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1. Norway spruce in the headlights of the photosynthesis research

Norway spruce (Picea abies (L.) H. Karst.) (hereafter spruce) is an evergreen conifer
with global distribution, but especially a dominant plant of the boreal forests together with the
Scots pine (Pinus sylvestris L.) (hereafter pine). Boreal forests have an important role as
carbon sinks responsible for nearly one-third of the global carbon uptake (Pan et al., 2011;
Shorohova et al., 2011; Gauthier et al., 2015). They are significant producers of breathable
oxygen and contribute to reducing the harmful effects of greenhouse gases. Somewhat unique
among land plants, conifers can simultaneously withstand harsh environmental conditions,
explicitly freezing temperatures, in parallel with high irradiance (Nystedt et al., 2013). This
combination poses a severe complication for the smooth running of photosynthesis, as the
absorbed light energy cannot be adequately utilised. At the same time, the photosynthetic
apparatus is concurrently affected by low temperature, which inhibits the activity of essential
photosynthetic enzymes. Without any photoprotective mechanisms, this would undoubtedly
lead to severe photodamage of the individual components of the photosynthetic apparatus and
the uncoupling of the entire electron transport chain (ETC), as the excess energy would lack
any safety valve for its release (Oquist and Huner, 2003). In order to minimise the effect of
these unfavourable conditions, the evolution of spruce has led to the development of various
photoprotective mechanisms. These mechanisms, specifically those observed only in
evergreens such as spruce, and their regulations are subject of intensive studies (see, e.g.
Grebe et al., 2020; Yang et al., 2020). The specific focus is on the mechanism of evergreens’
acclimation to these specific environmental conditions by alternating between periods of
active growth during long warm summer days and periods of forced dormancy during short
winter days with freezing temperatures (Oquist and Huner, 2003; Ensminger et al., 2006).

From an evolutionary point of view, spruce belongs to the gymnosperm genera Picea
(family Pinaceae) and represents one of the intermediate stages between green algae,
representatives of aquatic photosynthetic organisms, and angiosperm, the last stage of
evolution of land plants. As water and land represent incomparable environmental niches, the
life strategies of these photosynthetic organisms are expected to differ significantly, with
implications for the functioning and efficiency of photosynthesis itself.

The main focus of my work was the structural analysis of the photosynthetic apparatus
of spruce, specifically its photosystem Il (PSII) and optimisation of the sample preparation for
this analysis. My work included identifying the detailed composition of PSII in spruce,
determining its variability compared to its counterparts in other plant species, and putting all
the obtained knowledge into the context of its functional specification. Optimisation of
sample preparation focused on getting high yields of homogeneous and concentrated sample
for cryogenic electron microscopy (cryo-EM) and extraction of fragile protein supercomplex
(sc) from thylakoid membranes. Nevertheless, | consider it appropriate to first provide the
reader with a brief introduction to photosynthesis and a comprehensive picture of
photosynthesis research performed on spruce, before continuing with the section about my
research. Since several important studies on spruce are quite extensive, | have devoted an
entire subsection to them so they are not omitted. Those include (i) the evolutionary loss of
LHCB3 and LHCBG6 proteins (as a subsection of the structural characteristic of the light-
harvesting complex of PSII (LHCII)), (ii) sustained non-photochemical quenching of
chlorophyll fluorescence (S-NPQ) and reactivation of photosynthesis in overwintering
evergreens (as a subsection of ETC regulation) and (iii) chlorophyll (Chl) synthesis in the
darkness (as a subsection of functional properties of ETC).



1.1. Brief introduction to photosynthesis

Photosynthesis is undoubtedly one of the most important processes necessary to sustain
life on the planet. Across photosynthetic organisms, from the first photosynthesising
cyanobacteria up to more complex vascular plants, we can study this process, which may vary
in some details from organism to organism because it has evolved in parallel with the
evolution of plants. This unique mechanism combines biophysical and biochemical processes,
in which light energy is used to fix CO> into organic molecules, with oxygen produced as a
by-product. It should be noted that in addition to the typical oxygenic photosynthesis
mentioned above, there are several organisms, e.g. sulphur bacteria that use anoxygenic
photosynthesis instead. These organisms use a broad range of either organic or inorganic
electron donors for fixation CO2 and produce sulphur compounds instead of oxygen (see e. g.
Ke, 2001; Raymond and Blankenship, 2004; George et al., 2020).

