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Abstract

Nonphotochemical quenching (NPQ) is a photoprotective mechanism activated under strong light
conditions to safely dissipate excess light energy into heat. This mitigates the production of radical oxygen
species (ROS) and the photooxidative damage of thylakoidal proteins. The PsbS protein is a key
component of NPQ in higher order plant photosynthesis. Higher plants’ thylakoid membranes are
characterized for being enriched in Photosystem Il (PSll) and light-harvesting complex Il (LHCIl) which
together form the PSII-LHCII supercomplex (PSII-LHCII sc) and form stacked structures in the grana. Under
excess light conditions, the thylakoid lumen acidifies activating PsbS which mediates light-regulated
interactions in the PSII-LHCII sc leading to its macroorganization and causing structural changes in the
grana stacks. The light-dependent conformational changes of PsbS and its interactions with PSIl and LHCII
components are still largely unknow. Additionally, it has been shown that altering NPQ could have
significant implications in crop engineering to increase plant productivity. This makes understanding the
dynamic behavior of PsbS and the photosynthetic structures it interacts with of great interest. In this
project, we aim to extract structural details of the PsbS conformation and its interactions with the PSII-
LHCII sc under NPQ-inactive (dark) and NPQ-active (light) states. To achieve this, we make use of
crosslinking mass spectrometry (XL-MS) structural proteomics approaches and molecular modelling. We
also explore the incorporation of structural evolutionary predictions, via AlphaFold 2 and Evolutionary
couplings, to complement the experimental data. Our results show that we find dimeric PsbS under both
dark and light conditions with different conformations in its N-termini. Moreover, we use the XL-MS data
to build a structural model which shows that PsbS, Lhcb6 and the LHCII moderately bound trimers
disassociate together from the PSII-LHCII sc under NPQ conditions.
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Plain Layman summary

Solar energy is one of the most abundant renewable energy sources available in our planet.
Photosynthesis arose early on in Earth’s Life History as a way to convert solar energy into
chemical energy usable by living organisms. The earliest forms of photosynthesis were
anoxygenic (does not involve oxygen). However, around 2.4 billion years ago, oxygenic
photosynthesis (involves oxygen) emerged. This led to a rise in atmospheric oxygen and resulted
in a surge of novel ways to produce biological molecules and the appearance of new forms of life.
There is a wide range of oxygenic photosynthetic organisms going from cyanobacteria
(unicellular, aquatic photosynthetic organisms) to vascular plants, and these are all adapted to
different environmental conditions. Early photosynthetic organisms, from which land plants
evolved, survived under low light conditions in which a more diluted light energy reached the
photosynthetic components. The transition to higher light conditions caused the parts of the
organisms performing photosynthesis to receive more light than they could process. Moreover,
the excess light energy accumulated in the photosynthetic components generated adverse
effects, called photooxidative damage, harming these photosynthetic components. To counter
this, oxygenic organisms such as cyanobacteria, algae and plants have evolved to develop
protective mechanisms against excess light collectively called nonphotochemical quenching
(NPQ). This is a very fast process by which excess light is dissipated into heat diminishing the
photooxidative damage. PsbS is a key protein involved in the NPQ process and it is present in
both algae and plants. Nevertheless, the details on the structure of this protein and the details
on the dynamics of how this protein interacts with the photosynthetic components is yet not
fully understood. Furthermore, it has been shown that altering NPQ could have significant
implications on crop engineering to increase plant productivity. This makes understanding the
dynamic behavior of PsbS and the photosynthetic structures it interacts with of great interest. In
this project, we aim to gain further insight in the structural details of the structure of PsbS and
its interactions with the photosynthetic proteins using the combination of both novel
experimental and computational approaches.
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1. INTRODUCTION

1.1. Oxygenic photosynthesis and the excess light dilemma

Both algae and plants, as oxygenic photoautotrophic organisms, need light to be able to carry out
photosynthesis for their survival. In higher order plants, photosynthesis takes place in organelles called
chloroplasts (Figure 1). Chloroplasts have a unique architecture consisting of an outer double membrane
(envelope) which encloses single membrane bound compartments (thylakoids). These thylakoids can form
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structures and pigments) involved in Figure 1. Architecture of chloroplasts in higher order plants. Chloroplasts are
organelles that consist of a double outer membrane (envelope) that encloses
single membrane structures called thylakoids. Thylakoids can form stacked
oxygenic photosynthesis can be found structures called grana and these can be connected through unstacked domains
called lamellae. The volume inside the thylakoids is called lumen and the
volume between the thylakoid membranes and the inner membrane of the
(Koochaket al., 2018; Bassi et al., 2021). envelope is called stroma. The figure is based on Figure 2 of Bassi et al. (2021).

the light-dependent reactions of

in the thylakoid membrane system.

Briefly, we will go over the key functional units and streps involved in the light-dependent reactions of
oxygenic photosynthesis. Firstly, the photosynthetic chain consists of several subunits being the most
relevant: photosystem Il (PSIl), cytochrome b6f, photosystem | (PSI) and ATP synthase (which appear in
the chain in this order). Additionally, PSIl and PSI can interact with light harvesting complexes (LHCIl and
LCHI respectively) which contain pigment (chlorophylls and carotenoids) binding proteins. The LHC
structures form arrays which are referred to as antenna systems. Under normal non-saturating light
conditions, photons reach the chlorophyll and other pigments in the antenna systems, exciting them in
the process. Then the antenna systems transfer the excitation energy to the reaction centers of the
photosystems PSII and PSI which contain special pairs of chlorophylls (P680 and P700 respectively) that,
in turn, also get excited. The chlorophylls then return to their resting states through photoquenching
mechanisms releasing and transferring electrons to the photosynthetic chain. This triggers a series of
reactions, including proton (H*) pumping into the lumen, which generates an electrochemical gradient
that is utilized to generate adenosine triphosphate (ATP). This ATP production will provide the energy
needed to fix inorganic carbon from CO,, by the RUBISCO enzyme, in slower dark (light-independent)
photosynthetic reactions (Wolfgang et al., 2019; Bassi et al., 2021). Under excess light conditions, the
excitation pressure in the antenna increases, the photosynthetic chain becomes saturated, and the
thylakoid lumen acidifies (through an increase in proton pumping). The build-up of excess excitation
energy reduces the efficiency of photosynthesis and generates adverse effects such as the photooxidative
damage of the proteins in the photosynthetic chain (Bjorkman et al., 1995).
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Excessive amounts light during photosynthesis can cause photooxidative damage through the reduction
of O, to superoxide anion (O), hydroxyl radical (OH:) and reactive oxygen species (ROS) as well as the
release of singlet oxygen (*0,*). Most of the ROS are generated in the PSII reaction center, PSI and LHCII
(Nelson et al., 2005). These byproducts can lead to photoinhibition decreasing photosynthetic
productivity (Tjus et al., 1998; Tjus et al., 2001). In extreme cases, excess light conditions, can even cause
pigment bleaching and death. Therefore, protective mechanisms have been developed, by algae and
plants, to prevent the detrimental effects of excess light (Muller et al., 2011). The light received by plants
varies seasonally and daily and therefore different photoprotective processes have been developed for
each case. One of them is called acclimation, which takes several days and by which plants can change the
architecture of chloroplasts to regulate the amount of light energy that reaches the photosynthetic chain.
This mechanism is useful for plants to adapt to seasonal changes, but it is too slow to deal with quick
fluctuations in photon fluxes such as those caused by diurnal changes. There is a collection of mechanisms
that tackle the photooxidative damage caused by rapid shifts in light availability which are collectively
called nonphotochemical quenching (NPQ) (Bassi et al., 2021).

