arrays, final average 2D maps of semi-crystalline arrays were
obtained by taking together the information of many membrane
patches. In this study, however, we analyzed for the first time the lat-
tices of single crystals.

A thorough analysis of 2D arrays and their assignment by a fitting
of the pseudo-atomic model of the PSII supercomplex revealed a sig-
nificant difference in a tightness of packing of PSII supercomplexes.
A smaller unit cell surface indicates a closer contact between PSII
supercomplexes in LL plants compared to NL/HL plants (Table 3). Ap-
parently, LL plants prefer (and benefit) keeping PSII complexes tightly
clustered either in semi-crystalline arrays or row-like structures. This
can be relevant for an optimal performance of the photosynthetic
apparatus under light limiting conditions, facilitating energy transfer
between supercomplexes. On the contrary, a wider spacing between
PSII supercomplexes (a larger unit cell surface) in NL and HL plants
can facilitate the diffusion of PQ molecules under light saturating con-
ditions. It remains unclear what helps plants to control the spacing
between supercomplexes. Analysis of the lattice parameters revealed
their independence on light acclimation conditions (Table 3). There-
fore the spacing is not controlled by a specific interaction between
PSII supercomplexes. We can speculate that the lipid to protein ration
is probably of relevance.

Acknowledgements

This work was supported by The Netherlands Organisation for
Scientific Research (NWO), Earth and Life Sciences (ALW), through
a Vici grant (to R.C.); grant no. ED0007/01/01 Centre of the Region
Hana for Biotechnological and Agricultural Research and no. OP VK
CZ.1.07/2.3.00/20.0057 (to R.K.).

References
[1] P.A.Albertsson, A quantitative model of the domain structure of the photosynthetic

membrane, Trends Plant Sci. 6 (2001) 349-354.

N. Nelson, C.F. Yocum, Structure and function of Photosystems I and II, Annu. Rev.

Plant Biol. 57 (2006) 521-565.

R. Koufil, ].P. Dekker, E.J. Boekema, Supramolecular organization of photosystem

Il in green plants, Biochim. Biophys. Acta 1817 (2012) 2-12.

E.J. Boekema, B. Hankamer, D. Bald, ]. Kruip, J. Nield, A.F. Boonstra, ]. Barber, M.

Rogner, Supramolecular structure of the photosystem II complex from green

plants and cyanobacteria, Proc. Natl. Acad. Sci. U. S. A. 92 (1995) 175-179.

[5] EJ. Boekema, H. van Roon, J.P. Dekker, Specific association of photosystem II and

light-harvesting complex II in partially solubilized photosystem II membranes,

FEBS Lett. 424 (1998) 95-99.

S. Caffarri, R. Koufil, S. Kereiche, E.J. Boekema, R. Croce, Functional architecture of

higher plant photosystem II supercomplexes, EMBO J. 28 (2009) 3052-3063.

R. Croce, H. van Amerongen, Light-harvesting and structural organization of photosys-

tem II: from individual complexes to thylakoid membrane, J. Photochem. Photobiol. B

104 (2011) 142-153.

G.F. Peter, ].P. Thornber, Biochemical composition and organization of higher plant pho-

tosystem Il light-harvesting pigment-proteins, J. Biol. Chem. 266 (1991) 16745-16754.

K. Broess, G. Trinkunas, A. van Hoek, R. Croce, H. van Amerongen, Determination of

the excitation migration time in photosystem Il — consequences for the membrane

organization and charge separation parameters, Biochim. Biophys. Acta 1777 (2008)

404-409.

[10] B.van Oort, M. Alberts, S. de Bianchi, L. Dall'Osto, R. Bassi, G. Trinkunas, R. Croce,

H. van Amerongen, Effect of antenna-depletion in photosystem Il on excitation
energy transfer in Arabidopsis thaliana, Biophys. J. 98 (2010) 922-931.

2

3

[4

6

(7

8

[9

[11] K.R. Miller, GJ. Miller, K.R. McIntyre, Light-harvesting chlorophyll-protein com-
plex of photosystem 2. Its location in photosynthetic membrane, J. Cell Biol. 71
(1976) 624-638.

[12] L.A. Staehelin, Chloroplast structure: from chlorophyll granules to supra-molecular
architecture of thylakoid membranes, Photosynth. Res. 76 (2003) 185-196.

[13] J.P. Dekker, E.J. Boekema, Supramolecular organization of thylakoid membrane
proteins in green plants, Biochim. Biophys. Acta 1706 (2005) 12-39.

[14] H. Kirchhoff, I. Tremmel, W. Haase, U. Kubitscheck, Supramolecular photosystem II
organization in grana thylakoid membranes: evidence for a structured arrangement,
Biochemistry 43 (2004) 9204-9213.

[15] H. Kirchhoff, S. Lenhert, C. Biichel, L. Chi, ]. Nield, Probing the organization of photo-
system II in photosynthetic membranes by atomic force microscopy, Biochemistry
47 (2008) 431-440.

[16] K.Sznee, ].P. Dekker, R.T. Dame, H. van Roon, G.J. Wuite, R.N. Frese, Jumping mode
atomic force microscopy on grana membranes from spinach, J. Biol. Chem. 256
(2011) 39164-39171.

[17] EJ.Boekema, ].F.L. van Breemen, H. van Roon, ].P. Dekker, Arrangement of photosystem
II supercomplexes in crystalline macrodomains within the thylakoid membrane of
green plant chloroplasts, J. Mol. Biol. 301 (2000) 1123-1133.

[18] A.E. Yakushevska, P.E. Jensen, W. Keegstra, H. van Roon, H.V. Scheller, E.J.
Boekema, J.P. Dekker, Supermolecular organization of photosystem II and its
associated light-harvesting antenna in Arabidopsis thaliana, Eur. ]. Biochem.
268 (2001) 6020-6021.

[19] M.P. Garber, P.L. Steponkus, Alterations in chloroplast thylakoids during cold accli-
mation, Plant Physiol. 57 (1976) 681-686.

[20] H. Kirchhoff, W. Haase, S. Wegner, R. Danielsson, R. Ackermann, P.A. Albertsson,
Low-light-induced formation of semicrystalline photosystem II arrays in higher
plant chloroplasts, Biochemistry 46 (2007) 11169-11176.

[21] A.V.Ruban, M. Wentworth, A.E. Yakushevska, J. Andersson, P.J. Lee, W. Keegstra, J.P.
Dekker, E.J. Boekema, S. Jansson, P. Horton, Plants lacking the main light-harvesting
complex retain photosystem Il macro-organization, Nature 421 (2003) 648-652.

[22] S. Kereiche, A.Z. Kiss, R. Koufil, EJ. Boekema, P. Horton, The PsbS protein controls
the macro-organisation of photosystem Il complexes in the grana membranes of
higher plant chloroplasts, FEBS Lett. 584 (2010) 759-764.

[23] T.K. Goral, M.P. Johnson, C.D. Duffy, A.P. Brain, A.V. Ruban, C.W. Mullineaux,
Light-harvesting antenna composition controls the macrostructure and dynamics
of thylakoid membranes in Arabidopsis, Plant J. 69 (2012) 289-301.

[24] B.Daum, D. Nicastro, J. Austin, J.R. McIntosh, W. Kiihlbrandt, Arrangement of photosys-
tem Il and ATP synthase in chloroplast membranes of spinach and pea, Plant Cell 22
(2010) 1299-1312.

[25] R.Kouril, G.T. Oostergetel, E.J. Boekema, Fine structure of granal thylakoid membrane
organization using cryo electron tomography, Biochim. Biophys. Acta 1807 (2011)
368-374.

[26] A.V.Ruban, M.P. Johnson, C.D. Duffy, The photoprotective molecular switch in the pho-
tosystem Il antenna, Biochim. Biophys. Acta 1817 (2012) 167-181.

[27] J. Minagawa, State transitions — the molecular remodeling of photosynthetic
supercomplexes that controls energy flow in the chloroplast, Biochim. Biophys.
Acta 1807 (2011) 897-905.

[28] M.P. Johnson, T.K. Goral, C.D.P. Duffy, A.P.R. Brain, CW. Mullineaux, A.V. Ruban,
Photoprotective energy dissipation involves the reorganization of photosystem
II light-harvesting complexes in the grana membranes of spinach chloroplasts,
Plant Cell 23 (2011) 1468-1479.

[29] ].M. Anderson, Photoregulation of the composition, function, and structure of thy-
lakoid membranes, Annu. Rev. Plant Physiol. 37 (1986) 93-136.

[30] J.M. Anderson, W.S. Chow, D.J. Goodchild, Thylakoid membrane organization in
sun/shade acclimation, Aust. ]. Plant Physiol. 15 (1988) 11-26.

[31] S.Bailey, R.G. Walters, S. Jansson, P. Horton, Acclimation of Arabidopsis thaliana to
the light environment: the existence of separate low light and high light re-
sponses, Planta 213 (2001) 794-801.

[32] M. Ballottari, L. Dall'Osto, T. Morosinotto, R. Bassi, Contrasting behavior of higher
plant photosystem I and Il antenna systems during acclimation, J. Biol. Chem. 282
(2007) 8947-8958.

[33] H.H. Robinson, C.F. Yocum, Cyclic photophosphorylation reactions catalyzed by
ferredoxin, methyl viologen and anthraquinone sulfonate — use of photochemical-
reactions to optimize redox poising, Biochim. Biophys. Acta 590 (1980) 97-106.

[34] H. Schagger, Tricine-SDS-PAGE, Nat. Protoc. 1 (2006) 16-22.

[35] S.W. Hogewoning, E. Wientjes, P. Douwstra, G. Trouwborst, W. van Ieperen, R.
Croce, J. Harbinson, Photosynthetic quantum yield dynamics: from photosystems
to leaves, Plant Cell 24 (2012) 1921-1935.

[36] P.Dainese, R. Bassi, Subunit stoichiometry of the chloroplast photosystem Il antenna
system and aggregation state of the component chlorophyll a/b binding proteins,
] Biol. Chem. 266 (1991) 8136-8142.

[37] B.Hankamer, ].Nield, D. Zheleva, EJ. Boekema, S. Jansson, ]. Barber, Isolation and bio-
chemical characterisation of monomeric and dimeric photosystem II complexes
from spinach and their relevance to the organisation of photosystem II in vivo,
Eur. J. Biochem. 243 (1997) 422-429.

[38] E.Wientjes, G.T. Oostergetel, S. Jansson, E.J. Boekema, R. Croce, The role of Lhca com-
plexes in the supramolecular organization of higher plant photosystem I, J. Biol.
Chem. 284 (2009) 7803-7810.

[39] G.T. Oostergetel, W. Keegstra, A. Brisson, Automation of specimen selection
and data acquisition for protein electron crystallography, Ultramicroscopy 74
(1998) 47-59.

[40] M. Lindahl, C. Funk, ]. Webster, S. Bingsmark, I. Adamska, B. Andersson, Expression of
ELIPs and PS II-S protein in spinach during acclimative reduction of the photosystem
Il antenna in response to increased light intensities, Photosynth. Res. 54 (1997)
227-236.



[41]

[42]

[43]

R. Koufil et al. / Biochimica et Biophysica Acta 1827 (2013) 411-419

Y. Mishra, HJ. Jankdnpdd, A.Z. Kiss, C. Funk, W.P. Schréder, S. Jansson, Arabidopsis
plants grown in the field and climate chambers significantly differ in leaf morphol-
ogy and photosystem components, BMC Plant Biol. 12 (2012) 6.

M. Tikkanen, M. Piippo, M. Suorsa, S. Sirpio, P. Mulo, J. Vainonen, A.V. Vener, Y.
Allahverdiyeva, E.M. Aro, State transitions revised — a buffering system
for dynamic low light acclimation of Arabidopsis, Plant Mol. Biol. 62 (2006)
779-793.

D.J. Simpson, Freeze-fracture studies on barley plastid membranes. VI. Location of
the P700-chlorophyll a-protein 1, Eur. J. Cell Biol. 31 (1983) 305-314.

[44]

[45]

[46]

419

T. Morosinotto, R. Bassi, S. Frigerio, G. Finazzi, E. Morris, J. Barber, Biochemical and
structural analysis of a higher plant photosystem Il supercomplex of a photosystem
I-less mutant of barley, FEBS J. 273 (2006) 4616-4630.

L. Kovdcs, J. Damkjeer, S. Kereiche, C. Ilioaia, A.V. Ruban, EJ. Boekema, S. Jansson, P.
Horton, Lack of the light-harvesting complex CP24 affects the structure and function
of the grana membranes of higher plant chloroplasts, Plant Cell 18 (2006) 3106-3120.
S. de Bianchi, L. Dall'Osto, G. Tognon, T. Morosinotto, R. Bassi, Minor antenna proteins
CP24 and CP26 affect the interactions between photosystem II subunits and the elec-
tron transport rate in grana membranes of Arabidopsis, Plant Cell 20 (2008) 1012-1028.



Publication 6



Researc

New
Phytologist

”

~
N

Rapid report

Evolutionary loss of light-harvesting proteins Lhcb6 and Lhcb3 in
major land plant groups — break-up of current dogma

Author for correspondence:
Roman Kouril

Tel: +420 585634837

Email: roman.kouril@upol.cz

Received: 7 January 2016
Accepted: 25 February 2016

Roman Koufil', Lukas Nosek’, Jan Bartos?, Egbert J. Boekema® and Petr Ilik!

'Department of Biophysics, Centre of the Region Han4 for Biotechnological and Agricultural Research, Faculty of Science, Palacky
University, Slechtiteli 27, 783 71 Olomouc, Czech Republic 2Centre of the Region Hand for Biotechnological and Agricultural
Research, Institute of Experimental Botany, Slechtiteli 31, 783 71 Olomouc, Czech Republic; 3Electron Microscopy Group,
Groningen Biomolecular Sciences and Biotechnology Institute, University of Groningen, Nijenborgh 7, 9747 AG Groningen, the

Netherlands

New Phytologist (2016) 210: 808-814
doi: 10.1111/nph.13947

Key words: conifers, electron microscopy,
evolution, land plants, Lhcb proteins,
photosystem Il (PSIl), supercomplex.