It is necessary to emphasise that the generally known strict division of photosynthesis
into two parts, primary and secondary phases, is inaccurate, since all biophysical and
biochemical processes are interconnected and interdependent at a lower or higher level. Thus,
we can only speak of hypothetical division, where the function of the first part is (i) light
harvesting, (ii) use of this energy to excite Chl molecules leading to primary charge separation
in the PSII and photosystem I (PSI) reaction centres (RC), (iii) splitting water molecules into
electrons, oxygen and protons leading to acidification of chloroplast lumen and (iv)
generating proton motive force across the thylakoid membrane used in the subsequent ATP
production, while (v) the transported electrons are used to reduce NAD(P)* to NAD(P)H. The
second phase, the Calvin-Benson-Bassham cycle, uses the products of the first phase, i.e.
NAD(P)H and ATP to incorporate atmospheric CO2 into carbohydrates (Johnson, 2016;
Stirbet et al., 2020). To avoid the misinterpretation that often arises from the summary
equation of photosynthesis, it must be emphasised that the released oxygen originates in water
and that CO- is not directly incorporated into the sugar hexose, but is fixed in a stepwise
process (see, e.g. Poolman and Fell, 2000; Anderson and Backlund, 2008).

With the detailed functional and structural characterisation of the main components of
the electron transfer pathway involved in the first phase of photosynthesis, we can understand
in depth their individual significance, specific function and contribution to the overall process.
These include the four main protein complexes, namely PSI, PSII, cytochrome b6/f (Cytyer)
and ATP synthase, all embedded in the thylakoid membrane (Dekker and Van Grondelle,
2000; Nelson and Yocum, 2006).

1.2. Photosystem | and photosystem Il in structural detail

In the last decades, the structures of PSI and PSII originally obtained from Rontgen
crystallography (X-ray) and 2D single particle analysis (SPA) from lower resolution
transmission electron microscopy (TEM) images have been gradually replaced by more
detailed cryo-EM data with near-atomic resolution. These high-resolution PSI and PSII
structures are currently known for several representatives of angiosperms (see, e.g. Wei et al.,
2016; Su et al., 2017; van Bezouwen et al., 2017; Graga et al., 2021; Su et al., 2022), green
and red algae (see, e.g. Shen et al., 2019; Sheng et al., 2019; Suga et al., 2019; Huang et al.,
2021; Naschberger et al., 2022; You et al., 2023), diatoms (see, e.g. Xu et al., 2020; Nagao et
al., 2022) and cyanobacteria (see, e.g. Gisriel et al., 2022; Semchonok et al., 2022).

In addition to improvements in structural analysis methods due to significant advances
in technology, this breakthrough would be unreachable without simultaneous detailed
biochemical analysis of the genome, transcriptome and proteome of the organisms. This



knowledge serves as a basis for the aforementioned structural analysis, specifically for data
processing. Regarding spruce, significant progress in deepening the knowledge of its
photosynthetic apparatus has been made by the thorough analysis of its protein composition
by mass spectrometry by Grebe et al. (2019). Their work builds on the extensive work of
Nystedt et al. (2013) focused on the analysis of the spruce genome. Revealing the specific
composition of thylakoid membrane proteins of spruce has led to a detailed characterisation of
its photosynthetic apparatus and allowed a broader understanding of its function.

As one of the main objectives of my PhD study was the structural analysis of the
photosynthetic apparatus of spruce using single particle EM, | devoted the following
subsections to a detailed description of the structural attributes of both photosystems, with a
primary focus on PSII. Further on, the main focus is on eukaryotic organisms. Any mention of
cyanobacteria is for comparison purposes only.