1.2. Nonphotochemical Quenching (NPQ) and the qE component

To mitigate the negative effects of photooxidative damage, caused by fast fluctuations in light intensity,
a collection of energy dissipation mechanisms take place, and they are referred to as NPQ (Miiller et al.,
2011). The strongest NPQ component is gE and it safely transforms excess light energy into heat. This
process is rapidly forming in high light (0.5-2 min) and rapidly reversible in low light (Bassi et al., 2021).
Two synergistic molecular mechanisms are crucial in activating and sustaining qE: one involves a specific
photoprotective carotenoid pigment, zeaxanthin (Muller et al.,, 2001), and the other involves a
conformational change in the thylakoid membrane and is activated by the LHC-like protein, PsbS
(Demmig-Adams et al., 1990; Li et al., 2000). However, the actual site of energy quenching is still unknown.
The mainstream theory posits that in plants quenching occurs in trimeric LHCII subunits, which aggregate
to form quenched clusters (Horton et al., 1996; Johnson et al., 2011). Recent observations have shown
that plants deprived of LHCII trimers retain ~40% of their NPQ capacity (Nicol et al. 2019) suggesting that
a quenching site is also located in the PSII core. Alternative models place the quenching site in the
monomeric antennae Lhcb4, Lhcb5 and Lhcb6 (Walters et al., 1994). Ultimately, these intensive, decades-
long research efforts suggested that the site of quenching is not comprised of a single mechanism
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Figure 2. Overview of PsbS-related processes and non-photochemical quenching. A) Plants lacking PsbS are severely impaired
in their capacity to cope with high irradiances. Multiple putative binding sites of PsbS to PSII-LHClIsc (the components of which
are schematically shown in B) have been so far indirectly assessed in mosses (Gerotto et al., 2015) and plants (Correa-Galvis et
al., 2016). B) The role of PsbS in the structural remodeling of the PSII-LHCII sc, and consequently of the thylakoid membranes, is
still matter of debate, but can roughly be summarized as depicted.
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Figure 3. Proposed model for the macrostructural reorganization of PSII-LHCII sc induced by PsbS under excess light
conditions in higher order plants. Under low light conditions PsbS remains as a dimer and does not interact with the PSII-LHCII
sc. Under excess light conditions, PsbS monomerizes and interacts with PSII-LHCII sc leading to the dissociation of the moderate
(M) LHCII trimers and the protein Lhcb6. This figure and model are extracted from Bassi et al. (2021).

(Holzwarth et al., 2009). Nonetheless, consensus assigns a pivotal role to PsbS which, under excess light
conditions, acts as a pH sensor that can detect the acidification of the lumen and mediate light-dependent
reactions. Also, plants lacking PsbS are severely impaired in their capacity to cope with high irradiances
(Figure 2a). While probably not the actual quenching site itself, as it does not bind pigment molecules
(Bonente et al., 2008; Funk et al., 1995), PsbS is thought to promote a structural rearrangement of PSII-
LHCII supercomplex (PSII-LHCII sc) that triggers energy dissipation (Johnson et al.,, 2011; Kereiche et al.,
2010), possibly through undocking of some specific antenna modules (Figure 2b) (Betterle et al., 2009). A
proposed model for this reorganization is shown in Figure 3 (Bassi et al., 2021). PsbS-triggered remodeling
was also suggested to affect the stacking of thylakoids, with PsbS indirectly involved as a promoter of PSII-
LHCII sc dis-assembly and re-assembly (Kiss et al., 2008) that implies a dynamically regulated structural
interaction. The PSII-LHCII sc, on which extensive research has been done, has a highly complex structure
that needs to be understood in other to analyze its interactions with PsbS.

1.3. The structure of the PSII-LHCII supercomplex
In this project, we are specifically interested in unveiling structural information on the PsbS structure and
its interactions with the PSII-LHCII sc. To better understand the results, we will describe the structure of
this supercomplex (Figure 4). It consists of a PSIl dimeric core (C3), two strongly bound LHCII trimers (S,)
and two moderately bound trimers (Mz). The predominantly occurring PSII-LHCII sc are: C,S;M;, C;5:M
and C,S; (Caffari et al., 2009). Their relative abundances, in the thylakoid membranes, depend on the light
intensity (Albanese et al., 2016; Koufil et al., 2013). Lhcbd  Lhcb6  PSII CORE

These supercomplexes stack in the grana (Figure 2a)
forming a sandwich with exposed flexible N-termini
in the inter-stromal gap. (Albanese et al., 2020).

The structural organization of the PSII catalytic core
has been fundamentally conserved throughout the
evolution of photosynthetic organisms from

cyanobacteria to higher plants (Pagliano et al,

2013). PSIl is involved in the water-splitting LHCII S = Strongly bound trimer (Lhcb1 and 2)

reactions, and it is characterized by its large

reaction center D1 and D2 subunits. The antenna Figure 4. The structure of the PSII-LHCII supercomplex in A. thaliana
(PDB: 7oui; Graca et al., 2021). In green is C, in red S; and in yellow

M. The monomeric Lhcbs are shown in purple, pink and blue.

system has had a greater evolutionary


https://www.rcsb.org/structure/7OUI

diversification. There are a wide range of species-specific LHCIl isoforms encoded by multiple genes, but
they still maintain a strictly conserved fold and structural organization (Koziol et al., 2007; Ballottari et al.,
2012). The LHCII trimers are composed of the Lhcb1, Lhcb2 and Lhcb3 proteins being Lhcb2 found in the
S-trimer, Lhcb3 in the M-trimer and Lhcb1 in both (Albanese et al., 2020; Caffari et al., 2021). Furthermore,
the binding of the trimers to the PSII core relies on three monomeric subunits: Lhcb4, Lhcb5 and Lhcbé.
Lhcb4 acts as a linker for both trimers, Lhcb5 exclusively for the S-trimer and Lhcb6 exclusively for the M-
trimer (Dekker et al., 2005). It is proposed (model in Figure 3) that PsbS, under NPQ conditions,
monomerizes and interacts with Lhcb6 and M-trimers. To unveil the interactions of PsbS, the complexity
of the PSII-LHCII sc needs to be considered and therefore different approaches have been considered.