Introduction

Summary

e Photosynthesis in plants and algae relies on the coordinated function of photosystems (PS) |
and II. Their efficiency is augmented by finely-tuned light-harvesting proteins (Lhcs) connected
to them. The most recent Lhcs (in evolutionary terms), Lhcb6 and Lhcb3, evolved during the
transition of plants from water to land and have so far been considered to be an essential
characteristic of land plants.

e We used single particle electron microscopy and sequence analysis to study architecture and
composition of PSII supercomplex from Norway spruce and related species.

e We have found that there are major land plant families that lack functional /hcb6 and Ihcb3
genes, which notably changes the organization of PSII supercomplexes. The Lhcb6 and Lhcb3
proteins have been lost in the gymnosperm genera Picea and Pinus (family Pinaceae) and
Gnetum (Gnetales). We also revealed that the absence of these proteins in Norway spruce
modifies the PSIl supercomplex in such a way that it resembles its counterpart in the alga
Chlamydomonas reinhardtii, an evolutionarily older organism.

e Our results break a deep-rooted concept of Lhcb6 and Lhcb3 proteins being the essential
characteristic of land plants, and beg the question of what the evolutionary benefit of their loss
could be.

encoded by the /hcbI-3 genes (lhcbm for evolutionarily older
species). Two trimers (S,) are bound strongly to the dimeric PSII

A key reaction of oxygenic photosynthesis, the photooxidation of
water to molecular oxygen, is carried out by photosystem II (PSII),
a multi-subunit pigment-protein supercomplex. It consists of a
highly conserved core and light harvesting antenna (Kouril ezal.,
2012). The latter is much more prone to evolutionary changes
(Buchel, 2015). The huge variability of the antenna system was
crucial during the evolutionary adaptation of photosynthetic
organisms to different conditions (Jansson, 2006). The coloniza-
tion of land by plants required the presence of an efficient and
dynamic mechanism to control safe utilization of absorbed light
under variable environmental conditions.

Electron microscopy studies revealed that in land plants, the
largest stable PSII supercomplex consists of a PSII core dimer (C,)
bound by four trimeric light-harvesting proteins (LHClIIs),
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core, while the other two are bound only moderately (M,). The
LHCIIs are specifically connected to PSII core via monomeric
antenna proteins Lhcb4—6 (Caffarri ezal, 2009). This PSII
supercomplex, denoted as C,S,M,, has been observed in liverworts
(Harrer, 2003), the oldest land plants, as well as in angiosperms
(Caffarri et al., 2009; Koufil ez al., 2012) (see later Fig. 2b), which
belong to the most recent land plants. These findings led to a
formulation of the current concept that the C,S,M, PSII
supercomplex has been conserved throughout the evolution of
land plants. In green algae, their ancestors, the structure of the PSII
supercomplex is somewhat different (Tokutsu ez /., 2012; Drop
etal., 2014) — the M trimers have a different orientation and two
additional LHCII trimers (N,) are attached to form the C,S;M,N,
structure (see later Fig. 2¢). Since green algae lack Lhcb6 proteins

© 2016 The Authors
New Phytologist © 2016 New Phytologist Trust



New
Phytologist

that mediate the attachment of the M trimers, the N trimers may
substitute their role by stabilizing the C,S,M,N, supercomplex
(Tokutsu ez al., 2012; Drop et al., 2014).

The Lhcb6 protein was found to be unique to land plants
(Alboresi eral., 2008). Another monomeric antenna protein,
Lhcb3, which is a part of the M trimer (Dainese & Bassi, 1991),
is also exclusive to land plants. Current knowledge strongly
implies that land plants benefit from the presence of both these
proteins. The interaction between Lhcb6 and Lheb3 is important
for the stable attachment of M to C,S, (Kovacs etal., 2006;
Caffarri ez al., 2009; Kouril ezal., 2013). The proteins therefore
enable a flexible enlargement of the PSII antenna size, leading to
an optimal macro-organization of PSII supercomplexes and to
more efficient connectivity between PSII cores (Kovacs ezal.,
2006; Caffarri eral, 2009). These factors are important in
achieving maximum efficiency of PSII photochemistry as well as
for effective photoprotective dissipation of absorbed light energy
(so-called nonphotochemical quenching) (Kovécs eral., 2006).
Thus, the appearance of both Lhcb6 and Lheb3 is considered as a
milestone in the evolution of the PSII supercomplex, allowing the
transition of photosynthesizing organisms from the relatively
stable water habitat to land (Koziol ezal, 2007; Alboresi et al.,
2008; de Bianchi ezal., 2008; Biichel, 2015). However, here we
show that there are representatives of gymnosperms that lack
functional /hcb6 and lheb3 genes. Thus, our work breaks the
current concept that Lhcb6 and Lheb3 proteins in the light-
harvesting antenna of PSII are an essential characteristic of all
land plants.

Materials and Methods

Plant material and sample preparation

Norway spruce (Picea abies (L.) Karst.) (Semenoles, Liptovsky
Hradok, Slovakia) seedlings were grown in a growth chamber
with 16 h:8h, light: dark photoperiod at 21°C. Plants were
illuminated with white light at 100 pmol photons m™>s™" (400~
700 nm). PSII-enriched membranes were isolated from 18-d-old
spruce seedlings according to Caffarri ez al. (2009). Chlorophyll
content in the final suspension was determined spectrophoto-
metrically in 80% acetone according to Lichtenthaler &
Buschmann (2001). For the electrophoretic separation of PSII
supercomplexes, PSII membranes containing 10 pg of chloro-
phyll were solubilized with #-dodecyl-f-D-maltoside (B-DDM)
at chlorophyll : B-DDM mass ratio of 12, supplemented with
sample  buffer (50mM  HEPES  (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) pH 7.2, 400 mM sucrose, 15 mM
sodium chloride (NaCl), 10% glycerol) to a final volume of
30 pl. Nonsolubilized membranes were removed by centrifuga-
tion (20 000 g 10 min, 4°C) and samples were directly loaded
onto the gel. The clear native polyacrylamide gel electrophoresis
(CN-PAGE) separation procedure described by Wittig ez al.
(2007) was used with 4-8% gradient separation gel and 4%
stacking gel. The separation started at a constant current of 4 mA
for 15 min and continued at a constant current of 7 mA until the
front reached the bottom of the gel.

© 2016 The Authors
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Electron microscopy and image processing

PSII supercomplexes were eluted from excised CN-PAGE gel
bands according to Kouril ezal. (2014); the solution with eluted
supercomplexes was then directly used for electron microscopy
specimen preparation by negative staining with 2% uranyl acetate
on glow-discharged carbon-coated copper grids. Electron
microscopy was performed on a Tecnai G2 20 Twin electron
microscope (FEI, Eindhoven, the Netherlands) equipped with a
LaBg cathode, operated at 200 kV. Images were recorded with an
UltraScan 4000 UHS CCD camera (Gatan, Pleasanton, CA, USA)
at x13 000 magnification with a pixel size of 0.224 nm at the
specimen level after binning the images to 2048 x 2048 pixels.
GRACE software (Oostergetel ezal., 1998) was used for semi-
automated acquisition of 4200 images, from which ¢ 80 000
particle projections were selected. Single particle analysis was
performed using GRIP software (Groningen, the Netherlands)
including multireference and nonreference alignments, multivari-
ate statistical analysis and classification.

The projection map with best resolution (14 A) was obtained for
the C,S,M supercomplex (Fig. 1d) and therefore this map was used
for the construction of a pseudo-atomic model of the PSII

PSI/PSII PSII supercomplexes o

LHCII

Fig. 1 Separation and structural characterization of photosystem II (PSII)
supercomplexes. (a) Separation of PSII supercomplexes from Norway spruce
(Picea abies) by clear native polyacrylamide electrophoresis. PSlI-enriched
membranes from spruce seedlings were solubilized in n-dodecyl-f-p-
maltoside. The red star indicates the band with the largest form of PSII
supercomplex, which was analyzed by electron microscopy. (b) Example of
raw electron micrograph of a negatively-stained specimen; three different
forms of the PSII supercomplexes are indicated: C;5,M, (solid line), C;S,M
(dashed line) and C,S; (dotted line). (c—e) Averaged projection maps of
supercomplexes (c) C;S,M; (sum of 1048 particles), (d) C;S,M (sum of
10000 particles) and (e) C,S; (sum of 4608 particles) revealed by single
particle electron microscopy.
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supercomplex and for the estimation of the mutual position of the
M and S trimers. The constructed model was also used for the
fitting of the spruce C,S,M, supercomplex (Fig. 2a). The resolu-
tion was measured using Fourier-ring correlation and the 3¢
criterion (Vanheel, 1987).

Identification of Lhcb homologs

Amino acid sequences of Lhcbl—6 proteins identified in
Arabidopsis thaliana (Lhcbl isoforms: Lhebl.1, AT1G29920.1;
Lheb1.2, AT1G29910.1; Lhcb1.3, AT1G29930.1; Lhcbl.4,
AT2G34430.1; Lhcbl.5, AT2G34420.1; Lhcb2 isoforms:
Lhcb2.1, AT2G05100.1; Lhcb2.2, AT2G05070.1; Lhcb2.3,
AT3G27690.1; Lheb3, AT5G54270.1; Lheb4 isoforms: Lheb4.1,
AT5G01530.1; Lhcb4.2, AT3G08940.2; Lhcb4.3,
AT2G40100.1; Lhcb5, AT4G10340.1; Lheb6, AT1G15820.1)
were downloaded from the TAIR.10 database (Lamesch ez al.,
2012; https://www.arabidopsis.org/) and used for homology search
against the Picea abies genome and transcriptomes of the species
listed later, using the TBLASTN algorithm. The spruce genome
(Nystedt ez al., 2013) was downloaded from the Congenie database
(http://congenie.org/). Transcriptomes of Norway spruce and
closely related Picea and Pinus species (Picea abies, Picea glauca,
Picea sitchensis, Pinus bankdiana, Pinus contorta, Pinus pinaster,
Pinus sylvestris and Pinus tadea) were downloaded from the
PlantGDB database (Duvick eral, 2008; http://www.plant-
gdb.org/). Transcriptomes of other Gymnosperm species (Cycas
rumphii, Ginkgo biloba, Podocarpus macrophyllus, Cryptomeria
Jjaponica, Seqouia sempervirens, Sciadopitys verticillata, Taxus
baccata, Gnetum gnemon) and representatives of ferns (Ceratopteris

richardii),

lycophytes  (Selaginella  moellendorffi), mosses
(Physcomitrella  patens), liverworts (Marchantia  polymorpha)
and algae (Chlamydomonas reinhardtii) were downloaded

from either the PlantGDB or Dendrome databases (http://den-
drome.ucdavis.edu/) (Supporting Information Table S1). In
addition, raw data from transcriptome/RNA sequencing using
Roche 454 technology were downloaded from the Sequence Read
Archive (SRA; http://www.ncbi.nlm.nih.gov/sra), when available.
If possible, at least one million reads were retrieved for each species.
The number of sequences and cumulative length of all databases
used for homology search are listed in Table S1. Each database was
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analyzed separately. First, scaffold/transcript with best BrasT hit
was retrieved for each A. thaliana Lhcb protein using TBLASTN
with default parameters, but e-value=1e-10. Subsequently, a
particular scaffold/transcript was compared with the full set of
A. thaliana proteins (TAIR.10) using the BLastX algorithm with
default parameters, but e-value =1e-10. Best hits for all Lhcb
proteins in each database as well as best hits of particular scaffolds/
transcripts in TAIR.10 are listed in Table S2. Scaffolds/transcripts
matching reciprocally with a single A. thaliana Lhcb protein were
considered as representatives of a particular gene in the analyzed
species. The same strategy and dataset (transcriptomes and raw 454
data) were used to reveal the presence of transcripts for homologues
of A. thaliana PGR5 (AT2G05620.1; retrieved from TAIR.10)
and C. reinhardtii Lhesr proteins (Lhesrl, Cre08.g365900.t1.2;
Lhesr2,  Cre08.g367500.t1.1;  Lhesr3,  Cre08.g367400.t1.1;
retrieved from PHYrozoME v.11; Goodstein eral, 2012;
https://phytozome.jgi.doe.gov). In the case Lhest-like transcripts,
a particular scaffold/transcript was compared with the complete
C. reinhardtii proteome v.5.5 (Merchant ez al., 2007; downloaded
from PHYTOZOME v.11) using the BrastX algorithm with default
parameters, but e-value = le-10.

Results and Discussion

Here we present for the first time the structure of the PSII
supercomplex in a representative of gymnosperms, Norway
spruce (P. abies). Mildly solubilized PSIl-enriched thylakoid
membranes were electrophoresed using CN-PAGE, which
resulted in the separation of PSII supercomplexes into three
bands (Fig. 1a). The largest PSII supercomplexes, present in the
band with the shortest migration distance, were analyzed by
single particle electron microscopy and image processing.
Inspection of raw electron micrographs indicated the presence
of several forms of the PSII supercomplex, which differed in the
size of their antenna (Fig. 1b). Image analysis of ¢. 80 000 single
particle projections revealed structures C,S,M,, C,S;M and
C,S, (Fig. 1b—¢). The largest, that is the most intact, supercom-
plex (C,S;M,) was further analyzed in detail. The smaller
supercomplexes represent degradation products of C,S$,M,
supercomplexes, which disintegrate during the preparation of
the samples for electron microscopy analysis.

Fig. 2 Structural assignment of protein subunits of the photosystem I (PSII) supercomplex. (a) PSII supercomplexes from Norway spruce (Picea abies) and its
counterparts from (b) Arabidopsis thaliana and (c) Chlamydomonas reinhardtii. Averaged projection maps are shown for the C;S,M; supercomplexes from
Norway spruce and A. thaliana, and C;S,M;N, from C. reinhardtii (adapted from Drop et al., 2014). High-resolution structures were fitted to the projection
maps; the PSII core complex (C5, light violet) (Guskov et al., 2009), trimeric (the S, M and N trimer in blue, red and yellow, respectively) and monomeric (Lhcb4

and Lhcb5 in green, Lhcb6 in cyan) Lheb proteins (Liu et al., 2004).
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We constructed a pseudo-atomic model of the C,S,M,
supercomplex from spruce by fitting the electron microscopy
projection map with known PSIT and Lhcb X-ray structures and
compared it with the models of the C,S,M,; supercomplex from
A. thaliana, a representative of angiosperms, and with C,S,M,N,
from C. reinhardtii (Fig. 2). Itis clear that the position occupied by
the minor antenna protein Lhcb6 in A. thaliana remains unoccu-
pied in the spruce PSII supercomplex. Due to the absence of Lheb6,
the M trimer associates to the PSII core complex in a different
orientation, which has never been observed in land plants before.
The rotation of the M trimer by ¢. 52° enables its tighter association
with the S trimer, decreasing their mutual distance by ¢. 7 A (for
details see the Materials and Methods section). Interestingly, the
same orientation of the M and S trimers was recently observed in an
evolutionarily older organism, the green alga C. reinhardtii, which
also lacks the Lheb6 protein (Fig. 2¢) (Tokutsu ez al., 2012; Drop
etal., 2014).