1.2.1. Photosystem I core complex (PSI cc)

PSI is a pigment-binding multi-protein sc embedded in the thylakoid membrane of
chloroplasts with the ability to process solar energy into energy of chemical bonds with a
near-maximum quantum efficiency (Nelson, 2009; Croce and van Amerongen, 2013). In
higher plants, the PSI is exclusively localised at the periphery of grana stacks, in grana
margins, and stromal lamellae. The reason for this distribution is a spatial restriction of the
“bulky” PSI with its stromal subunits (PsaC, D, E), due to which it cannot fit into appressed
grana. Functional benefits of this arrangement can be summarised in two main points. Firstly,
the localisation of PSI on the periphery allows its reversible interaction with the NAD(P)H
dehydrogenase-like (NDH-like) complex or PROTON GRADIENT REGULATION 5
PROTEIN/PROTON GRADIENT REGULATION-LIKE 1 PROTEIN (PGR5/PGRL1) (see,
e.g. Yamori and Shikanai, 2016; Ma et al., 2021). Secondly, the lateral heterogeneity of the
thylakoid membrane and its flexibility provides a plant with an additional source for the
potential regulation of its ETC (Mullineaux, 2008; Kirchhoff et al., 2011).

PSI cc of green algae, mosses and land plants is mostly conserved, consisting of 12
stably bound subunits (PsaA—PsaL) and additional four subunits with (i) either weak binding
on the lumenal side (PsaN) (He and Malkin, 1992), (ii) subunit creating a docking site for
LHCII after binding to PSI, PsaO (Pan et al., 2018), (iii) predicted PsaP subunit with
unknown position, or (iv) subunit with unclear function PsaR (Mazor et al., 2015, 2017).
PsaA and PsaB subunits form a heterodimer and represent the RC binding overall ~ 85 Chl a
molecules, 2 phylloquinones and a FesS4 cluster (Pan et al., 2018; Huang et al., 2021; Shen et
al., 2022; Su et al., 2022), while the function of the remaining subunits is assigned as follows:
i) PsaC—Psak — ferredoxin (Fd) binding, with the primary function of PsaC, as a mediator of
Fa and Fg (two Fes-S4 clusters) binding, ii) PsaF — plastocyanin (PC) binding, iii) PsaF, PsaG,
PsaJ, PsaK — LHCA proteins binding, iv) PsaH, Psal, PsaL, PsaO — LHCII binding (Nelson
and Ben-Shem, 2004; Gorski et al., 2022). The PsaG, PsaH, PsaO and PsaN subunits are not
present in cyanobacteria (Caspy and Nelson, 2018) and are considered to be gained during
evolution. However, due to gradual evolution, there are organisms with part of the subunits
already evolved while lacking the remaining ones. This phenomenon was observed, e.g. in the
green alga Dunaliella salina, which poses the PsaG, PsaH and PsaO subunits, while it lacks
the PsaN subunit (Caspy et al., 2020). Oppositely, PsaM represents a subunit, which was lost
during evolution. This subunit was lost in green algae up to the higher plants (Nelson and
Junge, 2015, Qin et al., 2019), with only one known exception of its presence in the moss
Physcomitrella patens (Pp) (Gorski et al., 2022). For the detailed structural composition of
the PSI sc, including individual subunits and contained pigments, see Tab. 1.
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Table 1: Subunit compositions and identified pigments in the most complete cryo-EM
structures of PSI-LHCI supercomplex from different plant species.

. Chlamydomonas reinhardtii Zea mays
Subunits 7D0J 57J1
PsaA v 45Chla 6 p-car v 45Chla 6 B-car
PsaB v 40Chla 7 B-car v 40Chla 7 B-car
PsaC v v
PsaD v v
PsakE v v
PsaF v 3Chla 1 p-car J 3Chla 1 p-car
PsaG v 2Chla 1 B-car v 3Chla 1 B-car
PSIcc PsaH v 3Chla 1 p-car v 1Chla
Psal v 1 B-car v 1 p-car
Psal v 1Chla 1 B-car v 1Chla 1 B-car
PsaK v 4Chla 2 B-car v 4Chla 2 B-car
PsaL v 4Chla 3 B-car v 3Chla 3 B-car
PsaN - J 2Chla
PsaO v 3Chla 2 B-car v 2Chla
LHCA1l v 12/12Chla  3/3 Lut v 12Chla 2 Lut
(isoform a/b 2/2 Chlb 2Chlb 1 Vio
for Cr) 1 p-car
LHCA2 v 13Chla 2 Lut v 9Chla 1 Lut
1 p-car 5Chlb 1 B-car
1 Vio
LHCAS3 v 13Chla 2 Lut v 12Chla 1 Lut
1Chlb 3 B-car 1Chlb 1 B-car
1 Vio
LHCA4 v 1lcChla 2 Lut v 1llcChla 1 Lut
LHCI 4 Chlb 1 p-car 4 Chlb 1 B—_car
1 Vio
LHCAS5 v l4cChla 2 Lut -
3Chlb 2 B-car
LHCA®G v 13Chla 2 Lut -
4 Chlb 2 B-car
LHCA7 v l4cChla 2 Lut -
1Chlb 2 B-car
LHCAS8 v 13Chla 2 Lut -
1Chlb 1 B-car
LHCA9 v 8Chla 2 Lut -
2Chlb
SUM 248 59 160 35