1.4. Analyzing interactions in highly dynamic and complex structures

The PSII-LHCII sc is highly complex due to its light-driven structural dynamics and its heterogeneous
composition. For this project, we considered the combination of crosslinking mass spectrometry (XL-MS)
with evolutionary predictions to be a suitable approach to gain a greater insight into the PSIILHCII sc and
PsbS interactions. XL-MS is an experimental approach, that can be applied to proteomics, that uses small
chemical crosslinkers to find peptide sequences close to each other in the 3D structure of proteins. This
technique has demonstrated considerable potential in investigating protein-protein interactions in
complex protein mixtures in an unbiased manner. The combination of XL-MS data together with other
techniques such as cryo-EM has been successfully used to generate final protein complex models
(Schweppe et al., 2017; Albanese et al., 2020). Nevertheless, XL-MS is limited by the accessibility of the
crosslinker which in this case can be restricted by the thylakoid membrane. Therefore, complementary
approaches are needed to extract information on the interactions between the protein regions embedded
in the thylakoid membrane. Here we used evolutionary predictions. In the recent years, powerful tools to
predict protein structures and interactions have been developed. One of the most famous is AlphaFold 2
(AF2; Hockenberry et al., 2019; Evans et al., 2021) which extracts evolutionary information from multiple
sequence alignments (MSA) to predict the structure of proteins. It has been shown to predict monomeric
structures to a nearly experimental resolution (monomer pipeline) and can also predict protein
interactions (multimer pipeline). There is another tool called EVolutionary couplings (EV couplings)
(Hockenberry et al., 2019), which is also based on the extraction of evolutionary information from MSAs,
that predicts coevolving amino acids within the same structure (intralinks) or between two different
structures (interlinks). Both these tools will be incorporated to try and complement the experimental data.

1.5. Aim of the project

Structural models for the dynamics of PsbS and its interactions are urgently needed to gain mechanistic
insights into the driving factors behind NPQ. Fundamentally, this knowledge could be used to optimize
the light-use efficiency of crop plants that are constantly exposed to photoinhibitory conditions or sudden
changes in light cues in the canopy (Raven et al., 2011; Ort et al., 2015), hence increasing their resilience
to the adverse effects of climate change. Therefore, the aim of this project will be to gain further insight
into the details of the structure of PsbS and its interactions with the photosynthetic proteins in PSII-LHCII
sc using a combination of both novel experimental (XL-MS) and computational (EV couplings and AF2)
approaches (Figure 5). We will focus on higher order plant photosynthesis of the organism Spinacia
oleracea. Structural information from Arabidopsis thaliana and Pisum sativum will also be incorporated
given their evolutionary proximity and structural similarity to S. oleracea (Ballotari et al., 2012).
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2. METHODS

A schematic overview of the steps followed in the methodology can be found in Figure 4.
A)

I ¥ HPLC - MS/MS
1) Trypsin in gel : |
LIGHT DARK SDS-PAGE and Western  NATIVE-PAGE Cut by % — d?gesytion *— w /
b Blot (DENATURED) (NATIVE) ﬂ, |
A any, MCDIDd M C DI Dd C D Dd
& ¥ U4 Syt N
4 PSII-LHCII sc ——» 2) Fractionation—
DSSO = . G,5,M, —_——
Crosslinking " G5,
v l = - A Ao - G,
poee LHClI 5 MaxQuant Proteome XMAS
£ X, = e - trimmers UniProt -> (Seq?ence - Discoverero (x|
DSSO Control (no M - marker D-l - DSSO-light (M and S;) (Core DB) validation) (XL search) mapping)
B) crosslinker)  C- Nocrosslinkedark D-d - DSSO-dark
Building PSIFLHCII sc Generating EvoMAS Generating Evc and AF2 Mapping predictions onto
model in ChimeraX tool on ChimeraX output for PsbS-Lhcb6 PSII-LHCII sc model

Figure 5. Experimental and computational approach used to unveil structural details of PsbS and its interactions with PSII-LHCII
sc. A) Experimental approach. Thylakoid purification is followed by DSSO crosslinking and in gel separation of proteins under
denatured (SDS-PAGE) and native conditions (IpBN-PAGE). Gel bands are cut, digested, fractionated, and run through HPLC-
MS/MS. Then the raw data is analyzed using Thermo Proteome Discoverer (version 3.0.0.757) with XlinkX search nodes and the
crosslinks are mapped onto 3D structure in ChimeraX using XMAS. B) Computational approach. EV coupling predictions are
generated and mapped onto the structure using EvoMAS. AlphaFold 2 structural predictions are also generated and compared.
2.1. Thylakoid purification. The protocol for the thylakoid extraction was based on Caffarri et al. (2009).
Thylakoid membranes were isolated from Spinacia oleracea leaves under cold (42C) and dark conditions
and using buffers (see Supplementary Table 1) supplemented with divalent cations (Mg?*) to mimic native
chloroplast ionic conditions to preserve the stacked morphology of the grana membranes (Pagliano et al.,
2012; Schroppel-Meier et al., 1988; Albanese et al.,, 2020). Leaves were blended and homogenized for
3x6s at highest speed using buffer B1. Then, they were filtered through 4 layers of cheese cloth and
centrifuged at 1400 x g for 10 min at 42C. The supernatant was discarded. The pellet was resuspended in
buffer B2 and centrifuged at 4000 x g for 10 min at 42C. Next, the pellet was resuspended again in buffer
B3 and centrifuged at 6000 x g for 10 min at 4°C. Finally, the pellet containing the thylakoids was
resuspended in buffer B4 to obtain the final purified thylakoids. The concentrations were of 1 mg/ml of
chlorophyll (Chl) for NPQ induction samples and of 3 mg/ml Chl for the dark condition samples.

2.2. Optimization of crosslinking conditions. Crosslinking reaction conditions were optimized within the
range of 0.25-4 mM for PhoX, 0.25-4 mM for disuccinimidyl sulfoxide (DSSO) and 2-40 mM for 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) on the dark-adapted purified thylakoids. No significant
crosslinking was obtained with PhoX, so this crosslinker was not used. Furthermore, the EDC crosslinked
samples were not included in this project due to temporal limitations. The optimal concentrations found
for DSSO was 2mM (see Supplementary Figure 1). DSSO targets primary amines including lysine and amino
termini of proteins and was considered as a “long-range” crosslinker which provides distance constraints
of 0-35 A. This distance constraint considers the overall protein flexibility (flexibility of the sidechains and
the alpha-carbon backbone) (Leitner et al., 2012; Albanese et al., 2020).



2.3. NPQ induction and crosslinking of thylakoid membranes. The purified thylakoid samples were used
to obtain both dark-adapted thylakoid samples and light-adapted thylakoid samples (NPQ is induced). For
dark-adapted thylakoid samples, samples of 2ug total Chl (20 ug total protein) were crosslinked for 30
min on ice and in the dark with 2 mM DSSO. This was done for a final protein concentration of 1 mg/mL
in a buffer of 0.1 M MES pH 6.0. A mildly acidic pH was used to preserve the macro-organization and
functionality of the paired PSII-LHCII sc (Su et al., 2017; Albanese et al., 2017). The crosslinking reaction
was quenched using 100 mM Tris buffer pH 8. For light-adapted thylakoid samples, the crosslinking
guenching reaction was performed at the moment when NPQ occurs at its maximum. The protocol for
NPQ induction was based on Bielczynski et al. (2022). For the NPQ induction, 50 uM methylviologen and
30 mM sodium ascorbate were added to 500 pl of freshly purified thylakoids (1 mg/ml Chl). Fluorescence
measurements were performed using DualPAM-100. The intensities of the measuring light (ML), actinic
light (AL) and saturating pulse (SP) were of 5, 531 and 2000 umol of photons m=% s™%, The SP was 500 ms
long. Samples were stirred during the NPQ induction and subjected to a SP to estimate the maximal
fluorescence (Fm) from the dark-adapted sample, after a prior minimal fluorescence (Fo) from dark-
adapted samples measurement. Right after the SP, AL was switched on, and over 10 min of illumination,
each 2 min a SP was used to measure the Fyv from light-adapted sample. The crosslinkers were added to
the NPQ-induced sample and the sample was incubated at room temperature for 10 min in AL at 4 °C.
This was done without stirring to minimize induced conformational changes and unspecific aggregation.
The reaction was stopped by adding 100 mM Tris buffer pH 8.