The reason for the observed absence of the Lhcb6 protein in
separated PSII supercomplexes from spruce could either be the
downregulation of its transcription or translation or the absence of
the /hcb6 gene. To distinguish between these possibilities, we have
performed in silico analysis of the P. abies genome (Nystedt et al.,
2013) and transcriptome using the Lhcb6 protein sequence from
A. thaliana. Basic local alignment search tool (BLasT) was used to
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retrieve best reciprocal BLAST hits for Lhcb1-6. The analysis clearly
reveals the absence of a genomic sequence corresponding to /hch6as
well as of its transcript in P. abies. As in land plants the appearance
of Lheb6 coincides with Lheb3 (see earlier), we performed the same
analysis for /hcb3and obtained the same results. Moreover, we have
also observed the loss of the /hch6 and lhcb3 gene products in the
transcriptomes of other Piceaand Pinusspecies, which implies that
this loss affects the whole pine family (Pinaceae) (Table 1). The
absence of transcripts for Lhcb6 and Lhcb3 proteins was also
observed in G. gnemon (Table 1), a representative of Gnetales
(Fig. 3). Importantly, we have found the /hcb6and /hcb3 transcripts
in transcriptomes of representatives of all other groups of
gymnosperms (cupressophytes, cycads, Ginkgoales) and of evolu-
tionarily older land plant groups (mosses, liverworts, lycophytes,
ferns) (Table 1; Fig. 3).

Although the absence of the Lhcb6 protein in the structure of
PSII supercomplex from spruce is clearly visible, the absence of the
Lhcb3 protein in the PSII structure is not so evident (Fig. 2). The
Lhcb3 protein in the M trimer seems to be replaced by another
Lhcb protein, as was observed in the PSII supercomplex isolated
from A. thaliana mutant lacking Lhcb3 (Damkjer ez al., 2009). In
spruce, however, the nature of the Lhcb3-replacing protein could
be unique as it enables a stable binding of the M trimer to the PSII
core complex at the absence of Lheb6 protein (Fig. 2a) (see the

Table 1 The presence of homologs of Arabidopsis thaliana Ihcb1-6 genes identified by the best reciprocal basic local alignment search tool (BLast) hit in

transcriptomes of selected organisms

Organism Iheb1 lhcb2 lheb3 lhcb4 lhcbb lhcbé Group
Chlamydomonas reinhardtii (+) + + Algae
Marchantia polymorpha (+) + + + + Liverworts
Physcomitrella patens (+) + + + + Mosses
Selaginella moellendorffii (+) + + Lycophytes

Arabidopsis thaliana + + +

+ + + Angiosperms

Note: In the case of P. abies, the analysis was also performed within its genome. Homologs of /hcb6 and Ihcb3 are clearly missing in the genome of P. abies (see
Supporting Information Table S1) and in the transcriptomes of Picea, Pinus and Gnetum species (see Table S2). Color coding corresponds to different plants
groups: bryophyte (orange), lycophytes (light blue), ferns (violet), gymnosperms (light green), gymnosperms lacking the Ihcb3 and Ihcb6 genes (dark green),
angiosperms (gray). Homologs of A. thaliana Ihcb2 but not Ihcb 1 were revealed for representatives of algae, liverworts, mosses and lycophytes by best
reciprocal BLast hit. However, in C. reinhardtii and P. patens LHCII trimeric proteins are encoded by /hcbm genes (C. reinhardtii), and Ihcbm and Ihcb3 (P.
patens) genes, respectively (Ballottari et al., 2012). Generally, Lhcbm proteins could not be specifically associated with individual Lhcb proteins in A. thaliana.
Thus, the identified /hcb2 homologs (+) are most probably representatives of lhcbm genes.
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Introduction section). The origin of the substitute of the Lhcb3 in
spruce remains an intriguing question.

The sequence analysis, together with the structural changes in the
PSII supercomplex in spruce, indicates that the evolution of
Pinaceae and Gnetales is associated with significant modification of
the light-harvesting antenna system of PSII. According to current
phylogeny of plants, these groups are, despite their morphological
differences, considered to be sister groups and represent a crown
group of gymnosperms (Fig. 3) (see Bowe ez al., 2000; Chaw ez al.,
2000; Clarke ez al., 2011; Wang & Ran, 2014, and references cited
therein). In the light of this phylogenetic tree it is reasonable to
assume that the loss of the genes for Lhcb6 and Lheb3 proteins has
occurred in a common ancestor of these groups, although
individual losses of the genes in each group cannot be excluded.

During evolution, every important mutation/genetic change
that is transferred to following generations offers some evolutionary
advantage. The question arises what could be the cause(s) for the
loss of Lheb6 and Lheb3 and what benefit would it provide? An
important finding which offers the answer comes from the analysis
of PSIT supercomplex of angiosperms acclimated to high light
conditions. Koufil eral. (2013) have observed that long-term
acclimation of A. thaliana to excess light leads to a selective
downregulation of the Lhcb6 and Lheb3 proteins, which further
leads to a transition of the most abundant PSII supercomplex
CyS$:M, to C,S,. This indicates that long-term high light
conditions in the past might be the environmental factor that
affected the evolution of the common ancestor of Pinaceae and
Gnetales. These gymnosperm families evolved most probably in
the Triassic (Miller, 1999; Clarke et al., 2011; He et al., 2012), that
is, after the greatest extinction event in Earth history (Great Dying).
This catastrophe probably opened the canopy for a very long time
period (until middle Triassic) (Retallack ez al., 1996; McElwain &
Punyasena, 2007), exposing those surviving plants to high light.

It is also important to mention that in contrast to all other land
plant groups, Pinaceae and Gnetales have also lost an entire set of

plastid genes for NAD(P)H dehydrogenase (NDH) (Braukmann
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Fig. 3 Phylogenetic tree of land plant groups
with indicated appearance and loss of Lhcb3

and Lhcbé6 proteins. The tree was made
according to Clarke et al. (2011).

etal., 2009). The NDH enzyme participates in one of two main
pathways of cyclic electron flow (CEF) around PSI. On the
contrary to the proton gradient regulation 5 protein (PGR5)
dependent pathway (Munekage ¢t al., 2002), which was found to
be essential for photosynthesis (Munekage ez a/., 2004) and which
seems to be operational in Pinaceae and Gnetales families (based on
the presence of PGR5 in their transcriptomes, Table S2), the
NDH-dependent electron pathway is not functional in these plant
groups. The NDH pathway is used by photosynthetic machinery of
stressed plants when the chloroplast stroma becomes over-reduced
(for review see Shikanai, 2007). This pathway is very important for
plants grown atlow light, but for high light grown plants it does not
have significant physiological function (Yamori ez al., 2015). This
finding again supports our hypothesis that the common ancestor of
Pinaceae and Gnetales evolved in high light conditions. It is also of
note that extant species of Pinaceae and Gnetales are high-light
tolerant, even though some of the evolutionarily more recent ones
(e.g. Gnetum species, Pinus krempfii) prefer shade conditions
(Brodribb & Feild, 2008; Feild & Balun, 2008).

The absence of the Lhcb6 protein in Pinaceae and Gnetales also
evokes a question related to the nonphotochemical quenching
(NPQ) of excess light energy, as Lhcb6 is known to play an
important role in NPQ of land plants. Based on a dramatic decrease
in NPQ observed in A. thaliana mutant lacking Lhcb6, it has been
suggested that the Lhcb6, with associated M trimer, provides an
interaction site for PsbS (Kovics ez al., 2006), a protein indispens-
able for fast and full activation of NPQ (Li e£ 2/., 2000). Thus, it can
be assumed that in Pinaceae and Gnetales, the mode of action of
PsbS is different (due to the lack of Lhcb6) and/or that an additional
protein is involved in the NPQ process. The structural similarities
between the PSII supercomplexes from green alga C. reinhardtii
and Norway spruce (Fig. 2) raise a question whether they also share
similar NPQ features. In all photosynthetic organisms evolution-
arily older than vascular plants (except of red algae), the NPQ
depends on stress-related light harvesting complex (Lhesr) (Koziol
et al.,2007; Peers et al., 2009). Therefore, we performed additional

© 2016 The Authors
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analysis of transcriptomes, which revealed /besr-like transcripts in
some species of Pinaceae family (P. glauca, P. sitchensis, P. abiesand
P. pinaster) (Table S2). Thus, both the lack of the Lhcb6 protein
and a possible presence of the Lhesr protein indicate that Pinaceae
can have a different mechanism of NPQ, which requires further in-
depth investigation.

In conclusion, our results show that Pinaceae and Gnetales
are exceptional land plant groups that deserve particular
attention in plant physiology. The absence of Lhecb6 and Lheb3
proteins revealed in this work changes the organization of
antenna complexes in PSII supercomplex, which indicate that
these plants use a different strategy to cope with changing light
conditions.
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SUMMARY

Plant photosystem Il (PSll) is organized into large supercomplexes with variable levels of membrane-bound
light-harvesting proteins (LHCIIs). The largest stable form of the PSIl supercomplex involves four LHCII tri-
mers, which are specifically connected to the PSIl core dimer via monomeric antenna proteins. The PSII
supercomplexes can further interact in the thylakoid membrane, forming PSIl megacomplexes. So far, only
megacomplexes consisting of two PSIl supercomplexes associated in parallel have been observed. Here we
show that the forms of PSIl megacomplexes can be much more variable. We performed single particle elec-
tron microscopy (EM) analysis of PSIl megacomplexes isolated from Arabidopsis thaliana using clear-native
polyacrylamide gel electrophoresis. Extensive image analysis of a large data set revealed that besides the
known PSIl megacomplexes, there are distinct groups of megacomplexes with non-parallel association of
supercomplexes. In some of them, we have found additional LHCII trimers, which appear to stabilize the
non-parallel assemblies. We also performed EM analysis of the PSIl supercomplexes on the level of whole
grana membranes and successfully identified several types of megacomplexes, including those with non-
parallel supercomplexes, which strongly supports their natural origin. Our data demonstrate a remarkable
ability of plant PSII to form various larger assemblies, which may control photochemical usage of absorbed
light energy in plants in a changing environment.

Keywords: clear native polyacrylamide electrophoresis, Arabidopsis thaliana, photosystem Il, megacomplex,
single particle electron microscopy, grana membrane.

INTRODUCTION

Photosystem Il (PSIl) is one of the key protein complexes
involved in light reactions of photosynthesis. It is embed-
ded in thylakoid membranes of cyanobacteria, algae and
higher plants, where it uses captured light energy for split-
ting water molecules. In cooperation with other protein
complexes such as photosystem | (PSI) and cytochrome
bef complex, it participates in the production of energeti-
cally rich molecules of ATP and NADPH, which drive reac-
tions of CO, assimilation.

Plant PSII consists of a dimeric core complex (C,) and a
variable number of light-harvesting proteins (Lhcb1-
Lhcb6), which form light-harvesting complex Il (LHCII). The
major part of the plant LHCII is represented by LHCII tri-
mers, which consist of three Lhcb proteins (Lhcb1-Lheb3),
and which are associated with C, via monomeric antenna
proteins Lhcb4 (also called CP29), Lhcb5 (CP26) and Lhch6
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(CP24). According to the strength of their binding to C,, the
LHCII trimers were designated as ‘S’ and ‘M’ (strongly and
moderately bound LHCII, respectively; Dekker and Boe-
kema, 2005; Kouril et al., 2012). Occasionally, C, can also
associate with the ‘L’ (loosely bound) trimers (Boekema
et al, 1999a). Single-particle electron microscopy (EM)
analysis of PSIl in various land plant species indicates that
the C,S,M, supercomplex is the largest stable form of the
PSII supercomplex. In this supercomplex, C, associates
with four LHCII trimers: two of them are strongly bound (S
trimers) at the side of Lhcb5, and two of them are moder-
ately bound (M trimers) via Lhcb4 and Lhcb6 (Boekema
et al., 1995; Caffarri et al, 2009). A recent finding has
revealed that the composition and architecture of the
C,S,M, supercomplex is not conserved through all land
plant species. Two land plant groups lack Lhcbh3
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(a constituent of the M trimer) and Lhcb6 proteins: the pine
family (Pinaceae) and Gnetales. Apart from as yet unspeci-
fied physiological consequences, the absence of these pro-
teins results in a structural modification of the C,S,M,
supercomplex. This modified supercomplex is unique
among land plants (Kouril et al., 2016) and resembles its
counterpart in green alga Chlamydomonas reinhardtii
(Tokutsu et al., 2012; Drop et al., 2014).

Despite progress in the specification of the positions of
Lhcb proteins in PSIl supercomplexes, there are still some
Lhcb proteins with unclear localization. Biochemical analy-
sis indicates that in the thylakoid membrane, up to eight
LHCII trimers can be present per C, (Peter and Thornber,
1991; van Oort et al., 2010; Kouril et al., 2013); however,
the binding capacity of C, is limited to six LHCII trimers
(including the L trimers). The remaining LHClls have
so far been considered to be ‘free’ in the thylakoid
membrane.

Besides a demand for the improvement of structural
information about the PSII supercomplexes, the investiga-
tion of their organization in thylakoid membranes is also
highly relevant. Considering that the excitation energy
transfer between pigment-protein complexes strongly
depends on their mutual distances, the interactions and
connectivity between adjacent PSIl complexes in the thy-
lakoid membrane are very important for the regulation and
optimization of their photochemical yield (e.g. van Oort
et al., 2010; Amarnath et al., 2016). Most of the EM studies
suggest that the organization of PSIlI supercomplexes in
the thylakoid membrane is random (Dekker and Boekema,
2005; Kouril et al., 2012); however, in some cases a prefer-
ence for a parallel association of PSIl supercomplexes into
megacomplexes was observed both on the level of isolated
protein complexes (see Dekker and Boekema, 2005) and in
isolated grana membranes (Kirchhoff et al., 2008). The
mutual interaction between two parallel PSIl supercom-
plexes involves C,, the M trimers, and the minor antenna
proteins Lhcb5 and Lhcb6. S trimers and the Lhcb4 protein
were also shown to be able to mediate the interaction
between supercomplexes, but only in the case of the smal-
ler C,S, supercomplexes (Boekema et al., 1999a,b; Yaku-
shevska et al., 2001a). The megacomplexes can further
associate into various semi-crystalline arrays, which have
been often observed in grana thylakoid membranes (Boe-
kema et al., 1999a,b, 2000; Yakushevska et al., 2001a,b;
Kirchhoff et al., 2007; Daum et al., 2010; Kouril et al., 2013).
A mechanism controlling the formation of the megacom-
plexes and semi-crystalline arrays, as well as their func-
tional relevance, is still not fully understood; however,
there is increasing evidence that these structures, in anal-
ogy with respiratory megacomplexes in mitochondria (see
e.g. Dudkina et al., 2010 for review), are important for the
regulation and optimization of photosynthetic processes
and small protein traffic (for reviews, see e.g. Kouril et al.,
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2012; Kirchhoff, 2013; Tietz et al., 2015), and may also con-
tribute to grana formation (Daum et al., 2010).