Structures of PSI scs from Chlamydomonas reinhardtii (Huang et al., 2021) and Zea mays
(Pan et al., 2018), excluding lipids and other ions or molecules. Abbreviations: LHCI - light-
harvesting complex of photosystem I, p-car - p-carotene, Chl (a/b) - chlorophyll a/b, Lut -
lutein, Vio - violaxanthin, subunit presence (v/) and absence (-) in the structure. The four-
letter code below the name of the organism represents the PDB identifier of the structure.
Differences observed between structures in their PSI cc, either in the means of the
presence/absence of the specific subunit or the presence/absence of different number of
identified cofactors are highlighted. Differences in LHCAs were not highlighted, because
their presence/absence in given PSI sc is species dependent.



1.2.2. Light-harvesting complex of photosystem | (LHCI)

Higher variability within PSI in the plant kingdom originates in the structure and
organisation of the LHCI complex, which is responsible for the increase in its light-harvesting
capacity due to the bound pigments (for detailed pigment composition of LHCI see Tab. 1).

In vascular plants, LHCI is represented by LHCA1-6 proteins, the latter two of which
are sub-stoichiometrically abundant. With some exceptions, the LHCA1-4 are comparably
expressed in land plants and the encoded antennae bind to the PSI cc at specific positions in a
“belt-like” nature as heterodimers, specifically (i) the LHCA1/4 dimer interacts with the core
via PsaG, PsaB (LHCA1) and PsaF subunits (LHCA4) and (ii) the LHCAZ2/3 dimer binds to
the core via the PsaA, PsalJ (LHCAZ2) and PsaA, PsaK subunits (LHCA3), respectively (see,
e.g. Jansson et al., 1996; Ben-Shem et al., 2003; Mazor et al., 2015; Pan et al., 2018; Shen et
al., 2019; Su et al., 2022). Studies on mutants have revealed that LHCA1-3, highly conserved
from green algae to vascular plants, are mutually irreplaceable, even by other LHCAs.
However, the absence of LHCA4 can be complemented by other LHCAs. In vascular plants,
its substitution was confirmed by LHCAS (Storf et al., 2005; Wientjes et al., 2009). In the
moss Pp, the absence of LHCA4 is the result of evolutionary loss (Alboresi et al., 2008) and
is substituted by the LHCAZ2 isoform (Gorski et al., 2022). The LHCA5 and LHCAG6 are
present in almost all angiosperms with a few exceptions, and while LHCAS is present in most
gymnosperms, LHCAG is specific for angiosperms only (for detailed overview, see Grebe et
al., 2019). The importance of these two proteins lies in the mediating of the NDH-like binding
to PSI (Peng et al., 2009) and their absence in spruce is thus consistent with its simultaneous
loss of plastid genes encoding NDH-like (Nystedt et al., 2013; Grebe et al., 2019). More
information about the loss of NDH-like in spruce is in the following sections.

In the green algae, characterised by a broader variety of LHCI isoforms (designated
either as LHCA1-10 or LHCA a-j), PSI binds two LHCI semi-rings and forms a two-layered
belt on the PsaF-G and Psa J-K side of PSI, plus a contingent LHCs dimer bound opposite
the main semi-rings on the PsaB-H-1-M side (Qin et al., 2019). See the structure from pea and
green algae Cr in Fig. 1.