2.4. SDS-PAGE and IpBN-PAGE gel preparation. Aliquots of 20 ug of Chl (200 pg protein) of the DSSO
crosslinked samples (dark-adapted thylakoids and NPQ-induced thylakoids samples) and a control (non-
crosslinked dark-adapted thylakoids sample) were loaded onto SDS-PAGE and IpBN-PAGE gels (see Figures
7.a and 9.a). The protocol for SDS-PAGE was based on Schagger et al. (2006) and the protocol for I[pBN-
PAGE was based on Jarvi et al. (2011).

2.5. Trypsin in gel digestion. Each of the lanes, of both the SDS-PAGE and IpBN-PAGE gels, were cut into
7 slices (see Supplementary Figures 2 and 3). To remove compounds which could interfere with the LC-
MS analysis, samples were washed with miliQ water and dehydrated for 15-min in 100% acetonitrile (ACN)
(the volumes used were those large enough to cover the gels completely). Then, the ACN was removed,
and proteins were reduced by incubating them in 6.5 mM dithiothreitol (DTT) in 50 mM ammonium
bicarbonate (NHsHCOs) pH 8.5 for 1h at 602C under shaking conditions. The DTT was removed, and
samples were dehydrated for 15-min in 100% ACN. The ACN was removed, and samples were alkylated
by incubating them in 55 mM iodoacetamide (IAA) in 50 mM NH4HCOs pH 8.5 in the dark for 30-min. The
IAA was removed, and pieces were dehydrated ad rehydrated twice with 100% ACN and 50 mM NH;HCO;
pH 8.5 respectively, in intervals of 15-min, at room temperature. Samples were centrifuged at 15,000 x g
for 15 min at 4 °C to remove the ACN completely before the digestion. Trypsin digestion was conducted
by incubating samples at a 1:50 protein:protease ratio in 50 mM NH4HCO; overnight at 37 °C. The
supernatant was transferred to a new vial and dried down by vacuum centrifugation in a Savant SpeedVac
Vacuum Concentrator (Thermo Scientific). Finally, the proteins were resuspended in the desired volume
of 10% formic acid. The protocol was based on Tsaytler et al., 2009.



2.6. Desalting and fractionation. Before the LC-MS analysis, samples needed to be processed further to
remove potential compounds that could interfere with the LC-MS analysis. First, both crosslinked (DSS=-
dark and DSSO-NPQ) and non-crosslinked (control) samples were desalted. For this, they were acidified
to pH < 2 with 0.5% trifluoroacetic acid (TFA) and desalted using an Oasis HLB pElution 30 um plate
(Waters). Then the plate columns were washed twice with 150 pL of ACN and twice with 150 pL of 0.1%
TFA. Acidified samples were loaded onto the column and then washed twice with 150 pl 0.1% TFA. Lastly,
the peptides were eluted with a 35 pl 50% ACN / 0.1% TFA. The obtained eluates were evaporated by
vacuum centrifugation in a Savant SpeedVac Vacuum Concentrator (Thermo Scientific). Next, only
crosslinked samples were enriched by strong cation exchange (SCX) chromatography using the AssayMAP
Bravo Platform with a protocol specifically optimized for the purpose of micro-fractionation of crosslinked
peptides pairs. First, dried samples were resuspended in 100 pL 20% ACN/0.1% TFA using SCX cartridges
in an AssayMAP Agilent Bravo robot (both Agilent Technologies). Then, fractions were retrieved using a
series of consecutive elutions of 25 uL using acidifying buffers (20% ACN / 0.1% TFA, pH < 2) containing
increasing concentrations of ammonium acetate. For the SDS-PAGE gel samples, three consecutive
elutions with 250, 450 and 750 mM concentrations of ammonium bicarbonate were performed. For [pBN-
PAGE, four consecutive elutions with 250, 400, 550, 750, 800 mM ammonium bicarbonate were
performed (the 70 mM and 800 mM ammonium bicarbonate samples were combined). After the
fractionation, fractions were desalted on an Oasis HLB Elution 30 um plate as described previously. All
fractions were evaporated again in a Savant SpeedVac Vacuum Concentrator and stored at -20°C prior to
MS analysis. The protocol was based on the one of Lagerwaard et al., 2022.

2.7. LC-MS/MS. For MS acquisition, dried samples were resuspended in 10% (v/v) formic acid in water
accordingly so that the final injection volumes contained 200 ng of protein. Peptides were injected and
separated on a 50 cm x 75 um C18 analytical column, packed in-house (Poroshell 120 EC-C18/ 2.7 um)
connected to an Ultimate 3000 LC system and an Orbitrap Fusion Tribrid Mass Spectrometer (Thermo
Fisher Scientific, Bremen, Germany). Peptide separation was achieved by a 55 min gradient for the
controls and a 73 min gradient for the DSSO samples. For the controls, a standard acquisition method
was used. For DSSO crosslinked samples, a variation of the Kolbowski et al., 2022 acquisition method was
used. Briefly, for the controls, a survey MS1 scan at 60,000 resolution and scan range of 375-1600 m/z
was followed by a precursor charge selection of 2-6 for fragmentation using a stepped HCD collision
energy mode (normalized energies of 28%). Full MS2 Orbitrap scans were acquired at a 15000 resolution.
For the DSSO crosslinked samples, a survey MS1 scans were acquired at a 120000 resolution and scan
range of 400-1450 m/z. This was followed by a precursor selection of a 3-6 charge state for fragmentation
via stepped HCD collision energy mode with normalized energies of 19%, 25% and 31%. Then full MS2
Orbitrap scans were acquired at a 60000 resolution and a scan range of 200-2000 m/z.

2.8. RAW data Analysis. Raw data from both controls and crosslinked samples before fractionation were
processed with MaxQuant (version 2.1.5.0.) using the UniProtKB repository for S. oleracea proteins (26-
06-2022, 23924 sequences). A reduced database, which we will call the Core-DB (see Supplementary
Figure 4), was generated using all possible Arabidopsis thaliana orthologue protein sequences in S.
oleracea for PsbS and PSII-LHCII sc proteins. The presence of these proteins was validated with the
MaxQuant results. The MaxQuant group-specific search settings were as follows: variable modifications—
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oxidation (M), acetyl (protein N-termini), Phospho (STY); variable modifications—carbamidomethylation
(C); label-free quantification (LFQ) — minimum ratio count of 2 and a classic normalization type;
crosslinks— none. For the global-parameters: FDR—0.01; digestion— specific and Trypsin/P; match
between runs— true. Moreover, no TD-MS was performed to get the full protein sequences due to
temporal limitations. Therefore, an alternative approach was used to retrieve some additional
information on the true length of the N-termini of the PsbS and LHCII proteins in the Core-DB. For this, a
second MaxQuant run was performed using the N-termini semitriptic option and the Core-DB. The results
of this run were used to generate a second database which we will call the Proteoform-DB and it includes
both the Core-DB protein sequences and the N-termini variants for PsbS and LHCII proteins.