In this work, we have revealed a remarkable ability of
PSIlI supercomplexes from Arabidopsis thaliana to form
variable types of megacomplexes. Apart from the known
parallel association of two PSIl supercomplexes, we have
also found variable associations between two non-parallel
PSIl supercomplexes. In some megacomplexes, novel
binding positions for additional LHCIl trimers (including
the LHCII trimers so far considered to be ‘free’) were
revealed at the sides of the S and M trimers. Importantly,
we have also found some of these megacomplexes on the
level of grana membranes, which evidences their natural
origin. We propose that a dynamic formation of different
types of PSIl megacomplexes can optimize photochemi-
cal utilization of absorbed light energy under variable
environmental conditions.

RESULTS
Separation of PSIl megacomplexes using CN-PAGE

The PSIl supercomplexes and megacomplexes can be sep-
arated from gently solubilized thylakoid membranes by
ultracentrifugation using sucrose gradient (Caffarri et al.,
2009) or by clear/blue-native polyacrylamide gel elec-
trophoresis (CN/BN-PAGE; e.g. Jarvi et al, 2011). The
advantage of CN/BN-PAGE is that it provides well-focused
protein zones. In order to preserve the integrity and to
maximize the yield of PSIl megacomplexes, a mild deter-
gent such as n-dodecyl a-D-maltoside is often used. We
solubilized thylakoid membranes from A. thaliana leaves
using this detergent and modified the gradient of the
resolving gel in order to achieve the optimal resolution of
pigment-protein complexes of the highest molecular
weight. Figure 1(a) shows that a combination of these
approaches ensured a clear separation of PSIl- and PSI-
containing supercomplexes and PSIl megacomplexes at
the expense of the small protein complexes/proteins, such
as trimeric or monomeric LHCII (see the band at the bot-
tom part of the gel).

To clarify the band assignment, we measured chloro-
phyll fluorescence from the whole gel at room temperature
(22 °C) using a gel imager (Figure 1a). As the quantum
yield of PSIlI fluorescence at room temperature is much
higher than the quantum vyield of PSI fluorescence, this
measurement enabled us to identify both types of photo-
systems. Using this approach, PSI supercomplexes (PSI
core with LHCI) were identified in a relatively dense band
with undetectable fluorescence (see Figure 1a). In native
electrophoresis of pigment-protein complexes from thy-
lakoid membranes (BN-PAGE and CN-PAGE), the PSII core
dimer migrates close to the PSI supercomplex because it
has similar molecular weight (e.g. Lipova et al., 2010; Jarvi
et al., 2011). In our gel, the PSIl core dimer is represented
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by a very faint green band, which can be observed just
below the PSI supercomplex band and which has high
chlorophyll fluorescence yield. The fluorescence imaging
of the gel further revealed that the green bands above the
PSI supercomplex band are highly fluorescent, i.e. that
they contain PSII. Based on the analogy with many papers
dealing with native electrophoresis of chlorophyll-contain-
ing proteins from thylakoids (e.g. Jarvi et al., 2011; Alba-
nese et al., 2016), we designated the group of bands above
the PSI supercomplex band as PSIl supercomplexes and
PSII megacomplexes.

It is clearly visible that the yield of isolated PSIl mega-
complexes is much smaller compared with the yield of
supercomplexes. The lower yields of PSIl megacomplexes
can be caused either by lower stability during the isolation
procedure (both solubilization and separation by CN-
PAGE) or by a lower abundance in the thylakoid
membrane. In order to characterize the structure and the
composition of the separated megacomplexes, we excised
the corresponding green band from the gel, extracted the
pigment-protein megacomplexes by spontaneous elution
and performed their detailed structural characterization by
single-particle EM and image analysis.

PSIl megacomplexes with specifically associated
supercomplexes

Figure 1(b) shows an electron micrograph of a negatively
stained specimen, where several PSIl megacomplexes of
different shape can be distinguished. Image processing of
a large number of projections (about 50 000) selected from
almost 12 000 micrographs revealed the presence of 13 dif-
ferent types of megacomplexes. Each megacomplex

Figure 1. Separation and imaging of Arabidopsis
thaliana pigment-protein complexes. (a) Clear-
native polyacrylamide gel electrophoresis (CN-
PAGE) separation of pigment-protein complexes
from thylakoid membranes solubilized by n-dodecyl
a-D-maltoside. The red frame indicates the band
with megacomplexes subjected to elution and sub-
sequent single-particle electron microscopy analy-
sis. The black and white image represents the
chlorophyll fluorescence emission detected from
the same gel. The fluorescence signal was detected
through a bandpass filter (690-720 nm); the excita-
tion wavelength was 460 nm. (b) Part of the elec-
tron micrograph of a negatively stained specimen
with photosystem Il (PSIl) megacomplexes. The
colour frames highlight different forms of PSII
megacomplexes.

consisted of two PSIl supercomplexes. Based on the
mutual position of individual PSII supercomplexes, the PSII
megacomplexes could be divided into two groups.
Whereas the first group represents the majority of mega-
complexes (about 80% of the data set), with the PSII super-
complexes associated in parallel (Figure 2a-f), the second
group (about 20% of the data set) represents PSII
supercomplexes interacting in a non-parallel manner (Fig-
ure 2g-m). In order to reveal the architecture of individual
megacomplexes in detail, the EM projection maps were
fitted with the pseudo-atomic X-ray model of the PSII
supercomplex (Caffarri et al., 2009). It is obvious that most
of the megacomplexes are formed by two copies of the
complete C,S,M, supercomplex (Figure 3), with the excep-
tion of one megacomplex that lacks one M trimer (Figure 3l).
Interestingly, the detailed image analysis revealed the
presence of additional LHCII trimers in some of the mega-
complexes (Figure 3e,f,g,k). These LHCII trimers are not
regular constituents of PSIl supercomplexes and so far have
been assumed to be ‘free’ in the thylakoid membrane. Our
results indicate that these trimers can interact with PSII
supercomplexes at as yet uncharacterized binding sites.

Electron microscopy of grana membranes

In order to investigate the physiological relevance of the
PSIl megacomplexes separated using CN-PAGE, we also
searched for megacomplexes on the level of isolated grana
membranes. Figure 4(a) shows an example of an electron
micrograph of the grana membrane with resolved densi-
ties of PSIl complexes. Projections of individual PSIl com-
plexes were selected and processed by image analysis. If
there are any specific interactions between some of these
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Figure 2. Structural characterization of photosystem Il (PSIl) megacomplexes: (a-f) represent the megacomplexes with parallel orientation of PSIl supercom-
plexes, whereas (g—m) represent the megacomplexes formed by two supercomplexes associated in non-parallel manner. The total sums of particles contributing
to the final images: (a) 1637, 4%; (b) 8411, 22%; (c) 16 928, 45%; (d) 2105, 6%; (e) 378, 1%; (f) 779, 2%; (g) 1640, 4%; (h) 418, 1%,; (i) 2789, 7%; (j) 506, 1%; (k) 582,
2%; (1) 488, 1%; (m) 1082 (3%). The percentages indicate the relative abundance of the particular form of PSIl megacomplex.

neighbouring PSII complexes in the grana membrane, they
should be revealed as distinct classes after image process-
ing. Indeed, image analysis revealed five specific classes
with resolved densities of pairs of PSIl core complexes
(Figure 4b—f). Based on their mutual distance and orienta-
tion, we were able to link these pairs to the corresponding
class averages of PSIl megacomplexes separated using
CN-PAGE (Figure 4g-k). Using this approach, the PSII
megacomplexes with both parallel and non-parallel associ-
ation of PSIl supercomplexes were identified in the granal
thylakoid membrane, with the parallel associations being

© 2016 The Authors

about two times more abundant than the non-parallel
associations. This result provides evidence that the PSII
megacomplexes separated using CN-PAGE represent
native PSII structures appearing in thylakoid membranes.

DISCUSSION

Structural studies of plant PSIl revealed its remarkable abil-
ity to form variable types of PSIl supercomplexes, consist-
ing of PSIl core and Lhcb proteins. Moreover, the
proximity of PSIlI supercomplexes in the grana membrane
enables the formation of larger assemblies, i.e. PSIl
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Figure 3. Structural models of the PSIl megacomplexes shown in Figure 2. (a-m) Photosystem Il (PSIl) megacomplexes fitted with the proposed PSII crystalline
structure, as published by Caffarri et al. (2009). Individual PSIl subunits are color-coded in the following manner: pale green, core complex; blue, M trimer;
orange, S trimer; magenta, additional LHCII trimers; yellow, Lhcb4; green, Lhcb5; red, Lhch6.

megacomplexes or even structures of higher order (see
Dekker and Boekema, 2005; Kouril et al., 2012 for reviews).
Assembly/disassembly of PSIl supercomplexes or mega-
complexes modulates the antenna size of PSIl, which was
found to have an influence on the overall photochemical
yield (e.g. Amarnath et al., 2016). These changes of higher
PSII organization can represent one of the responses of
plants to dynamic changes of environmental conditions,
such as light intensity (Ballottari et al., 2007; Kouril et al.,
2013). A recent theoretical study indicates that the excita-
tion can move diffusively through the antenna proteins
within a radius of about 50 nm until it reaches the reaction

center (Amarnath et al., 2016). As the dimensions of the
PSII supercomplex C,S,M, are 20 nm x 33 nm, the excita-
tion can thus be shared within the whole megacomplex
formed by two supercomplexes.

Our structural analysis of PSIl megacomplexes sepa-
rated using CN-PAGE revealed that a majority of them is
formed by the parallel association of two PSIlI supercom-
plexes (Figures 2a—f and 3a—f). The reason for their abun-
dance can be their higher structural stability when
compared with the megacomplexes formed by the non-
parallel association of PSIl supercomplexes. Alternatively,
it could reflect the fact that the megacomplexes with PSII
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Figure 4. Photosystem Il (PSll) megacomplexes
found within an intact thylakoid membrane. (a) An
example of an electron micrograph of negatively
stained thylakoid membrane isolated from Ara-
bidopsis thaliana, with densities corresponding to
the PSII core complex indicated by white arrows.
(b-f) PSIl  megacomplexes found within the
thylakoid membrane (the number of summed pro-
jections was 1838, 2620, 940, 682 and 825, respec-
tively). (g-k) PSIl megacomplex analogs found in
the sample separated by clear-native polyacryla-
mide gel electrophoresis (CN-PAGE). (g-k) Mega-
complexes (a), (b), (h), (i) and (j), respectively, from
Figure 2. The red frames surround core complexes
of individual PSIl supercomplexes and highlight
that the megacomplexes found in the thylakoid
membrane match with those obtained using CN-
PAGE.

supercomplexes associated in parallel originate from solu-
bilized semi-crystalline arrays, which appear occasionally
in grana membranes (Boekema et al., 1999a,b, 2000; Yaku-
shevska et al., 2001a,b; Kirchhoff et al., 2007; Daum et al.,
2010; Kouril et al., 2013).

In the most abundant megacomplexes, PSIl supercom-
plexes interact in parallel via core complexes, M trimers,
and Lhcb5 and Lhcb6 proteins (Figure 3a—c). Obviously,
the involvement of all these components in the interaction
increases the overall stability of megacomplexes, resulting
in their relatively high abundance; however, it seems that
the interaction between Lhcb5 and the core complex alone
is strong enough for the formation of the ‘parallel’ PSII
megacomplex (Figure 3d). Moreover, novel types of PSII
megacomplexes that consist of the parallel supercom-
plexes and additional LHCII trimers were revealed (Fig-
ure 3e,f). The additional LHCIl trimers seem to be
indispensable for the stability of these megacomplexes, as
no analogous PSIl megacomplexes lacking these addi-
tional trimers were detected.

In addition to the parallel association of the PSIl super-
complexes into megacomplexes, the PSIl megacomplexes
with non-parallel orientation of supercomplexes were
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detected for the first time (Figure 3g-m). As in the previous
case, the supercomplex interactions within these mega-
complexes are mediated by core complexes, S and M tri-
mers, Lhch5 and Lhcb6 proteins, and additional LHCII
trimers, although not all components are always involved
in the megacomplex formation. As a result of the asym-
metric structure, these megacomplexes lack the possibility
to form an arrangement similar to two-dimensional
crystals.

Another interesting question that can be at least partially
answered by our structural study is which subunits are, in
general, essential for the formation of PSIl megacomplexes.
Their identification will help to understand a regulatory
mechanism controlling the formation and dissociation of
these megacomplexes. We propose that the contribution of
Lhcb5 to PSII megacomplex formation is the most signifi-
cant, as it participates to some extent in the formation of all
types of PSIl megacomplexes, even in those where Lhch6
and the M trimer are not involved (Figure 3d-f).

In the grana membrane, most of the PSIl supercom-
plexes seem to be randomly organized (Figure 4; see also
Kouril et al., 2013); however, the observed variability in the
architecture of the PSIl megacomplexes separated using
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CN-PAGE indicates that what originally looked like com-
plete randomness can at least partially be explained by the
abundance of specific megacomplex forms. Image analysis
of PSIl supercomplexes within the grana membrane
revealed specific associations of PSIl supercomplexes
(both parallel and non-parallel interactions), which nicely
corresponds with the structures of PSIl megacomplexes
isolated using CN-PAGE (Figure 4). In light of these results,
we realize that the positions of interacting PSIl supercom-
plexes that we observed previously in the cryo-tomogram
of the grana membranes (Koufril et al., 2011) do not have
to be random, but can indeed be specific.

Taken together, the two sets of characterized PSIl mega-
complexes (with parallel and non-parallel arrangements of
PSIl supercomplexes) indicate that there are more LHCII tri-
mers bound in specific positions to PSIl than has been con-
sidered previously (Dekker and Boekema, 2005). This fact
reduces the pool of ‘free’ LHCII trimers and supports the
idea of a more defined packing of all PSll-related compo-
nents in the grana membrane. The packing of PSIl super-
complexes with ‘free’ LHCII trimers can be important for
the regulation of effective PSIl antenna size. The dynamic
formation/disintegration of PSIl megacomplexes can effi-
ciently manage the utilization of absorbed light energy by
PSIl supercomplexes, as it enables the contact points
between PSIl reaction centers and adjacent antenna pro-
teins to change. Nevertheless, the physiological signifi-
cance and potential benefit of the formation of PSII
megacomplexes under varying environmental conditions
remains to be elucidated.