Figure 1: Structure of PSI-LHCI supercomplex from Pisum sativum and
Chlamydomonas reinhardtii. Stromal view of PSI scs from pea (A) and Cr (B), the core
subunits are represented as surface areas with single-letter designations. LHCA antennae with
their assignment are visualised as cartoon with pigments and other cofactors in the form of
sticks. Adapted from Shang et al. (2023), original structure of pea from Mazor et al. (2015)
(PDB identifier: 4Y28) and Cr from Su et al. (2019) (PDB identifier: 61JO).
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1.2.3. Functional PSI assemblies

In addition to the typical monomeric form, PSI scs can form larger assemblies.

(1) PSI-PSIy) assemblies are characteristic for (i) cyanobacteria, in which they can form
oligomers, as dimers, trimers or tetramers (Malavath et al., 2018; Semchonok et al., 2021; Cao
et al., 2022) characterised by the predominant formation of trimers with typical symmetry and
interaction via PsaL subunit (Jordan et al., 2001), or (ii) for green algae, where their presence in
dimeric form was confirmed (Naschberger et al., 2022).

However, the PSI oligomers observed in vascular plants appeared to be only an artificial
result of the PSI scs tendency to mutually associate, since they are no longer comprised in an
overcrowded membrane (Boekema et al., 1987; Chitnis and Chitnis, 1993; Boekema et al.,
2001; Koutil et al., 2005b). Moreover, the oligomers typical for cyanobacteria cannot be formed
in higher plants due to the additional PsaH subunit, which spatially blocks the access to the
PsaL subunit (Ben-Shem et al., 2003).

(I1) PSI-NDH-like sc (PSI assembly with NAD(P)H dehydrogenase-like) is an essential
component involved in one type of cyclic electron transport (CET) around PSI, which transports
the electrons from reduced Fd via NDH-like back to plastoquinone (PQ) (Peng et al., 2008,
2009; Koutil et al., 2014; Yadav et al., 2017; Zhang et al., 2020). Its activation has two main
functions: i) it prevents over-reduction of stroma and ii) balances ATP/NAD(P)H production
(Shikanai, 2014; Yamori and Shikanai, 2016; Shikanai, 2020). The recently obtained cryo-EM
structures from barley (Shen et al., 2022) and Arabidopsis thaliana (At) (Su et al., 2022)
characterise this complex in detail with one NDH-like protein and two attached PSI scs,
confirming the previously proposed function of LHCAS5 and LHCA6 as mediators and
stabilisers of the NDH-like connection with PSI (Koutil et al., 2014; Otani et al., 2018).

(1) PSI-Cytwer assembly was observed using TEM by Yadav et al. (2017), with its
binding on the LHCA belt of PSI. Its function has been assigned to electron transport regulation
due to the distance adjustment between its individual components (Yadav et al., 2017) and has
been hypothesised to undergo reversible phosphorylation during state transitions (Hamel et al.,
2000) with the effect on the CET initiation (lwai et al., 2010).

(IV) PSI-PSII assembly has been observed in higher plants such as spinach, At and rice,
but not in the green algae. Their interactions, either via core or antennae, function as conductors
of energy spillover from PSII to PSI, thus protecting the PSII (Kim et al., 2023).