Next, crosslinked spectra were analyzed using Thermo Proteome Discoverer (version 3.0.0.757) software
with incorporated XlinkX nodes, using DSSO specific settings. For peptide/protein identification Sequest
HT was used. For the XlinkX detect, the acquisition strategies used was MS2. The NonCleavable (NC)
option was not used due to temporal limitations. The XlinkX search settings for DSSO crosslinked samples
were as follows: enzyme name—trypsin (full); maximum number of missed cleavages—3; minimum
peptide length—5 amino acids. Precursor mass tolerance was set to 10 ppm and FTMS fragment mass to
20 ppm. Modifications allowed were carbamidomethylation of cysteines, as a fixed modification, and
oxidation of methionines, protein N-terminal acetylation, and threonine phosphorylation as variable
modifications. For the DSSO crosslinked samples the XlinkX was set to focus on K linkage. Crosslinks with
a false discovery rate at 1% and score >39 were kept for further analysis. For both Sequest HT and XlinkX
search, the reduced database called Proteoform-DB was used.

2.9. Structural modelling and crosslinking mapping. An available C.S; high-resolution S. oleracea
experimentally resolved structure (PDB: 3jcu; Wei et al., 2016) was mapped onto the high-resolution
C,S;M; A. thaliana structure (PDB: 7oui; Graca et al., 2021) given that 3jcu is missing the structure of the
LHCII M-trimers. Then, structural predictions, for each PSII-LHCIl sc protein, were generated with
AlphaFold version 2 (AF2; Hockenberry et al., 2019; Evans et al., 2021) using the monomer pipeline and
the full amino acid sequences of the most abundant sequence variants in the Core-DB. AF2 predictions
for C,S; were mapped onto the S. oleracea structure and predictions for M, were mapped onto the A.
thaliana structure. This was done given that the N-termini was not always resolved in the high-resolution
experimental structures. N-termini were trimmed according to the XL-MS results, UniProt description and
Target-P predictions (if the N-termini position was not found through the XL-MS data or was not described
on UniProt). Additionally, a PsbS dimer model was predicted using the AF2 complex pipeline. Both these
models were used to construct a PsbS-LHCII model. These models were generated using ChimeraX 1.4
(Pettersen et al., 2020). Finally, circos-XL plots were used to visualize all crosslinks found and they were
produced in R with “circlize” package (Gu et al., 2014).

2.10. EvoMAS bundle development. Evolutionary couplings Mapping and AnalySis (EvoMAS; see
Supplementary Figure 5) was implemented as a ChimeraX 1.4. bundle written in Python 3.9. It was
packaged as a Python wheel according to the ChimeraX developer guide for Building and Distributing
Bundles, which can be found at https://www.cgl.ucsf.edu/chimerax/docs/devel/writing bundles.html.

EvoMAS is the second version of the Xlink Mapping and AnalySis (XMAS) bundle developed by Lagerwaard
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et al. (2022). It was developed as part of this project to be able to visualize and analyze both crosslinks
and evolutionary links onto the 3D structure of proteins on ChimeraX.

Of the third-party Python packages pre-included in the ChimeraX environment, EvoMAS uses PyQt5 (for
the graphical user interface (GUI)), NumPy (for fast processing of large datasets), Matplotlib (for
generating plots) and Biopython (for sequence parsing). Additionally, Pandas (for handling tabular data
format files), openpyxl (for importing Excel files), matplotlib-venn (for plotting Venn diagrams), seaborn
(for plotting box and strip plots), and QtRangeSlider (to create slider widgets for defining a range of values)
are employed. These external libraries are automatically installed in ChimeraX upon installation of
EvoMAS when necessary.

EvoMAS code can be visualized and downloaded from https://bms-
developer.science.uu.nl/isabel/chimerax_evomas. Instructions for manual installation are provided in the
‘INSTALL.TXT’ file included in the install package and a manual can be found under “MANUAL.PDF”. To
ensure support of all EvoMAS functionalities, ChimeraX version 1.4 or higher needs to be installed.

Moreover, the XMAS bundle source code, including a user manual, is freely available
at https://github.com/Scheltemalab under an Apache License 2.0 software license.

2.11. Evolutionary predictions. To further analyze the PsbS interaction with PSII-LHCII sc, under both dark
and NPQ conditions, evolutionary predictions were used to complement the crosslinking data. Both the
software tools AF2 and EV couplings (Hockenberry et al., 2019) were used. EV couplings was implemented
to predict coevolving amino acids between PsbS and Lhcb6. These were then filtered to predictions with
a probability greater or equal to 0.9 and were plotted onto the PSII-LHCII sc S. oleracea structural model
using EvoMAS. Additionally, a set of predictions between PsbS and an increasing number of proteins
belonging to the PSII-LHCII sc were generated using AF2 multimer.

3. RESULTS

3.1. PsbS has at least 3 N-termini proteoforms in S. oleracea. Due to temporal limitations, no TD-MS was
performed to obtain the full protein sequences in our samples. Instead, a curated DB was generated using
the S. oleracea sequences from UniprotKB. Given that PsbS is our protein of interest and that the PSII-
LHCII sc thylakoid related proteins have a very variable N-termini (in length and PTMs), we analyzed the
N-termini-specific crosslinks found for PsbS to find where the signal peptide ends and where its chain truly
begins. Three PsbS proteoforms (PsbS#63, PsbS#68 and PsbS#70), with varying lengths in their N-termini,
were found in S. oleracea (Figure 6). The UniProtKB annotation indicates that the PsbS chain for S. oleracea

starts at position 70, but we found proteoforms Many of the interlinks found for Psbs

beginning at positions 63 and 68. Furthermore, A Whereinthis region

many of the PsbS crosslinks with other proteins LFKSKAK - Psbst63
(interlinks), which give us information on the AK - Pshs#68
interactions of PsbS, were found in this Psbs#70
additional region. This information will be used /J L UniProt: Q02060
to trim PsbS accordingly when making the ne Sszuence . et

molecular models. Figure 6. PsbS has at least 3 N-termini proteoforms in S. oleracea.

Three proteoforms were found with varying lengths in the N-termini.
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3.2. PsbS appears in its dimeric state both dark and NPQ conditions. One of the main aims of the project
is to understand the conformation of PsbS throughout the dynamic process of NPQ. In Figures 7.a and 7.b.
we can see a Coomassie stained SDS-PAGE gel and its western blot (using antibodies against PsbS)
respectively. In the western blot, we find a band for both monomeric (22 KDa) and dimeric PsbS (44 KDa)
for DSSO-crosslinked samples under dark and NPQ (to which will refer to as light conditions) conditions.
Additionally, especially for the dark sample, we observe that PsbS is also found in bands > 44 KDa, but that
the band pattern differs between both conditions. Therefore, we can say that PsbS appears as a dimer in
S. oleracea under both dark and light conditions, but that the crosslinking pattern with other proteins
(upper bands) varies between both conditions. Regarding the performance of the crosslinking reaction,
we can observe in Figure 2.b that the reaction worked as there is no dimeric PsbS (44 KDa) found in the
control lane. Moreover, in Figure 7.c, there is a histogram showing the total number of unique crosslinks
for proteins in the CoreDB (PsbS and PSII-LHCII sc proteins for S. oleracea). A significant and similar number
of crosslinks is found for both conditions (105 for DSSO-dark and 99 for DSSO-dark). Given that many PsbS
and PSII-LHCII sc crosslinks have been found, we will proceed to further analyze them to see if we can get
any additional details on the structure and dynamics of PsbS.
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Figure 7. Dimeric PsbS appears under both light (NPQ) and dark conditions. A) SDS-PAGE gel (1.5 mm spacer; 4h 40 min; 80 V;
Coomassie stained) for S. oleracea purified and DSSO crosslinked dark-adapted and NPQ-induced thylakoid samples (20 ug of
Chl/sample). A non-crosslinked dark adapted thylakoid sample is also included as a control for crosslinking. B) Western blot of
the SDS-PAGE gel using antibodies against A. thaliana PsbS (5s exposure time). Dimeric PsbS is found under both dark and light
conditions. C) Total count of unique crosslinks for PsbS or PSII-LHCII sc related proteins in S. oleracea. A total 105 and 99 crosslinks
were found for DSSO-dark and DSSO-light respectively.