EXPERIMENTAL PROCEDURES
Plant material and sample preparation

Arabidopsis thaliana plants were grown in a growth chamber at
21°C, with an 8-h light/16-h dark photoperiod, at an irradiance of
100 pmol photons m2s™' of photosynthetically active radiation
(400-700 nm). Thylakoid membranes were isolated from 8-week-
old plants using the protocol described by Dau et al. (1995). The
chlorophyll content in the final thylakoid membrane suspension
was determined by a pigment extraction into 80% acetone (Licht-
enthaler, 1987). Thylakoid membranes with 10 ug of chlorophylls
were solubilized with n-dodecyl o-D-maltoside using a detergent:
chlorophyll mass ratio of 20, and supplemented with sample buf-
fer (50 mM HEPES, pH 7.2, 400 mM sucrose, 5 mM MgCl,, 15 mM
NaCl, 10% glycerol) to a final volume of 30 pl. Non-solubilized
membranes were removed by a short centrifugation (22 000 g,
4°C). After centrifugation, the supernatant was immediately
loaded onto a polyacrylamide gel with 4-8% gradient resolving
gel and 4% stacking gel (Wittig et al., 2007). The electrophoretic
separation was conducted in a Bio-Rad Mini protean tetra cell sys-
tem (Bio-Rad, http://www.bio-rad.com), starting with a constant
current of 4 mA for 15 min and then continuing with a constant
current of 7 mA until the front reached the bottom of the resolving
gel. The CN-PAGE gel was analyzed using a gel scanner
Amersham Imager 600RGB (GE HealthCare Life Sciences, http://
www.gelifesciences.com). To visualize all the bands, the gel was

scanned in transmission mode using white light illumination. The
black and white image of the same gel was acquired in fluorescent
mode to identify PSI- and PSll-containing bands. The excitation
wavelength was 460 nm and the fluorescence signal was detected
through a bandpass filter (690-720 nm). Subsequent elution of
protein complexes from the gel and the preparation of the speci-
men for EM analysis was performed according to the procedure
described by Koufil et al. (2014).

Grana membranes were obtained by the solubilization of thy-
lakoid membranes using digitonin (0.5 mg of chlorophylls per ml,
0.5% digitonin in buffer; 20 mM HEPES, pH 7.5, 5 mM MgCl,).
Incubation (20 min at 4°C while slowly stirred) was followed by
centrifugation in an Eppendorf table centrifuge (5 min, 12 000 g,
4°C). The pellet with the non-solubilized grana thylakoid mem-
branes was used for EM analysis.

Electron microscopy and image processing

Electron microscopy was performed on a Tecnai G2 20 Twin
electron microscope (FEIl, http://www.fei.com) equipped with a
LaBg cathode, operated at 200 kV. Images were recorded with an
UltraScan 4000 UHS CCD camera (Gatan, http://www.gatan.com),
either at 130 000x magnification (in the case of isolated PSII
megacomplexes) or at 80 000x magnification (in the case of
grana membranes), with a pixel size of 0.224 and 0.375 nm,
respectively, at the specimen level after binning the images to
2048 x 2048 pixels. arace (Oostergetel et al., 1998) was used for
the semi-automated acquisition of about 12 000 images, from
which a data set of about 50 000 single-particle projections of
PSIl megacomplexes separated by CN-PAGE was obtained. Sin-
gle-particle image analysis (see e.g. Boekema et al., 2009) was
performed using GriP and ReLion (Scheres, 2012). Image analysis
revealed that about 75% of the projections from the data set
could be assigned to one of the distinct classes. The remaining
25% of the data set represented projections of the PSI-NDH
supercomplex (Koufil et al., 2014), which co-migrated with the
PSIl megacomplexes during CN-PAGE separation, and projec-
tions of other unassigned particles. In the case of grana mem-
branes, about 800 images were recorded and about 20 000
projections of PSII particles were manually selected. Image anal-
ysis using ReLioN revealed that about 35% of the projections from
the data set could be resolved into five specific classes, for
which we were able to reliably determine the mutual orientation
of the PSIl core complexes. The remaining 65% of the projec-
tions represented classes where the orientation could not be
determined, either because of a low signal to noise ratio (i.e. a
small number of particles) or because of non-specific interactions
between the adjacent PSII complexes.
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Subunit and chlorophyll organization of the plant
photosystem Il supercomplex

Laura S. van Bezouwen'’, Stefano Caffarri?, Ravindra S. Kale3, Roman Koufil?,
Andy-Mark W. H. Thunnissen', Gert T. Oostergetel' and Egbert J. Boekema'™

Photosystem Il (PSII) is a light-driven protein, involved in the primary reactions of photosynthesis. In plant photosynthetic
membranes PSIl forms large multisubunit supercomplexes, containing a dimeric core and up to four light-harvesting
complexes (LHCs), which act as antenna proteins. Here we solved a three-dimensional (3D) structure of the C,S.M,
supercomplex from Arabidopsis thaliana using cryo-transmission electron microscopy (cryo-EM) and single-particle
analysis at an overall resolution of 5.3 A. Using a combination of homology modelling and restrained refinement against
the cryo-EM map, it was possible to model atomic structures for all antenna complexes and almost all core subunits. We
located all 35 chlorophylls of the core region based on the cyanobacterial PSIl structure, whose positioning is highly
conserved, as well as all the chlorophylls of the LHCII S and M trimers. A total of 13 and 9 chlorophylls were identified in
CP26 and CP24, respectively. Energy flow from LHC complexes to the PSIl reaction centre is proposed to follow
preferential pathways: CP26 and CP29 directly transfer to the core using several routes for efficient transfer; the S trimer
is directly connected to CP43 and the M trimer can efficiently transfer energy to the core through CP29 and the S trimer.

are catalysed by four major protein complexes, photosystem I

(PSI), PSII, cytochrome b, f and ATPase. These proteins are
embedded in the thylakoid membranes, and in plants these
membranes are located in a special organelle, the chloroplast. The
primary photosynthetic reactions are light driven, and the harvested
energy is used by PSI and PSII to transport electrons over the
membranes and to establish a membrane proton gradient!?.

To understand the photosynthetic reactions, detailed knowledge
about the structure of these protein complexes is necessary. For
plant PSI high-resolution structures are known?, but for plant PSII
the structural information is limited. For cyanobacteria*® and red
algae’ there is a high-resolution PSII structure based on X-ray crystal-
lography, but no high-resolution structure for higher plants could be
obtained by protein crystallography. Very recently this goal was
achieved by single-particle cryo-EM and image processing®.

PSIT is a large multisubunit protein complex containing a
dimeric core and a number of peripheral membrane-embedded
antenna complexes. The core complex comprises between 20 and
23 protein subunits, depending on the organism. The catalytic
heart of the core is the reaction centre, which is highly conserved
between plants, algae and cyanobacteria. The reaction centre
consists of four subunits, PsbA (D1), PsbB (CP47), PsbC (CP43)
and PsbD (D2), which are also the largest membrane-intrinsic
subunits. PsbA and PsbD form the photochemical reaction centre
where the charge separation takes place as well as electron transfer
over the membrane. Both subunits bind in total six chlorophylls
(Chls), and PsbA has in addition two pheophytins. PsbB and
PsbC are the internal antenna proteins, which bind several
chlorophylls. These two subunits are involved in light harvesting
and transporting excitation energy from peripheral antenna
subunits towards the photochemical reaction centre!. In addition

l he photosynthetic reactions in plants, cyanobacteria and algae

to the reaction centre there are several other small intrinsic subunits,
which are present in all organisms: PsbE, PsbF, PsbH, PsbI-M,
PsbTc, PsbX, PsbY and PsbZ. These subunits are structurally and
functionally conserved but less strongly related between organisms
than those of the reaction centre. Plant PsbY has, for instance, an
additional membrane spanning helix as compared to its bacterial
counterpart. Plants lack the cyanobacterial subunit Ycf12 but have
two additional subunits, PsbTn and PsbW. Their location could
be established in the plant supercomplex structure®.

PSII has a special set of three to four extrinsic subunits of the
oxygen-evolving complex (OEC) which shields the water splitting
machinery’. The 33kDa subunit PsbO, which stabilizes the
manganese complex, is present in all organisms. The set of
smaller subunits is variable. Plants have PsbP, PsbQ and PsbR!°
of which PsbP and PsbQ subunits are involved in optimizing the
oxygen evolution at physiological concentrations of calcium and
chloride®. PsbR needs Psb] for stabilization and seems important
for the assembly of PsbP®. The location of the extrinsic subunits
for plants is now largely established®.

The dimeric plant core complex (C,) can form supercomplexes
with up to six LHCII trimers, which are the major components of
the antenna system. LHCII consists of heterotrimers composed of
different combinations of Lhcbl, Lheb2 and Lheb3!!. These trimers
are linked to the core complex by the minor monomeric antenna
proteins Lhcb4 (CP29), Lhcb5 (CP26) and Lhcb6 (CP24)'2. At
present, the largest purifiable PSII supercomplex, the C,S,M, particle,
binds four LHCII trimers, two strongly bound (S) and two moderately
strongly bound (M) trimers. Two additional, loosely bound (L),
trimers could be detected in spinach supercomplexes (indicated as
C,S,M,L,) and A. thaliana supercomplexes and megacomplexes'>.

The light-harvesting proteins have been the subject of many
studies. Over the years several crystal structures were solved for
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Figure 1| Architecture of the C,S,M, particle at an average resolution of 5.3 A.a Cryo-EM density map of the final supercomplex. Blue lines indicate
where the protein was sliced as shown in b. b, Density inside the complex shown vertical to the membrane plane. Red lines indicate where the protein was
sliced as shown in a. ¢, FSC curve of two independently refined half datasets of the C,S,M, supercomplex (blue). The resolution based on the gold-standard

criterion (0.143) is 53 A.

both the LHCII trimers from spinach and pea'®!® and for the
monomeric CP29 from spinach!®. The monomeric LHCII subunit
and CP29 show significant homology in amino acid sequence and
overall structure, but there are some relevant differences'’, in
particular with respect to carotenoid and chlorophyll composition.
The monomeric antenna CP29 binds three carotenoids (one lutein,
one violaxanthin and one neoxanthin), and LHCII binds
four carotenoids per monomer (two luteins and one neoxanthin
as in CP29, plus one violaxanthin/lutein in an additional peripheral
mixed site). Each LHCII monomer contains 14 chlorophylls, of
which eight are Chl a and six are Chl b. On the other hand, CP29
has 13 chlorophylls, of which eight are Chl a and four are Chl b
with a mixed Chl a/b site present at binding site 610. In addition
to a variable number of chlorophylls there is a difference in their
location within the antenna proteins. In comparison to a LHCII
monomer, CP29 is lacking chlorophylls at binding sites 601
and 605. Conversely, in CP29 a chlorophyll is present at binding
site 615, which is absent in the LHCII monomers!”. Monomeric
CP26 and CP24 are predicted to contain 13 and 10/11 chlorophylls,
respectively, based on sequence homology and biochemical
evidence'®. In the absence of crystal structures of CP26 and CP24,
it is unclear which chlorophylls are present, and what is their
exact location and orientation in these antenna proteins.

To fully understand the flow of excitation energy within plant
PSII, it is crucial to have a high-resolution 3D structure of a PSII
supercomplex. Because of recent developments in electron detectors
and in image processing!®, single-particle electron microscopy is
nowadays able to solve structures at near-atomic resolution. The
spinach C,S, supercomplex, lacking a large part of the antenna
system, was the first plant PSII supercomplex to be determined at
high resolution®. The largest PSII supercomplex, the C,S,M,, is
more abundant in Arabidopsis, but only a negative stain projection
map at a 12 A resolution is available?’. Based on the new electron
microscopy developments we managed to obtain a 3D cryo-EM
map of the C,S,M, supercomplex from Arabidopsis at an overall
resolution of 5.3 A, allowing reconstruction of its 3D structure.

The structure contains all the membrane-bound core subunits
conserved in different PSII complexes, except Psb] and PsbY, as
well as the LHCII trimers and minor antenna complexes. The
supramolecular organization of the subunits in the C,S,M, is
described in particular with respect to the location and orientation
of LHCII trimers and minor antenna complexes. We also discuss the
location of all the chlorophylls in the subunits and their role in the
energy flow from the peripheral antennae to the core.

Results
To gain an insight in the plant PSII function we determined the
structure of a C,S,M, particle by single-particle cryo-EM. For this
purpose, a large dataset with movie frames was collected
(Supplementary Fig. 1) and processed (Supplementary Figs 2 and 3).
We used particles purified from a npg4 mutant, lacking PsbS
which was found to be present in sub-stoichiometric amount in
C,S,M, particles purified from wild-type membranes?>*!. Though
high purity is not a prerequisite, it is considered to be advantageous
in 3D single-particle analysis. The final structure with a twofold
symmetry imposed has an overall resolution of 5.3 A (Fig. 1). At
this resolution the transmembrane helices of the subunits are
resolved and therefore the location of all the different subunits
could be determined. The overall resolution is 5.3 A, but there is a
large variance within the map (Supplementary Fig. 4). The core
region is well determined, with a local resolution between 4 A
and 5 A, but the resolution in the periphery of the complex, where
the antenna proteins are located, is not as high as in the centre.
To allow a reliable reconstruction of the 3D structure of the
C,S,M, particle, the cryo-EM map was divided into different
regions of more or less uniform resolution. Three regions were
identified in the cryo-EM map, encompassing the core, the
S trimers with subunits CP26 and CP29, and the M trimers with
subunits CP24. First, a 3D structure of the core region was built
and fitted into the cryo-EM map, using the 1.9 A cyanobacterial
PSII structure* as a starting model. The core of cyanobacterial
PSII, without the extrinsic subunits PsbU and PsbV, was placed
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Figure 2 | Location of all the different subunits of the C,S,M, particle. a, Overviews with the location of the core region (purple), the S-LHCII trimer, the
M-LHCII trimer, CP29, CP26 and CP24 indicated. The top view shows PSIl from the lumenal side, normal to the membrane plane; the bottom view is along
the membrane plane. b, Assigned subunits of the core, individually indicated in the figure. ¢, Close-up of the fit of PsbW in our structure. The lumen and

stroma are indicated.

into the density map using a rigid body fit. Based on this initial fit,
the homology models for the Arabidopsis subunits were then placed
into the density map and refined as individual rigid bodies to adjust
their relative positions and orientations. Each fit was examined
individually, to determine whether the corresponding subunit was
indeed present in the cryo-EM density map. The local fit and
geometry of the core subunits were then optimized by model
building and real space refinement at 4.5 A resolution, using tight
secondary structure restraints, side chain rotamer restraints and
restraints to maintain a proper geometry and binding mode of the
chlorophylls. Using a similar approach, separate 3D structures
were obtained of the S trimers with subunits CP26 and CP29, and
of the M trimers with subunits CP24, improving local fit and
geometry by real space restrained refinement at 5.5 A and 6.5 A,
respectively. The final PSII model was obtained by assembly of
the separately built and refined regions (Fig. 2).