(V) PSI-LHCI-LHCII assembly is formed during the state transition (state 2) that serves
as an equaliser of energy distribution between PSI and PSII in a case of their excitation
imbalance caused by the variable quality and quantity of light in the natural environment (Allen,
2003). The different effect of light quality coincides with the different pigment composition of
PSI and PSII and their related distinct absorption characteristics, with the absorption of PSI
closer to far-red light and the absorption of PSII to red light (Rochaix, 2007; Minagawa, 2011).
In general, in a state of light-induced over-reduction of the PQ pool, reduced plastoquinol
(PQHy) preferentially binds to the Qo site of Cytwer, leading to a relative reduction imbalance
between PSII and PSI. This leads to activation of the serine/threonine protein kinase STN7
(STT7: orthologue in green algae Cr), which is, besides the LHCB1 phosphorylation,
responsible for phosphorylation of LHCB2 in LHCII trimers that subsequently bind to the PSI
scs and effectively transfer the harvested energy to its cc (Depege et al., 2003; Bellafiore et al.,
2005). Conversely, when the preferential excitation pressure on PSII dissipates, e.g. during high
light (HL) or low light (LL) illumination, the STN7 kinase is inactivated due to the change in
the redox state of thioredoxins, and the constitutively active serine/threonine protein
THYLAKOID-ASSOCIATED PHOSPHATASE OF 38kDa/PROTEIN PHOSPHATASE 1
(TAP38/PPH1) dephosphorylates LHCIIs (LHCB1 and LHCB2), leading to uncoupling of
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these LHCII trimers from PSI and their subsequent return to their initial position (state 1)
(Rintamaiki et al., 2000; Pribil et al., 2010; Shapiguzov et al., 2010; Cariti et al., 2020). It was
confirmed that LHCII trimers with phosphorylated LHCB2 protein have a higher affinity to PSI
than PSII and are able to bind via PsaO to the PSI (Lunde et al., 2000; Galka et al., 2012, Pan et
al., 2018).

The recently revealed high-resolution structures of this sc at 3.42 A (Huang et al., 2021)
and at 2.84 A (Pan et al., 2021) resolution for Cr or at 3.3 A resolution for Zea mays (Zm) (Pan
et al., 2018), provided necessary information about its structural and functional significance
(see the structure of this sc in Fig. 2).

PsaN

PSI-LHCI

PSI-LHCI

Figure 2: Structure of Zea mays PSI-LHCI-LHCII supercomplex obtained by cryo-EM
at 3.3 A resolution. (A) View from the lumenal side with assigned PSI cc and LHCA
subunits, (B) Side view along the membrane plane. Adapted from Pan et al. (2018) (PDB
identifier: 5ZJ1).

A long discussion on the origin of phosphorylated LHCII trimers led to the conclusion
that they represent either loosely bound LHCII (L-LHCII) (Galka et al., 2012) or, most likely,
originate from a pool of free LHCIIs (Wientjes et al., 2013). These free LHCIIs are located near
the grana margins, the target destination of phosphorylated LHCII trimers, where they bind to
PSI-LHCI. Since these specific LHCII trimers involved in state transitions are more strongly
bound to PSI than to PSII, the resulting excitation energy transfer from these additional trimers
to PSI is more efficient compared to PSII, as was documented in independent studies (Galka et
al., 2012; Wientjes et al., 2013; Le Quiniou et al., 2015; Bos et al., 2017).

However, the existence of a mutually shared L-LHCII system has also been proposed,
where the function of state 2 is conditioned by forming a PSII-LHCII-PSI-LHCI sc in grana
margins and the LHCII antennae are shared by both photosystems (Svensson and Albertsson,
1989; Benson et al., 2015; Crepin and Caffarri, 2015; Grieco et al., 2015; Suorsa et al., 2015;
Rantala et al., 2017).

Recently, based on the results of physiological and biochemical studies (e.g. Akhtar et al.,
2016; Bressan et al., 2018; Schiphorst et al., 2022) and observed structures using single particle
electron microscopy (EM) (e.g. Yadav et al., 2017), the possibility of binding an additional, not
necessarily phosphorylated LHCII trimer in vascular plants has opened up for a discussion.
These conclusions were also led by analysis performed by Benson et al. (2015) on At and its
mutants (lhcal, lhca2, lhca3, lhca4), which supported the assumption that the size of PSI
antenna in the grana margins (in vivo) is definitely larger than that observed for isolated PSI-
LHCI-LHCII (hereafter PSI-LHCII) and also demonstrated the importance of the LHCA belt
for LHCII attachment.