3.3. PsbS has varying N-termini conformations under dark and light (NPQ) conditions. In this section, we

will look into the crosslinks, specifically selflinks, to see if there is a difference in the conformation of the
dimeric PsbS. Firstly, we will go through some key concepts (intralinks, interlinks and selflinks) with the
purpose of making these results more understandable. In Figure 8.a, three types of crosslinks are plotted
using the XMAS tool in ChimeraX: interlinks (links between two amino acids belonging to protein chains
of two different proteins), intralinks (links between two amino acids within the same protein chain) and
selflinks (links between two amino acids belonging to two different protein chains from the same protein).
All the crosslinks from the Proteome Discoverer search classified as intralinks could in fact be either an
intralinks or a selflinks. Furthermore, by looking at the crosslinked peptide sequences there are cases
where you can verify if the crosslink is a selflink. These would be the cases in which the peptide sequences
coincide or overlap (Figure 8.b). From now on, we will refer to the PsbS intralinks as potential selflinks
(they could be both intralinks and selflinks) and we will search for the verifiable selflinks. In Figure 8.c we
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can observe a histogram with the total potential and true unique selflinks found for PsbS. Two unique and
verifiable selflinks are found under DSSO-dark conditions, but not under DSSO-light conditions.
Furthermore, these selflinks were found in band 44 KDa and bands higher above this weight. This indicates
that a PsbS dimeric formed was captured crosslinked to other proteins in the higher bands. Lastly, in Figure
8.d. we mapped all possible intralinks and selflinks onto the PsbS structure using XMAS. In green the
verified selflinks are shown. Here, we can observe a difference in the possible potential selflinks for the
N-termini of PsbS. For dark conditions, the N-termini seem to be closer together (green selflink joining the
N-termini) and for light conditions, the N-termini seem to be closer to the thylakoid membrane. Now that
we analyzed the denatured samples, we will try to capture more interactions under native conditions to
find all possible PsbS crosslinks with the different conformations of the PSII-LHCII sc (C;S;M3, C;S:M, C,S;
and loose M-trimers) which vary under dark and NPQ conditions.

B
) Peptide pairs from the same protein can potentially be Infer- or Intra-protein links
EKA448VISGSTTTIRR
SCSK4B3TVTK Homodimeric interactions inferred in XMAS from:

Overlapping peptides
EK448VTSGSTTTTRR

Interlinks Intralinks  “Selflinks” ' oS - [ETGKA48EK
(Ilse MLagerwaaret al., 2021)

C) PshS selflinks abundance (DSSO, SDS-PAGE) D) AF2 predicted PsbS dimer with XMAS plotted selflinks
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Figure 8. The N-termini of PsbS has a different conformation under dark and light (NPQ) conditions. A) Types of crosslinks:
intralinks, interlinks or selflinks. B) Informative diagram to visualize how some selflinks can be verified. C) Histogram of potential
and verified PsbS selflinks in dark vs light conditions. D) XMAS mapped intralinks and selflinks on AF2 predicted PsbS dimer.

3.4. PsbS and Lhcbé6 interact with the LHCII trimers under NPQ conditions. We tried to capture PsbS
interactions under native conditions with the different conformations of the dynamic PSII-LHCII sc
(C25:M3, C.5:M, C5S; and loose M-trimers) as the proportions of these complexes vary under dark and light
conditions. In Figure 9.a. we can visualize the two IpBN-PAGE gels (native conditions) prepared to separate
PSII-LHCII sc in its different conformations and capture its interactions with PsbS. In figure 9.b. there is a
diagram to visualize the PSII-LHCII supercomplexes that we expect to separate. In the gels, we can locate
the PSII-LHCII sc by their molecular weight and we can find a clear band for C, and another one for the
LHCII trimers. Additionally, we can see that the DSSO-dark samples appear to be lighter. Lastly, in Figure
9.c., there is a histogram showing the total number of crosslinks found for DSSO-dark and DSSO-light
conditions being these 11 and 81 respectively. Furthermore, of the 11 crosslinks found for DSSO-dark,
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Figure 9. Separation of the PSII-LHCIlI supercomplexes and trimers of DSSO-crosslinked thylakoid samples under native
conditions A) IpBN-PAGE gels. Each gel contains 4 replicates of each condition (DSSO-dark and DSSO-light) and a lane with the
marker. The first gel also contains a lane with the control for crosslinking. Lastly to the left of each gel you can see the marker
lane and the first lane stained with Coomassie. B) Figure illustrating the PSII-LHCII sc separation in the native gel. C) Count of
total unique crosslinks found for each condition (DSSO-dark and DSSO-light).

none of them contained PsbS so nothing can be said for the interactions of PsbS in the dark. Therefore,

we will only be able to analyze PsbS crosslinks under light conditions.

Under light conditions, we only find PsbS interlinks in the LHCII trimer band. Furthermore, most of these
crosslinks are with the Lhcb isoforms presents in the trimers (Lhcb1 isoforms, Lhcb2, Lhcb3). In Figure
11.b. there is a circos plot with the PsbS interlinks found corresponding to the LHCII trimers. In Figure 11.c.
there is a proposed model for the PsbS interaction with an LHCII trimer consisting of Lhcb2, Lhcb1.1 and
Lhcb1.4 (the isoforms most crosslinked). Lastly, we can see that all the crosslinks found reside in the N-
termini of the proteins.

LHCII trimer band All bands
In Figure 10 we can find two more ,%’/’a X
circos plots that include all the 55’77&/ b \/ ) %:
crosslinks found for PsbS, Lhcb6 | ~— v

(monomeric antenna protein) and
the LHCIlI trimer proteins (Lhcbl
isoforms, Lhcb2 and Lhcb3) in the
IpBN-PAGE band corresponding to

Ihcb1.4

the LHCII trimers (left) and for the Figure 10. Crosslinks with the LHCII trimer proteins are found for both PsbS and

Lhcb6. Circos plot containing all crosslinks found for the LHCII trimer proteins
(Lhcb1 isoforms (blue), Lhcb2 (red), hcb3 (yellow)), the Lhcb6 (green) monomeric
see that we do not find crosslinks protein and PsbS (purple) in the trimer band and in the sum of all bands of the
IPBN-PAGE gel under NPQ conditions.

sum of all the bands (right). Here we
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between Lhcb6 and PsbS in the trimer band, but we do find crosslinks between Lhcb6 and the LHCII
trimers. This suggest that both PsbS and LHCII leave with the LHII trimer in the light-induced dissociation

during the NPQ process.
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Figure 11. PsbS interacts with LHCII trimer proteins under light (NPQ) conditions. A) Diagram illustrating with which part of the
PSII-LHCII sc PsbS interacts. B) Cricos plot of the crosslinks onto the full sequences of PsbS (purple), Lhcb1 isoforms (blue), Lhcb2
(red), Lhcb3 (yellow) and Lhcb6 (green). C) PsbS crosslinks found mapped with XMAS onto trimer consisting of Lhcb1.1, Lhcb1.4
and Lhcb2 isoforms. All the crosslinks found are between the N-termini regions of the proteins.