In the cryo-EM density map all the transmembrane helices of
PsbA, PsbB, PsbC and PsbD are clearly visible and well defined.
Whereas the helices are clearly visible, the termini are more difficult
to assign. The region around these subunits is the best resolved part,
and the porphyrin ring of the chlorophylls can be fitted accurately in
the right plane.

The small intrinsic subunits were analysed one by one. In the centre
of the core the helices are well defined and the subunits PsbL, PsbM and
PsbTc were easy to place. Towards the outside of the core it was more
difficult, but overall most subunits could be assigned. The location of
PsbE and PsbF, which coordinate the cytochrome b-559, could be con-
firmed by the clear presence of a density for the haem. The subunits
PsbH, Psbl, PsbK, PsbX and PsbZ are clearly present as well. For the
extrinsic subunits the density for PsbO has been assigned. The
[-barrel is well organized, but for the loops not all densities are resolved.
In the density map at each location of PsbO a single copy is present
(Fig. 2a,b), as in the recent model of the C,S, particle from spinach?.

The other three extrinsic subunits, PsbQ, PsbP and PsbR, are
absent in our map. The location of PsbP and PsbQ has been recently

proposed for the spinach PSII-C,S, supercomplex?, but the location
of PsbR remains still unknown. One unassigned density, in between
PsbA, PsbC and the S trimer, is likely to be the subunit PsbW
(Fig. 2c)®. To further confirm this assignment, the known amino
acid sequence has been fitted in by taking into account the expected
structure?’. The full transmembrane part and a large part of the
amino (N) terminus is modelled, starting from amino acid 9. The
model indicates that PsbW has interactions with PsbA, PsbC and
Psbl, and via its N terminus with PsbO. Possibly there is an inter-
action with a cofactor of the S trimer, because an unassigned
density is present between PsbW and the S trimer subunit, above
Chl a612. At the current resolution it is not possible to identify
this density. Based on the size of the extra density we do not
expect a chlorophyll at that location.

Two small membrane subunits, Psb] and PsbY, could not be
detected in the 3D map. No unassigned density was present in
the electron microscopy density map at the position where Psb]
was expected according to the cyanobacterial structure. It should
be noted that in the recent spinach PSII structure®, Psb] has been
assigned to a density between PsbK and PsbE. However this
density is very weak, suggesting a sub-stoichiometric amount of
Psb]. To determine the location of PsbY, the cyanobacterial core
structure® was used as a reference (pdb: 4UB6). At the putative
location of PsbY (next to PsbK and PsbZ) a weak density is
present. However, considering that the second transmembrane
helix predicted in Arabidopsis (in cyanobacteria PsbY has only
one helix) is not visible and that the resolution in the map at the
possible location of PsbY is low, PsbY was not placed in the
C,S,M, model.

The structure gives insight into the location of the many
pigments and co-factors, in particular for the four large subunits
of the reaction centre that contain all the chlorophylls of the core.
All 35 chlorophylls, the two pheophytins and the haem, which are
present in cyanobacteria, were identified in the plant PSII core
(Fig. 3). The chlorin rings of both the chlorophylls and the
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Figure 3 | Chlorophylls of the supercomplex. a, Overview of all chlorophylls in the supercomplex shown from the lumenal side and along the membrane
plane. Chlorophyll a is depicted in green, chlorophyll b in dark red, pheophytins in cyan and haem in yellow. b, Close-up of CP24; a view from the lumen
(left) and along the membrane plane (right). ¢, Overlay of the chlorophylls of the Arabidopsis C,S,M, particle (light blue) and the spinach C,S, particle

(dark blue).

pheophytins are easy to locate, but for the phytol tails there is no
clear density present and therefore they were removed from the
model during the refinement. Owing to the missing phytol tails,
it is not possible to determine the exact orientation of the
chlorophylls, but there are no differences in distances between the
chlorophylls in plants and cyanobacteria. This indicates that these
chlorophylls are highly conserved between distant species.

All chlorophylls in the core could be localized, but other densities
smaller than a chlorophyll remain unassigned. To have an idea
where other pigments and lipids are located, pigments and lipids
of cyanobacteria were overlaid on top of the unassigned densities.
Based on this analysis, it is possible to locate eight -carotenes. In
the cyanobacterial structure there are more than 20 lipids present?
and in spinach there are 16 lipids, 10 carotenoids and 1 plastoquinone?®;
in our map the partial density of 10 of them could be assigned (data
not shown). None of these pigments or lipids was included in the
refined 3D model of PSII, as only partial densities are present in
the electron microscopy map and the resolution is a limiting
factor as well (Supplementary Fig. 5). The presence of a number
of pigments or lipids could be confirmed, but the presence of the
manganese cluster could not (Supplementary Fig. 6). All the
amino acids which coordinate manganese, calcium or oxygen
atoms are conserved in Arabidopsis. But the carboxy (C) terminus
of PsbA (amino acids 335-344), important for the binding of the
manganese cluster, appears to be disordered, as there is no density
present in that region.

In this structure of the C,S,M, particle the location and
orientation of the antenna proteins could be unambiguously
determined although the overall resolution of the antenna region
is not as high as in the core and among the different antenna

proteins the resolution is not consistent as well. The S trimer,
CP26 and CP29 are the best-resolved components compared with
the M trimer and CP24 (Supplementary Fig. 4). Therefore these
regions were analysed separately. Chlorophylls could be detected
in all these proteins, but no distinction could be made between
Chl a and Chl b. The phytol tails of the chlorophylls were not
used for the model as there is no density present. The carotenoids
could not be detected at all. There are some unassigned densities
in the S trimer, and it is possible that one pigment molecule is
located there. But based on the current resolution it is impossible
to determine if this is an extra pigment molecule or just a tail
from one of the assigned chlorophylls.

Crystal structures of both the LHCII trimer and CP29 are
available!>!® and these were placed at the location of the S trimer
and CP29. The trimer was analysed as a homotrimer with only
Lhcbl because of limited resolution of the S trimer, which does
not allow a determination of the side chains of the amino acids.
The individual amino acids that differ between pea and
Arabidopsis were replaced; the same was done for the amino acids
of CP29 that differ between spinach and Arabidopsis. Although
the side chains of the amino acids are not resolved in the density,
a rigid body fit followed by a real space refinement determined
the precise orientation and location of both the S trimer and
CP29. The root mean squared deviations (r.m.s.d.) between the
backbone Ca atoms of PSII-CP29 and those of the 3PL9 (ref. 16)
and 2BHW (ref. 15) structures are 1.1 A and 1.5 A, respectively.
Based on the location of the helices the structures could be placed
rather exactly (Supplementary Fig. 7). Once the helices were
placed, the location of the chlorophylls could be determined. In
both structures all the chlorophyll binding sites, based on the
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Table1 | Detected chlorophylls of CP26 and CP24 and the
chlorophyll binding site.

CP26* CP24* Coordinating residues
(CP26/C24)

b601" -

a602 a602 GLUT4/GLU102

a603 a603 HIS117/HIS105

a604 a604 -/-

b606 b606 GLU178/GLN149

b607 b607 -/-

b608 b608 =)=

a609 b609 GLU186/GLU157

a610 a610 GLU225/GLU228

a61l -/-

a612 a612 ASN228/HIS231

a613 GLN242/-

a614 HIS257/-

*Chlorophy |l types are based on the chlorophylls of CP29 (ref. 16) and biochemical data?’. {Chlorophyll
type is based on the trimer structure'.

backbone, are conserved. For the S trimer all 14 chlorophylls
per monomer are present. For CP29, 13 chlorophylls were located,
including Chl a601 and Chl a614, of which the last one is missing
in the spinach CP29 cryo-EM map®. Chl a615 from the crystal
structure!® could not be located, as well as Chl 616 from spinach
PSII®. The identity of chlorophyll 601 is based on the CP29
crystal structure and the identity of Chl 615, which is a Chl a
assigned to a new site near to Chl 601 site in the N-terminal
region. However, the N terminus in the CP29 crystal was severely
affected during CP29 purification and crystallization, and
Chl a615 was very likely to be a displaced Chl a601.

For CP26 a homology model was built, as there is no crystal
structure available for this subunit. Once the exact location and
orientation was determined, the chlorophylls could be located
(Fig. 3). As the resolution does not allow differentiation between
Chl a and Chl b, the same type of chlorophyll was assigned to
every position as in CP29 or the LHCII trimer, although some
adjustments were made based on biochemical data!®?*2, In this
map 13 chlorophylls are detected. The chlorophyll binding sites
are listed in Table 1. Based on the trimer structures, CP26 has a
Chl b601. For all other locations the chlorophyll binding sites
from the backbone are conserved. Just like CP29 there is no
Chl 605 present. No other pigments could be detected in CP26.

The chlorophylls of the Arabidopsis and spinach structures were
overlaid (Fig. 3c). When comparing these two plant structures there
are hardly any differences. In both structures 35 chlorophylls in the
core region are detected as well as all 14 chlorophylls of a single
trimer subunit. Before these structures were solved it was assumed
that there were 13 chlorophylls in CP29. The crystal structure con-
tained a chlorophyll at location 615 which was unknown. In none of
the plant structures a density was found for this chlorophyll but a
density is present for a chlorophyll 601. The major difference
between the two plant structures are the chlorophylls at location 614
and 616. In our structure we have found a chlorophyll at location 614
but none at location 616. Also there is no density that indicates
that the presence of a chlorophyll at location 616. Conversely, in
the spinach structure chlorophyll 614 is lost during purification
but there is an extra chlorophyll present at location 616. This
chlorophyll needs to be confirmed with biochemical data. For
CP26 the same 13 chlorophylls have been found in both plant struc-
tures. This number of chlorophylls was expected based on the
biochemical data'®.

The density at the region for both the M trimer and CP24 is less
ordered than in the other map regions (Supplementary Fig. 4). The
M trimer was analysed as a homotrimer with only Lhcbl. A rigid

Figure 4 | Flexibilities in the C,S,M, supercomplex from Arabidopsis
investigated by negative stain single-particle electron microscopy. a, The
sum of 28,048 particles of the standard C,S,M, supercomplex. b, The sum
of 22,626 particles of the supercomplex in which one M trimer is moved
upward. Green arrows indicate a variable gap between CP24 and the core.
¢, The sum of 7,629 particles of the supercomplex in which both M trimers
and the two halves of the core complex have been shifted, as can be seen
from the positions of the central bright densities (red dots). d, The sum of
1,000 particles at a tilted view, in which the stain-excluding extrinsic
subunits and the lumenal-protruding domains of CP47 and CP43 are
apparent. Scale bar, 100 A.

body fit could be applied for both CP24 and the M trimer. In the
M trimer all the densities for the chlorophylls are present in all
three individual monomers. For CP24 the individual chlorophylls
had to be determined. The assignment of Chl a or Chl b was
based on biochemical data?* and the crystal structure of the
homologue monomeric CP29 antenna'®. For CP24, nine chlorophylls
were detected (Table 1 and Fig. 3b). The chlorophyll binding sites of
the backbone are conserved for the detected chlorophylls?*. From
biochemical data and sequence alignment, Chl 601, 613, 614 are
likely absent in CP24?%, and indeed these chlorophylls were not
found in our electron microscopy map. In contrast, Chl 611
should be present?*, but no density was detected for this pigment.

The flexibility within the peripheral antenna, apparently leading
to a lower overall resolution in our map and in particular the
flexibility of the M trimer/ CP24 region is an interesting topic on
its own. In addition to the cryo-electron microscopy data, we have
analysed a set of 400,000 negatively stained Arabidopsis super-
complex projections (Fig. 4). Flexibility leads to a number of
different, but specific conformations. It is found that the M trimer
can have two clearly different positions, in contrast to the
S trimer. When one of the two M trimers is shifted, there is a dis-
placement of CP24 (Fig. 4b), leading to a smaller gap with the
core (green arrow). This could explain a lower resolution of CP24
and the M trimer, than the PSII core complex and the S trimer/
CP29 domain in the cryo-structure. In smaller numbers of particles,
both M trimers are displaced (Fig. 4c). This leads to lateral
movement of the two halves of the dimeric core complex, as
indicated by the positions of red dots on the highest densities of
the core part. These densities also change position on tilting
(Fig. 4d), but not vertically as in Fig. 4b,c. The nature of the
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M trimer flexibility is not understood since it is observed with a
similar abundance in both dark-adapted plants and plants with
light-induced non-photochemical quenching.

Discussion

Over the years protein crystallization attempts have been made to
obtain a high-resolution 3D structure for plant PSII, but the high
flexibility and heterogeneity of PSII supercomplexes has prevented
success. Single-particle cryo-EM was applied on a homogeneous
sample of C,S,M, particles from a npg4 mutant, lacking PsbS.
Use of the mutant is justified because previous electron microscopy
analyses on PSII particles and membranes from wild-type and npq4
plants did not reveal any structural difference in isolated PSII?.
Moreover, it was shown that maximum quantum yield of PSII,
quantum yield of oxygen evolution, maximal oxygen production
rate and pigment content are identical in wild-type and npq4
plants??>-?. We managed to determine a 3D structure for the
C,S,M, supercomplex to 5.3 A resolution. Based on the structure
we are able to describe the location of almost all expected intrinsic
membrane embedded subunits of the core. In this electron
microscopy map the location of the 35 chlorophylls of the core
based on the cyanobacterial structure* were confirmed. This result
matches the results of the spinach structure as well®, indicating
that these chlorophylls are highly conserved between different
organisms. Of the extrinsic subunits only PsbO is present. PsbQ,
PsbP and PsbR are absent in our map: the location of PsbP and
PsbQ has been recently proposedd, but the location of PsbR
remains unknown. The absence of three of the extrinsic subunits
and some other small intrinsic subunits, as discussed below, is a
consequence of the way to keep the particles in a monodisperse
state for cryo-EM. Hence the structure does not provide insight
into the oxygen evolution, which has been described in detail for
the system from cyanobacteria®®. The location of the chlorophylls,
however, provides insight into the antenna organization and the
energy flow in the membrane compartment of PSII.

In addition, the position of all peripheral antenna proteins in the
largest purifiable PSII supercomplex could be determined, including
CP24 and CP26. Since no crystal structure is available for these two
subunits, electron microscopy densities allowed significant
information to be obtained about protein structure and pigment
organization to build a 3D model of these proteins.

All densities could be assigned to the small subunits, but Psb]
and PsbY are missing from the map. It is unlikely that one of
these subunits is present. Psb] is a very hydrophobic chloroplast-
encoded protein and operates in a gene cluster with psbE, psbF
and psbL. In the structures of Thermosynechococcus vulcanus Psb]
is placed between PsbE/PsbF and PsbK*® and, as Psb] functions
in cyanobacteria and higher plants in a similar way?, there is no
indication that it is relocated to a position elsewhere. PsbW was
assigned next to PsbA, PsbC, Psbl and S-LHCII based on a good
match with the expected structure (Fig. 2d). This location of
PsbW, between the core and the antenna proteins, is in agreement
with the map of spinach PSII® and previous results because in the
absence of PsbW no supercomplexes are formed®.