However, confirming the existence of PSI with two bound LHCII trimers (PSI-LHCII,) in
vascular plants, as it is in green algae (Drop et al., 2014b; Huang et al., 2021), is challenging
since PSI sc with one LHCII trimer is already quite fragile and difficult to obtain in sufficient
quantities for structural studies. Logically, the implication of even less specific interaction of the
second trimer based on the variety in its observed attachment position toward PSI would
complicate its extraction. The situation is further complicated by the fact that the regulatory
mechanisms of PSI-LHCII formation appear to be more complex than originally thought,
rejecting the necessity of LHCII phosphorylation for its binding to PSI (see, e.g. Benson et al.,
2015; Chukhutsina et al., 2020; Schiphorst et al., 2022) or emphasising the presence of
additional post-translational modifications, such as acetylation, that would regulate state
transitions and influence PSI-LHCII sc formation (see, e.g. Koskela et al., 2020). Combined
with the hard-to-refute argument that the variable structures of PSI-LHCII, observed by EM by
Yadav et al. (2017) could have been the result of post-elution artificial binding of free LHCIIs
to PSI-LHCII, analogous to the formation of the aforementioned PSI oligomers in higher plants,
their verification definitely requires more thorough studies. For a detailed discussion, see
Section 4.

1.2.4. Photosystem Il core complex (PSII cc)

PSII is a multi-subunit pigment-protein complex embedded in the thylakoid membrane. In
higher plants characterised by lateral segregation of the membrane, PSII scs are localised in the
appressed grana. PSII consists of (i) a dimeric core (C»), including the RC with 35 molecules of
Chl a and other redox cofactors (see Tab. 2, for better comparison already including spruce PSII
structure, Opatikova et al., 2023), (ii) LHCII, responsible for increasing the area for solar
energy harvesting and its delivery to the core, and (iii) Oxygen Evolving Complex (OEC)
(Minagawa and Takahashi, 2004; Dekker and Boekema, 2005; Caffarri et al., 2009; Natali and
Croce, 2015). In detail, the PSII cc includes a heterodimer composed of PsbA (D1) and PsbD
(D2) proteins and, together with a and B subunit of cytochrome b559 (PsbE and PsbF,
respectively), represents the RC of PSII, which binds other two Chl-binding inner antennae
PsbB (CP47) and PsbC (CP43) (Nanba and Satoh, 1987; Webber et al., 1989; Croce and van
Amerongen, 2011). In addition, PSII cc binds the extrinsic subunits of the OEC on the lumenal
side composed of PsbO, PsbP, PsbQ and PsbR. PsbO subunit is present in two isoforms,
presumably possessing different functions, with the PsbO1 isoform responsible for stabilising
PSII activity and the less abundant PsbO2 isoform contributing to the regulation of
dephosphorylation and D1 subunit turnover in the PSII repair cycle (Lundin et al., 2007). In
addition to PsbO, other subunits encoded by two genes are PsbP and PsbQ (see review by Ifuku
et al., 2010). The rest of the PSII cc is represented by at least 11 small subunits with low
molecular weight, namely PsbH-M, with assigned functions as follows: (i) PsbH is involved in
antenna association, (ii) PsbJ and PsbK in core stabilisation, (iii) PsbL and PsbM in PSII
dimerisation. Rest of the subunits is represented by (iv) PsbW, PsbX and PsbZ/Y cf9 functioning
in antenna association and core stabilisation, (v) PsbTc involved in PSII dimerisation, (Vi)
PsbTn contributing to light acclimation, and (vii) PsbS, the structurally elusive subunit involved
in thermal dissipation of absorbed light energy (Shi and Schroder, 2004; Miih et al., 2008). In
the structure of PSIlI from green alga Chlamydomonas reinhardtii (Cr), the presence of
additional subunits of PSII cc was confirmed, including Psb30 (Ycf12) and two unidentified
subunits designated as USP (unidentified stromal protein) and SLP (small lumenal protein also
designated as Psh27) (Kashino et al., 2007; Sheng et al., 2019). The position of the PsbTn
subunit, absent in red and green algae and evolutionary older organisms, was in Cr occupied by
the aforementioned SLP with similar binding (Sheng et al., 2019).
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Table 2: Subunit compositions and identified pigments per one monomer in the most
complete cryo-EM structures of PSII-LHCII supercomplex from different plant species.