3.5. Evolutionary predictions of the interactions of PsbS with Lhcbh6. The EV couplings predictions of
coevolving amino acids between PsbS and Lhcb6 (monomeric antenna protein with which PsbS is expected
to interact under NPQ conditions) are shown in Figure 12.a. The coevolving amino acids are linked
together with yellow bonds using EvoMAS. Only intralinks are predicted between Lhcb6 and PsbS meaning
that no interacting amino acids between both proteins are found. Additionally, in the AF2 predictions
(Figure 12.b), all the core proteins are predicted to nearly an experimental level (green and cyan) while
PsbS and Lhcb6 are predicted to be far away from each other and not interacting with the core. The
evolutionary predictions did not to work for this particular application.
EV couplings prediction Alpha Fold 2 prediction
A) Lhcb6 "3 B)

SC Psbs

Figure 12. Evolutionary predictions of the interactions of PsbS with Lhch6 and the PSII-LHCII sc were not successful. A) EV
couplings coevolving amino acids prediction between PsbS and Lhcb6 shown in yellow as links using EvoMAS. B) AlphaFold 2
multimeric structure prediction of PsbS (purple), Lhcb6 (blue), Lhcb4 (cyan) and a series of proteins in the core including D1
(green). Both predictions are mapped onto the A. thaliana PSII-LHCIl sc model (PDB: 7oui; Graca et al., 2021).
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4. DISCUSSION

Nonphotochemical quenching is a rapid occurring process in which the PSII-LHCII sc undergoes remodeling
of its supramolecular organization to dissipate excess light energy during photosynthesis. It is clear that
PsbS is an essential protein for this process, but its behavior is yet not fully understood. Additionally,
gaining more structural information on PsbS and its interactions is of importance as qE could be a key
point of interest in crop engineering for the optimization of light-use efficiency in higher order plants
(Glowacka et al., 2018). Furthermore, a greater understanding of PsbS and NPQ in higher order plants
could later be translated into a better comprehension of the functioning of gE in other oxygenic
photosynthetic organisms such as algae and mosses (Alboresi et al., 2010; Li X-P et al., 2000; Peers et al.,
2009). Therefore, structural models for the dynamics and interactions of PsbS are needed to gain
mechanistic insights into the driving factors behind NPQ (specifically gE).

In this project, we explored the combination of a crosslinking proteomics mass spectrometry approach
together with evolutionary predictions. Even though not all results were successful, key information has
been able to be extracted about PsbSin S. oleracea. Firstly, regarding the structure of PsbS, we have found
its dimeric form to be present under both under dark and light conditions. Nevertheless, the crosslinks
obtained under each condition varied leading us to believe that the conformation of the dimer may vary.
A pair of true selflinks were found under dark conditions that were not present under light conditions.
Furthermore, the potential selflinks found under both conditions also differed and when mapping them
onto the dimeric structure and visually it seems like the N-termini adopts a different conformation. A
proposed model could be that under dark conditions, in its inactive state, the N-termini of the PsbS dimer
are closer together (being able to obtain the true selflinks found). However, once NPQ begins, the change
in pH in the lumen induces a conformational change of PsbS making the N-termini move towards the
thylakoid membrane. Additionally, it is relevant to remember that, before NPQ conditions, the grana are
stacked and the PSII-LHCII sc from adjacent thylakoid membranes are forming a sandwich structure
stabilized through the interaction of the N-termini of the proteins in the macromolecular structures.
Under NPQ conditions, the PSII-LHCII sc, forming sandwich structures in the grana, unstack and the
conformations of N-termini shift (Albanese et al., 2020). Going back to PsbS, it could be that the shift of
its N-termini towards the thylakoid membrane could facilitate the beginning of its interaction with the
pertinent PSII-LHCII sc proteins. Lastly, the group of Liguori et al. (2019) reached similar conclusions,
regarding the dynamics of the N-termini of PsbS, through computational simulations of its behavior at pH
= 8 (dark conditions) and pH= 5 (NPQ conditions).

Moving on to the interactions of PsbS, we were not able to conclude much for its behavior under dark
conditions. Barely any crosslinks were acquired for the dark-adapted thylakoid sample under native
conditions and no crosslinks were acquired specifically for PsbS. We believe there was a problem in the
solubilization of the thylakoid membranes when preparing the sample. However, it would be of great
interest to repeat this experiment for this condition. Nevertheless, several crosslinks were extracted for
PsbS under NPQ conditions that match with the proposed model proposed in the review of Bassi et al.
(2021, Fig. 5). The crosslinking data points towards PsbS interacting with LHCIl under NPQ conditions.
Also, as expected, no crosslinks were found of PsbS with the PSIl core. Once proper results for dark
conditions are acquired, it would be of interest to look at if there is a difference in to where the PsbS

17



crosslinks appear (upper PSII-LHCII sc bands vs lower LHCII trimer bands in the I[pBN-PAGE gel) and if there
is anincrease is a significant PsbS-LHCII enrichment in crosslinks in the LHCII trimer band of the [pBN-PAGE
gel under NPQ conditions. Moreover, we also analyzed crosslinks containing Lhcb6 as in the proposed
model of Bassi et al. (2021) it is suggested that Lhcb6 migrates together with PsbS and LHCII. For Lhcb6,
we get no direct crosslinks with PsbS, but we do with LHCII and they are mostly located in the LHCII trimer
band of the [pBN-PAGE gel. All thing considered, our experimental data seems to go hand in hand with
the proposed model mentioned in Figure 3.

Lastly, the computational approaches (evolutionary predictions with EV couplings and AF2) did not prove
useful for finding the interactions of PsbS relevant to this project. The evolutionary predictions did not
align with our experimental results and those acquired by other groups concerning the behaviors of PsbS
and Lhcb6. We believe that this is due to the nature of our specific application and not so much the tools
themselves. PsbS and Lhcb6 are both evolutionary quite recent (Ballottari, et al. 2012). Moreover, both
EV couplings and AF2 are based in extracting structural information from evolutionary information. They
both use multiple sequence alignments to extract evolutionary information and given that both proteins
are quite recent this is probably why both applications are not working well. Nevertheless, the
combination of crosslinking mass spectrometry proteomics approach with the co-evolution amino acid
links could be quite useful in other applications where the proteins are not that recent (in terms of
evolution).