The aim of this study was to perform a reconstruction on a
purified supercomplex particle with a complete set of subunits,
including the four extrinsic subunits of the OEC (PsbO, PsbP,
PsbQ and PsbR). The sucrose gradient centrifugation and
concentration step were carried out at pH 7.5, to prevent aggregation.
As indicated elsewhere, this relatively high pH value may destabilize
the OEC?, which appears to be the case for our digitonin preparation®.
This could explain why both PsbP and PsbQ are missing from the
structure. PsbR is absent as well, although it is more difficult to
wash off this subunit®. PsbR needs Psb] for its assembly into the
PSII core®!, and the structure clearly shows the absence of Psb].
Moreover, the absence of PsbR further affects its neighbours PsbP

and PsbQ!0. The fact that most extrinsic subunits are missing
from our structure could probably have destabilized the domain
around the manganese cluster, explaining why the cluster is not
visible in the 3D map.

It should be noted that biochemical characterization of digitonin-
purified PSII particles from Arabidopsis suggests that PsbR (and
possibly also PsbP and PsbQ) is present in substoichiometric
amount®, not only in the purified PSII supercomplex, but also in
PSII in leaves®. PsbR is also lacking in the recent cryo-EM structure
of the smaller C,S, PSII complex of spinach®, possibly for the same
reason as for Arabidopsis particles (substoichiometric amount of
PsbR). Thus, further investigation is needed to understand the
stoichiometry, function and location of PsbR. Conversely, in the
a-dodecyl maltoside-purified PSII particles of spinach, PsbP and
PsbQ are visible®. However also in this case PsbP and PsbQ are
present in substoichiometric amount. Indeed their visualization
requires decreasing the level of electron microscopy density threshold
to a very low value. This usually significantly increases the noise
signal, but the fact that these peripheral subunits do not bind
detergent allows their visualization with little noise compared with
the rest of the PSIL It is also possible that PsbP and PsbQ are
more strongly bound to the PSII core in spinach than in Arabidopsis.

The PsbS protein has the key function of activating the fast
energy dissipation at the level of PSII in a still unknown way.
Thus, localization of PsbS in the supercomplex is necessary to
understand its mechanism of action. In our work, we cannot
provide data about PsbS localization since, as discussed above, we
chose to use PSII from npg4 plants lacking PsbS. So far no data
show a role of PsbS in electron transfer mechanisms or its inter-
action with OEC subunits, but rather recent biochemical evidences
support the fact that PsbS could interact with the external
antennas®>¥, as proposed for some time. Moreover, previous
work by us and other groups did not show any difference in
functioning and structure between wild-type and npg4 PSII, as
long as plants are grown in non-stressed conditions. This means
that PsbS does not have an evident structural role in PSII, at least
under non stressing conditions. Intriguingly, the localization of
PsbS remains elusive despite the fact that this is an objective of
several groups for over 15 years. All assays to localize PsbS in the
supercomplex by electron microscopy have not had success'>*,
indicating that PsbS is not or just very weakly bound to PSIL It
should also be noted that in the recent spinach cryo-EM structure®,
PsbS was present in the fraction containing the C,S, particles
(although the stoichiometry was not calculated), but it was not
found in the density map of the complex, further indicating that
PsbS is not, or very weakly, bound to PSII. Another possibility
might be that PsbS is bound at several different positions around PSII.

Not all protein subunits were identified, but all chlorophylls
present in cyanobacteria are identified in the plant PSII map and
all chlorophyll positions of cyanobacterial PSII are highly conserved
in plants. These are the same chlorophylls as in the spinach
structure, and all the chlorophylls have the same orientation in
the two plant structures. In our density map there are unassigned
densities in the core. According to their size it is likely to be that
these unassigned densities are carotenoids and lipids, rather than
chlorophylls although it has been suggested earlier that PSII core
complexes in plants would have extra chlorophylls compared with
cyanobacteria PSII'S.

Orientation and structure of antenna proteins

The location and orientation of the antenna complexes could be
determined unambiguously from our map. The positions of most
of the antenna complexes are similar to those proposed earlier in
the 2D negative stain map?, but the current data are much more
accurate. Only a 3D map with a resolution sufficient to at least
resolve individual a-helices allows modelling the correct location
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and orientation of LHCII and the minor antenna subunits.
Moreover, membrane proteins cannot be determined accurately
from negative stain data because the stain does not penetrate the
hydrophobic membrane. A comparison of the two models shows
that the S- and M trimers are rotated by approximately 5°
(Supplementary Fig. 8). The exact orientation of CP26 and CP29
is slightly different from the previous model, but the orientation
of CP24 is significantly different. We can now also compare the
positions of CP26 and CP29 with those of a high-resolution
structure of the smaller C,S, particle from spinach®. Although at
low resolution the spinach C,S, particle often looks closer to a
rectangle than the Arabidopsis C,S, particle?’, it now appears that
in both supercomplexes the CP26 subunit and the S trimer are in
a very similar position.

Compared to the S trimer, the M trimer is not well resolved,
although all chlorophylls could be detected. There is good evidence
from the negative stain maps (Fig. 4) that the position of the M trimer/
CP24 is variable, leading to a lower local resolution. In a small number
of supercomplexes there is also an additional shift of the two halves
of the core. Therefore the exact orientation and location in the
model for the supercomplex may change once this region of the
map becomes resolved at a higher resolution. In the current map
it is possibly a mixture of two or more conformations, but to separ-
ate them a larger dataset is necessary. LHCII-M specifically contains
one Lhcb3 monomer, an LHCII isoform evolved in land plants in
parallel with CP24 (ref. 35). In some plant clade, Lhcb3 recently
disappeared together with CP24 (ref. 36), indicating a relationship
between these two Lhcb complexes. The resolution of the
M-LHCII is not good enough to distinguish the specific Lhcb3
features (like a shorter N terminus and the specific amino acid
substitutions with respect to Lhcbl). However, the relative orien-
tation of M-LHCII and CP24 obtained from the PSII model indi-
cates that a contact of CP24 with M-LHCII involves the region
between helix B and helix E of the LHCII monomer facing
CP24. Interestingly, this is the most variable region between
Lhcbl and Lhcb3, suggesting that the monomer in contact with
CP24 is indeed Lhcb3 and its specific residues are important for
the interaction.

CP29 is slightly tilted relative to the plane of the membrane,
which may have implications for the expected energy flow within
PSIL 13 chlorophylls were detected for CP29 in our density map,
and the same number was also present in the crystal structure.
However, there are important differences. First, Chl 615 is missing
in the electron microscopy structures of Arabidopsis and spinach
PSII, and there is no unassigned density near the expected location
of Chl 615 that could account for a chlorophyll molecule. Our
results support the conclusion that the position of Chl 615 in the
crystal structure is an artefact, because the N terminus of CP29 is
not intact as it is in the cryo-EM structures. Second, at the position
corresponding to Chl 601 in LHCII there is density for an extra
chlorophyll. The resolution in the Arabidopsis and spinach maps
is not high enough for identification of the Chl species. We assigned
Chl 601 as Chl a, based on the identify of Chl 615 in the spinach
CP29 crystal structure, since it is very likely to be that Chl 615 is
Chl 601 displaced during CP29 purification and crystallization.
This is the same assignment as in CP29 in the spinach PSII
structure®. In LHCII this chlorophyll was however assigned as
Chl b'*15. Higher resolution is necessary to solve this question.

There are two significant differences between CP29 in
Arabidopsis and spinach PSII: Chl614 is present in CP29 of
Arabidopsis, but absent in in the spinach CP29. For Chl 616, it is
the opposite situation, because we have not found any extra
density that could indicate the presence of Chl 616. Since the
Chl614 presence is proven from biochemical experiments®” and
the crystal structure!4, it is likely to be that this chlorophyll is lost
from spinach PSII during preparation.

In our map 13 chlorophylls are detected in CP26. The same
number of chlorophylls was predicted earlier'®. The known crystal
structures of both CP29 and a single subunit of the LHCII trimer
where overlaid on the location of CP26 to identify the chlorophylls.
Based on these overlays we concluded that a chlorophyll is present at
position 601. Similar to CP29, there is no chlorophyll present at
position 605. All other chlorophyll binding sites are conserved.
When comparing this structure with the one from spinach?®, there
is no significant difference in chlorophyll location or orientation
between the two structures.

The location and the most likely orientation of the CP24 protein
were determined. Of the 10-11 predicted chlorophylls'®?4, 9 were
detected at conserved binding sites. Surprisingly, Chl 611 was not
detected. This chlorophyll, which is not coordinated by a protein
residue, is predicted from biochemical data®* and conserved in
other Lhc complexes. Therefore, it is possible that a density was not
found for the low resolution of this part of the complex and/or its
loss during PSII purification. Chl 614 is absent, in accordance with
the lack of the binding site due to a shorter C terminus. A residue
for Chl 613 binding could be present in the protein sequence?!, but
there is no density for this chlorophyll in the 3D map. This result sup-
ports biochemical results proposing its absence?*. Concerning Chl 601,
no biochemical or structural data allow concluding about its presence
or not. The density of Chl a603 is weak, but based on its conserved
binding site in all Lhcs, it was placed in the map. To identify possible
missing chlorophylls in this minor antenna protein a better resolution
is required.

Excitation energy transfer

Detailed investigation and simulation of energy transfer kinetics in
large pigment systems as plant PSII, which contains >300 chloro-
phylls, are extremely complex and require precise orientations of
the chlorophylls and approaches beyond the scope of this article.
Recent examples focus on plant PSII kinetics using an advanced
modelling approach®?* based on a previous pseudo-atomic model
of PSIT?° and exciton systems of individual subunits. However, the
improved PSII structural model here presented allows providing
qualitative information and preferential pathways for energy trans-
fer between Lhc antennas and from Lhc towards the core (Fig. 5 and
Table 2) based on the Chl species and distances between the nearest
chlorophylls in adjacent complexes. This is the same approach as
used for pea PSI* and spinach PSII complexes®. The almost
identical organization of the Arabidopsis and spinach PSII core
complex, as well as the further similarity between plant and
cyanobacterial PSII, make it very likely that energy transfer inside
the core complexes is similar between plant and cyanobacteria
PSIL This topic has been investigated previously*!' and therefore
we limit our discussion to the Lhc antenna system.

Efficient connection and energy transfer between S- and M-LHCII
trimers is more likely to be provided between three couples of
Chl a: Chl a611;/Chl a610,, Chl a612,/Chl a612,;, and
Chl a614;/Chl a604,,,, (Fig. 5 and Table 2). It should be noted
that Chls 611 and 612, located near the stromal side of LHCII, have
the lowest energy states in all Lhcb complexes and are the most popu-
lated at equilibrium. From the S trimer, excitation energy can directly
and efficiently flow to CP43 from Chl a611/a612,, to Chl a506p,3),
and from Chl a614,, to Chl a501cp,s). From M trimer to CP29,
energy migration involves the lowest energy chlorophylls of this two
complexes, in particular Chl a611,,, and Chl a611 ¢p,g. It should
be noted that the shortest distance between chlorophylls of the M
trimer and CP29 is between Chl a614,,,, and Chl 6614 p,) on the
lumenal side of LHCII, but likely this pathway is less populated
since it involves in CP29 a Chl b, which has a higher energy level
than Chl a. However it should be noted that a recent hypothesis
suggests that conformational changes in the helix 5/Chl 614 domain
may form an energization quenching (qE) site in Lhc antennas®.
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Figure 5 | Energy flow within C,S,M, particles. Lhc antenna complexes are labelled in blue. The monomers of S- and M-LHCII trimers are named for clarity
in the text and in Table 2. Core complex antennas (CP47 and CP43) and the reaction centre (RC) are labelled in red. Chlorophyll couples probably involved
in energy transfer between adjacent complexes are indicated with blue and red lines. Red lines connect couples involving only Chl a. Blue lines are couples
involving one or two Chl b, which have a higher energy level than Chl a and thus are less efficient in receiving energy.

Thus Chl614 ;) and Chl614p,q, may have a significant role in
excitation energy transfer and quenching. From the monomeric
antenna CP29, energy can reach the core via at least three couples
of Chl a: Chl a603pyy) to Chl a610p,;), Chl a609p,g) to
Chl a616cp,, and Chl a613 (p,g, to Chl a602 ¢p,,. The presence
of multiple pathways suggests that CP29 is energetically very well
connected to the core. In contrast, energy connection between the
S trimer and CP29 seems weak, since Chl b is involved (Fig. 5
and Table 2).

Similarly to CP29, also the monomeric antenna CP26 is well
connected with the core (CP43) through Chl a couples at a short
distance: Chl a611cp,) to Chl a513/a512cp,3y and Chl a614 cp,
to Chl a503 cpy3). The couple Chl b601p,s),/ Chl a513(p,,y could
be also important, considering the very short distance between the
two chlorophylls. Connection of S-LHCII with CP26, as in the case
of CP29, is likely to be weaker and rather directional (LHCII to
CP26), since it involves Chl b605 and Chl b608 of the S trimer at
~20 A distance from Chl a604 and Chl a610/612 of CP26,
respectively. The nearest Chl a couples, Chl a610s,)/Chl a610cp,s)
and Chl a604,)/Chl a604 cp,, are at ~25 A away each other.

Finally, CP24, which is particularly enriched in Chl b, would
transfer energy to CP29 from Chl b606(p,4) to Chl b614cp,)
and Chl b608/b609 py4y to Chl a601 cp,)- This transfer is rather
directional, since involving Chl b in CP24 and Chl a in
CP29. Energy transfer via Chl a is possible towards M-LHCII
from Chl a610,cp,, to Chl a612(y and from Chl a604p,, to
Chl a604 ). From the Chl b domain of CP24, energy can be direc-
tionally transferred to M-LHCII from Chl 5608 p, 4 to Chl a612 .

It is interesting to observe that most of the Chl a of CP24 is
located towards the exterior of PSII, and Chl b is facing CP29 and
LHCII-M. Since Chl b has a higher energy level than Chl g, this
could in principle cause a relatively slow energy transfer from
Chl a of CP24 to the rest of PSII. However, based on recent
results showing various types of PSII megacomplexes found in
vitro and in vivo in Arabidopsis'®, in which CP24 occupies a position
in between two PSII, we can speculate that that such a particular
organization of the chlorophylls in CP24 can improve PSII
connectivity by helping energy transfer between adjacent PSIIL.

In short, energy transfer between trimers should be fast, and
from the S trimer energy would flow directly to the core via
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Table 2 | Distance between the Mg-Mg of the chlorophylls involved in the energy transfer.