Overall, this project has been developed to get some insights into the structure and dynamics of PsbS and
to see if it is relevant to continue pursuing this research question. Interesting results have already been
obtained and with some improvements in the method used the continuation of this project looks
promising. Some steps to take in the future would be to use biological replicates and incorporate the use
of other crosslinkers that provide different distance constraints such as EDC. As explained in the methods
section, EDC results were not included in this report due to temporal limitations but could definitely give
further insights. It would also be interesting to explore alternative methods of structure separation such
as the usage of a sucrose gradient that has proven to be useful in other similar applications (Albanese et
al., 2020). Also, PsbS in Spinacia oleracea has lots of Lys in its N-termini making it difficult for the software
to identify all crosslinks. So, it might be of interest exploring this with another model organism which has
an N-terminiin PsbS with less Lys. Moreover, there is a clear limitation with crosslinking for this application
and it is the inaccessibility of the crosslinker to the portions of the protein inside the membrane.
Consequently, other methods, such as Cryo-EM, that can be combined with XL-MS are an important
aspect to explore. Lastly, in this project, again due to temporal limitations, TD-MS was not performed. If
the project were to be continued and on the methodology is optimized, it would be very useful to perform
TD-MS to acquire the full sequences of the proteins in the PSII-LHCII sc to be able to build more accurate
3D structural models. With the combination of new distance restraints (through the addition of new
crosslinkers) and the acquisition of the full lengths of PsbS and the PSII-LhClI sc of the organism of choice
(TD-MS) it will be possible to build an even more complete model. Furthermore, these new distance
constraints and models could be used to explore alternative computational approaches such as protein
docking given that evolutionary predictions were not successful.
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In conclusion, it is important to remember that the NPQ process is not static, and that we must think in
terms of dynamics when trying to understand the function and structure of the PsbS. In this project, some
relevant insights of PsbS have been extracted. Nevertheless, if we want to even attempt to alter this
process in the future for crop engineering, more steps should be taken to further understand the role of
PsbS in NPQ.

5. CONCLUSIONS

The aim of this project was to gain a greater insight into the structure and conformation of PsbS and its
dynamic interactions with the PSII-LHCII sc during NPQ. To achieve this, we analyzed crosslinked thylakoid
samples under two different conditions: dark and light (NPQ-induced). From the results we find that (1)
PsbS has, at least, 3 isoforms (#70, #68 and #63), in S. oleracea, with varying lengths in its amino termini.
Additionally, (2) PsbS acts as a dimer under both dark and NPQ conditions. Moreover, the PsbS dimer has
a variable N-termini conformation under dark and NPQ conditions. Under dark conditions the N-termini
are closer together and under NPQ conditions the N-termini are further apart from each other and closer
to the thylakoidal membrane. Furthermore, (3) PsbS and Lhcb6 bind to the LHCII trimers under light
conditions. Also, no interactions are found with the PSIl core and PsbS under NPQ conditions. Lastly, (4)
the evolutionary predictions approach did not succeed for this particular application.
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Supplementary Information

Supplementary Table 1. Compositions of buffers used for thylakoid purification.

Buffer Name Component Concentration (mM)
B1 Sorbitol 400
* Last two are protease inhibitors MgCl» 5
and not strictly required. tricine/KOH pH 7.8 20
EDTA 5
benzamidine 0.2
g-aminocaproic acid 1
B2 Sorbitol 150
MgCl2 5
tricine/KOH pH 7.8 20
EDTA 2.5
benzamidine 0.2
g-aminocaproic acid 1
B3 MgCl, 5
NacCl 15
Hepes/KOH pH 7.5 20
B4 Sorbitol 400
MgCl, 5
NacCl 15
Hepes/KOH pH 7.5 10
A M. 1 2 TSR B) |, .
= F‘""HF‘\-W-«“‘ M — marker
E - 1-DSSO 2 mM
55 [ S — 2-DSSO 1 mM
v =
40 3-EDC8 mM
55 4—-EDC5 mM
2 5—-Phox 10 mM
e
C - control
15 Exposure time 10 s

Supplementary Figure 1. Crosslinker concentration optimization. Dark-adapted thylakoid samples (c=2 ug
total Chl) were crosslinked with different concentrations of PhoX, EDC and DSSO and 20 ulL of crosslinked
sample was loaded onto each well. A) SDS-PAGE gel with Coomassie staining. B) Western Blot using antibodies
for Arabidopsis thaliana PsbS.
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Supplementary Figure 2. SDS-PAGE gel band cutting. To the right we have the SDS-PAGE gel with the
selected bands in red boxes. To the left we have the western blot for the SDS-PAGE gel using antibodies
for Arabidopsis thaliana PsbS.

DSSO-Dark DSSO-NPQ

DSSO-Dark DSSO-NPQ

M = Marker
C =Control with no DSSO (darkadapted thylakoids)

Supplementary Figure 3. IpBN-PAGE gel band cutting. Two native gels were prepared. Each containing 4
replicates of DSSO 2 mM and 4 replicates of DSSO 2 mM NPQ samples. The gel to the right also includes
a lane with the control (no crosslinking, dark-adapted thylakoids). To the left of each lane, you can see
the Coomassie stained gel for the marker and the first lane. The other lanes were not stained to avid
interfering with the native conditions and were used for the future steps of the method. Lastly, 3 lanes
for each sample (DSSO-dark and DSSO-NPQ) were selected from each band and the 6 lanes of each sample
were combined by band for the trypsin digestion.
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Spinacia oleracea Core Database

psii_lhcbhii_prots = { 'PO6005' : 'pshD/D2',
'Q02060' : 'psbS’, 'P69383' : 'pshE/cyth559A@A",
'"AAF3R4" : 'lhcb1.1", 'Q6EYPE' : 'psbE/cytb559A@B',
'"AAF3R3" : 'Thcb1.2@A', '"AOAOKIRBUY' : 'Lhch1.2@B', 'P60128" : 'psbF/cyth559B',
'B3WFZ6' : 'lhcb1.3", 'P0O5146' : 'pshbH’,

'D2T2F7" : 'Ihcb1.4',
'"AOAOK9QLM7' : 'lhcb2’,

'AOAOK9QJA4" : 'Thcb3’, 'P60150" : 'ppsbl’,
'ADAOK9RWSS' : 'Thch4@A',

'ADAOK9QLX6' : 'Ihchb4@B', 'P12359" : 'PSBO’,
'"W6JKE4' : 'Ihch5 @A, 'P61840" : 'psbT’,

'ADAOKOQUQT7" : 'Ihch5@B’,

'P36494" : 'lhcb6’,

'P69560" : 'pshA/D1’,

'P04160' : 'pshB/CP47', 'AOAOKORHP1" : 'psbTn'
'PO6003" : 'pshC/CPA3 @A, }

'Q6EY72" : 'pshC/CPA3 @B,

Supplementary Figure 4. Spinacia oleracea PsbS and PSII-LHCII sc core database. As keys we have the
UniprotKB accessions and as values we have the name we assigned them. In light grey are the proteins
which could not be verified via MaxQuant.

EvOMAS Pipeline

|npUt: Sequence Pse Udc.)bond
— alignment —  generation and
Folder loaded by user: mapping
* EVcouplings fasta
* EVcouplings .csv output AL
’
ChimeraX session: Monomer Complex
* .pdb model H H
Intra- pipeline Inter-
, links o, links G
EV couplings parsing:
Output filtering: - 9 \
P(coupling) > 0.9

Coupling score scaling
Score =-log1o(1 - P(coupling))

Supplementary Figure 5. Ev couplings Mapping Analysis and Crosslinking (EvoMAS) pipeline.
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