(A) (B)
Subunit and Chl Subunit and Chl Mg-Mg Location Subunit and Chl Subunit and Chl Mg-Mg Location
distance (A) distance (A)

M2-LHCII S3-LHCII

Chl a610 Chl a611 19.8 Stroma

Chl a612 Chl a612 231 Stroma

Chl a604 Chl a614 20.9 Lumen

M1-LHCII CP29 M1-LHCII CP29

Chl a611 Chl a611 171 Stroma Chl a614 Chl b614 13.8 Lumen

CP29 CP47

Chl a603 Chl a610 18.2 Stroma

Chl a609 Chl a616 19.8 Stroma

Chl a613 Chl a602 20.5 Lumen

S1-LHCII CP43 S1-LHCII CP29

Chl @611 Chl a506 17.2 Stroma Chl b605 Chl b606 19.1 Lumen

Chl a612 Chl a506 20.2 Stroma Chl b605 Chl a604 17.3 Lumen

Chl a614 Chl a501 24.5 Lumen

S2-LHCII CP26 S2-LHCII CP26

Chl a604 Chl a604 24.4 Lumen Chl b605 Chl a604 19.5 Lumen

Chl a610 Chl a610 25.0 Stroma Chl b608 Chl a610 20.5 Stroma
Chl b608 Chl a612 20.7 Stroma

CP26 CP43 CP26 CP43

Chl a611 Chl a513 15.0 Stroma Chl b601 Chl a513 1.1 Stroma

Chl @611 Chl a512 18.2 Stroma

Chl a614 Chl a503 15.9 Lumen

CP24 M1-LHCII CP24 M1-LHCII

Chl a610 Chl a612 24.2 Stroma Chl b608 Chl a612 20.8 Stroma

Chl a604 Chl a604 25.9 Lumen
CP24 CP29
Chl b606 Chl b614 19.0 Lumen
Chl b608 Chl a601 18.2 Stroma
Chl b609 Chl a601 20.1 Stroma

(A) Energy transfer pathways involving couples of Chl a. (B) Energy transfer pathways involving one or two Chl b. In each case, the nearest chlorophyll of two adjacent subunits is indicated together with the
Mg-Mg distance and the lumenal or stromal location. The names of the single LHCII monomers are given as indicated in Fig. 5.

CP43, while from the M trimer it needs to pass through CP29 to
reach the core on CP47 or through S-LHCII to reach CP43.
Despite the fact that PSII is considered rather isoenergetic and
thus energy can move randomly between subunits, the fact that
monomeric CP26 and CP29 seem well connected with the core
and less well connected with S trimer could provide some direction-
ality of the energy migration towards the core and limit the
equilibration on the antenna system.

Lastly, it is worth noting that the distances between chlorophylls
in PSII antennas are larger than in PS>, which indeed, despite the
presence of low energy chlorophylls (red forms) in the antenna
system, has a very fast energy transfer from LHCI to the core,
faster than the one proposed between Lhcb antennas and the PSII
core®. It is also worth noting that most of the energy connections
are on the stromal side of the Lhc complexes. This could facilitate
in vivo energy exchange between PSII located in opposite highly
stacked grana membranes, further increasing the connectivity of PSIL.

Methods

Protein purification. PSII-enriched membranes (BBY)** were prepared from

A. thaliana npq4 plants, following the same protocol®. PSII-C,S,M, particles were
prepared as by Crepin and coworkers®, where further biochemical characterization
is provided. In short, aliquots of 200 ug (in chlorophylls) of BBY membranes were
washed with 10 mM Hepes KOH pH 7.5, resuspended at a concentration of

1 mg ml™" in 10 mM Hepes KOH pH 7.5 and solubilized by adding an equal volume
of 1% digitonin and 0.4% a-dodecylmaltoside to a final clorophyll concentration of
0.5 mg ml™" and a final detergent concentration of 0.5% digitonin and 0.2%
a-dodecylmaltoside. The samples were incubated on ice in the dark for 30 min and
then centrifuged at 12,000¢ for 10 min to eliminate unsolubilized material. PSII
supercomplexes were purified by sucrose gradient centrifugation with a sucrose
gradient containing 0.65 M sucrose, 10 mM Hepes KOH pH 7.5 and 0.01%
digitonin. Gradients were formed by freezing and thawing. Ultracentrifugation was
performed in a Beckmann SW41 rotor, at 41,000 r.p.m. for 17 h.

PSII supercomplexes for electron microscopy of negatively stained specimens
were isolated using clear-native polyacrylamide gel electrophoresis*® with the
following modifications. Thylakoid membranes with 10 pg of chlorophylls were
solubilized with a-dodecylmaltoside using a detergent/chlorophyll mass ratio of 40
and supplemented with sample buffer (50 mM HEPES pH 7.2, 400 mM sucrose,
5 mM MgCl,, 15 mM NaCl, 10% glycerol) to the final volume of 30 pl.

Sample preparation and electron microscopy. A volume of 6 ml of sucrose PSII
solution at a concentration of 0.033 pug ml™" chlorophyll was concentrated about
100x to a final concentration of 3.5 mg ml™ chlorophyll. The sample was placed on
a Millipore Amicon filter (10 kDa cut-off) and centrifuged at 3,500 for 20 min
per round. After every washing round the sample was diluted with 2 ml of buffer
(10 mM Hepes, 0.01% digitonin). This was repeated six times, a final seventh run
was used to concentrate the sample to a final volume of 60 pl. Aliquots of 3 ul of the
concentrated PSII sample were applied onto glow-discharged holey carbon grids
(Quantifoil R1.2/1.3). Grids were blotted for 8 s at 100% humidity, before being
plunge-frozen in a FEI Vitrobot using liquid ethane. Grids were transferred to a
G2-Polara (FEI), operating at 300 kV, equipped with a Gatan energy filter and a
Gatan 4000 SP 2 K CCD camera. Micrographs were recorded with a pixel size of
2.63 A at the specimen level, with a defocus of 3 um and with a dose of 25 ¢~ A~
(electrons per square Angstrom) and 25,996 particles were manually selected with
Xmipp 3.0% or RELION-1.3%.

For high-resolution electron microscopy, grids were transferred to a FEI Titan
Krios (NeCEN, Leiden), operating at 300 kV, equipped with a Falcon 2 direct
electron detector. Micrographs were collected at a pixel size of 1.105 A at the
specimen level and an exposure time of 1 s, corresponding with an electron dose of
28, 38 or 49 e~ A7 for the integrated image. The frames had a dose of 3, 4.2 and
5.4 ¢~ A2 respectively. A total of 5,198 images, with a defocus range of 1.2-3.0 pm,
were collected with EPU software (FEI) and 104,025 particles selected.

Single-particle electron microscopy of negatively stained specimens was
performed on a Tecnai G2 20 Twin transmission electron microscope (FEI,
Eindhoven, the Netherlands), operated at 200 kV. Images were recorded with an
UltraScan 4000UHS CCD camera (Gatan, Pleasanton, CA, USA) with a pixel size of
2.24 A at the specimen level after binning the images to 2048 x 2048 pixels.

Data processing. From the G2-Polara dataset the best 13,570 particles were used for
an initial 3D model, made with Ransac*, using C2 symmetry. During every 3D
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classification and 3D refinement C2 symmetry was applied. This initial 3D model 11. Caffarri, S., Croce, R., Cattivelli, L. & Bassi, R. A look within LHCII: differential
was further refined and used as a reference for the dataset of the Titan Krios. analysis of the Lhcb1-3 complexes building the major trimeric antenna complex
The contrast transfer function parameters of the G2-Polara micrographs were of higher-plant photosynthesis’. Biochemistry 43, 9467-9476 (2004).
determined with CTFFIND3*. CTFFIND4 was used on the summed images of the ~ 12. Koufil, R., Dekker, J. P. & Boekema, E. J. Supramolecular organization of
frames aligned by MOTIONCORR®, to correct for beam induced motion and drift. photosystem II in green plants. Biochim. Biophys. Acta 1817, 2-12 (2012).
The dataset was processed with RELION-1.3, two initial 3D classifications were used ~ 13. Nosek, L., Semchonok, D., Boekema, E. J., Ilik, P. & Kouril, R. Structural
to clean the datasets based on a three times binned pixel (3.32 A), to select the best variability of plant photosystem II megacomplexes in thylakoid membranes.
23,434 particles combined for a 3D refinement. Many of the rejected particles lacked Plant J. 89, 104-111 (2017).
a LHCII trimer. As a reference a 40 A low-pass filtered initial model was used. The ~ 14. Liu, Z. E. et al. Crystal structure of spinach major light-harvesting complex at
3D classification parameters were used for a 3D refinement at twice-binned pixel 2.72 A resolution. Nature 428, 287-292 (2004).
(221 A) and on the original pixel (1.105 A). With a twice-binned pixel size the 15. Standfuss, J., Terwisscha van Scheltinga, A. C., Lamborghini, M. & Kiihlbrandt,
resolution after 3D refinement was 7.0 A. For the original pixel after particle W. Mechanisms of photoprotection and nonphotochemical quenching in pea
polishing and refinement® the best particles gave a resolution of 5.3 A. At the light-harvesting complex at 2.5 A resolution. EMBO J. 24, 919-928 (2005).
original pixel size a map with a resolution of 7.0 A was low—pass filtered to 40 A and 16. Pan, X. et al. Structural insights into energy regulation of Iight-harvesting
used as a reference. All density maps were corrected with the modulation transfer complex CP29 from spinach. Nat. Struct. Mol. Biol. 18, 309-315 (2011).
function of the detector and sharpened by applying a negative B-factor (-60). All 17. Pan, X,, Liu, Z., Li, M. & Chang, W. Architecture and function of plant
resolutions are based on the gold-standard Fourier shell correlation (FSC) = 0.143 light-harvesting complexes II. Curr. Opin. Struct. Biol. 23, 515-525 (2013).
criterion®. Local resolutions of the density maps were calculated in ResMap®®. From 18, Caffarri, S., Tibiletti, T., Jennings, R. C. & Santabarbara, S. A. Comparison
the Tecnai G2 data set almost 400,000 particles were analysed using Xmipp* and between plant photosystem I and photosystem II architecture and functioning.
Relion software?’. Curr. Protein Pept. Sci. 15, 296-331 (2014).

19. Nogales, E. & Scheres, S. H. W. Cryo-EM: a unique tool for the visualization of
Modelling and bioinformatics tools. Initial fitting of the subunits in the cryo-EM macromolecular complexity. Mol. Cell 58, 677-689 (2015).
map was performed by rigid body real space refinement in Chimera®’, using as 20. Caffarri, S., Koutil, R., Kereiche, S., Boekema, E. J. & Croce, R. Functional
templates the high-resolution crystal structures of Thermosynechococcus vulcanus architecture of higher plant photosystem II supercomplexes. EMBO . 28,
PSII (PDB code 3WU2)*, pea LHC-II (PDB code 2BHW'? for the S- and M trimers 3052-3063 (2009).
and spinach CP29 (PDB code 3PL9'%) for CP29, CP26 and CP24. Local fittingand 31, i, X. P,, Muller-Moule, P., Gilmore, A. M. & Niyogi, K. K. PsbS-dependent
adjustment of the subunits in the cryo-EM maps was performed using the programs enhancement of feedback de-excitation protects photosystem II from
Coot* and phenix.real_space_refine®>®, starting from homology models photoinhibition. Proc. Natl Acad. Sci. USA 99, 15222-15227 (2002).
constructed using the Phyre2 server®'. Model refinement was carried out using 22. Shi, L. X., Lorkovic, Z. J., Oelmiiller, R. & Schroder, W. P. The low molecular
symmetry and geometry restraints, including secondary structure, rotamer and mass PsbW protein is involved in the stabilization of the dimeric photosystem II
Ramachandran plot restraints. Secondary structure assignments were based on complex in Arabidopsis thaliana. J. Biol. Chem. 275, 37945-37950 (2000).
analysis of the structures with DSSP®. Geometries of the chlorophylls and haems 23. Caffarri, S., Passarini, F., Bassi, R. & Croce, R. A specific binding site for neoxanthin
were strictly restrained towards those found in the high-resolution crystal structures, in the monomeric antenna proteins CP26 and CP29 of photosystem II. FEBS Lett.
including correct coordination geometry of the metals with protein residues. A 581, 4704-4710 (2007).
model of PsbW was obtained by fitting a polyalanine a-helix into the empty density 54 passarini, F., Wientjes, E., Hienerwadel, R. & Croce, R. Molecular basis of light
for a transmembrane helix. After one round of model building and refinement, side harvesting and photoprotection in CP24: unique features of the most recent
chains were replz?ced to match Fhe actual amino acid sequence of PsbW. Owing to antenna complex. J. Biol. Chem. 284, 29536-29546 (2009).
large dlfferencgs in local resolution of the C}'yo—EM map, refinement of the PSIT core, 35 Golan, T., Muller-Moule, P. & Niyogi, K. K. Photoprotection mutants of
.the S trimer with CP26/CP29 and the M trimer with CP24 was performed s'eparately Arabidopsis thaliana acclimate to high light by increasing photosynthesis and
in excised parts of the cr}fo—EM map. Refinement of the PSIT core was carried out at specific antioxidants. Plant Cell Environ. 29, 879-887 (2006).
4.5 A resolution; the S trimer w1th CP26/CP?9 and the M trimer with CP24 were 26. Li, X. P. et al. A pigment-binding protein essential for regulation of
refined at '5.5 A arlld 6.5 A resolution, respectively. Th'e final .model was created by photosynthetic light harvesting, Nature 403, 391-395 (2000).
reassembling the independently refined structural regions without further 27. Roach, T. & Krieger-Liszkay, A. The role of the PsbS protein in the protection of
reﬁnemer?t of the complete structure. The .overall clashsc.ore of t.he complete P§II photosystems I and 11 against high light in Arabidopsis thaliana. Biochim.
structure is 8, with 0.0% R.am;ic-had.ran outliers and 0.1% side chain rotamer (-)utllers, Biophys. Acta 1817, 2158-2165 (2012).
as calculated ’F)y Molpro?ltyf , indicated thaF thfe geometry of the str'ucture. is 5 28. Shi, L., Hall, M., Funk, C. & Schréder, W. P. Photosystem I, a growing complex:
acceptable. High-resolution images for pubhcat'lon were pr?pgred with Chimera updates on newly discovered components and low molecular mass proteins.
and PyMOL (Molecular Graphics System, version 1.8 Schrédinger, LLC). Biochim. Biophys. Acta 1817, 13-25 (2012).

29. Garcia-Cerdan, J. G. et al. The PsbW protein stabilizes the supramolecular
Data availabiliFy. The data that support the findings of this study are available from organization of {)hotosystem I in hig}f)er plants. Plant J. 65, 3%8—381 @011).
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