Pisum sativum Chlamydomonas reinhardtii Picea abies
Subunits 5XNL 6KAC/6KAD 8C29
C2S:M2 C2S2/C2S52M2L2 C2S2
PsbA v 4Chla 1 p-car v 4Chla 1 B-car v 4Chla 1 B-car
(D1) 2 Pheo 2 Pheo 2 Pheo
PsbB v 16Chla 3 p-car v 16Chla 3 B-car v 16Chla 3 p-car
(CP4T)
PsbC v 13Chla 4 p-car v 13Chla 4 B-car v 13Chla 4 p-car
(CP43)
PsbD v 2Chla 1 B-car v 2Chla 1 B-car v 2Chla 1 B-car
(D2)
PsbE v v v
((1 Cyt b559)
PsbF v v v
(B Cvt bssg)
PsbH v 1 B-car v 1 p-car v 1 B-car
Psbl v v v
PsbJ v v -
PsbK v v v
PsbM v v v
PsbO v v v
PsbP v v/- -
PsbQ v /- -
PsbR - v/- -
PsbX v v v
PshbZ v v v
Psbw v v v
Psb30 - v v
(Ycfl2)
PsbTc v 1 p-car v v
PsbTn - - v
SLP - v /- -
(Psb27)
USP - v/- -
CP24 v 6Chla 1 B-car - -
(LHCBS6) 5Chlb 1 Lut
1 Vio
CP26 v 9Chla 2Lut v 10Chla 2 Lut v 9Chla 2Lut
(LHCBS5) 4Chlb  1Neo 4 Chlb 1 Neo 4Chlb  1Neo
CP29 v 10Chla 1Lut Y 5/10Chla 0/1 Lut v 9Chla 1Lut
(LHCB4/8) 4Chlb 1Neo 3Chlb 1 Neo 3Chlb  1Neo
1 Vio 1 Vio 1 Vio
LHCII S-trimer v 24Chla 6 Lut v 24Chla 6 Lut v 24Chla 6 Lut
18 Chlb 3 Neo 18 Chl b 3 Neo 18 Chlb 3 Neo
3 Vio 3 Vio 3 Vio
M-trimer  24Chla 6 Lut -/ 24Chla 6 Lut -
18 Chlb 3 Neo 17 Chlb 3 Neo
3 Vio 3 Vio
L-trimer - -/ 24Chla  5Lut -
16 Chl b 2 Neo
1 Vio
SUM 159 44 101/187 27/48 104 28



Structures of PSII scs from pea (Su et al.,, 2017), Cr (Sheng et al.,, 2019) and spruce
(Opatikova et al., 2023), excluding lipids and other cofactors. Abbreviations: Cyt bsso -
cytochrome b559, fS-car - S-carotene, Chl (a/b) - chlorophyll a/b, car - carotenoids, Pheo -
pheophytin, Lut - lutein, Neo - neoxanthin, Vio - violaxanthin, subunit presence (v) and
absence (-) in the structure. For Cr, the composition of two independent structures was
analysed at the same time and when the presence of a subunit or cofactor in them differs, the
numbers or v~ and - symbols are separated by “/”. The four-letter code below the name of the
organism represents the PDB identifier of the structure. Highlighted are differences observed
between structures, either in the means of the presence/absence of the specific subunit or the
presence/absence of a different number of identified cofactors.

1.2.5. Light-harvesting complex of photosystem Il (LHCII)

The peripheral LHCII is mostly conserved in gene coding across the land plants and
green algae and we currently distinguish between nine LHCB proteins (1-9) based on their
homology. In vascular plants, LHCIIs are represented by light-harvesting pigment-binding
proteins that either form trimers (sub-classes LHCB1-3) or are present as monomeric
antennae (LHCB4-6, also denoted according to their molecular weight CP29, CP26 and
CP24, respectively) (For detailed pigment composition of LHCII see Tab. 2). Due to the
absence of sequence motives used in vascular plants to distinguish major LHCB proteins, a
different designation, namely LHCBMYX, is used to distinguish them in the non-vascular plants
Chlorophyta, Marchantiophyta, Bryophyta and Anthocerotophyta (x represents a progressive
number (1-9) defining each isoform based on sequence similarity, M (major) representing the
gene orthologues of LHCB1 and LHCB2 of land plants in the indicated divisions) (except in
bryophyte for LHCB3). LHCBMx in Cr can be further divided into four types (I-1V) based on
their sequence similarity (see, e.g. Crepin and Caffarri, 2018).

In addition to the specific sequence markers used for classification, the amino acid
sequences of LHCB proteins often differ at several other sites, potentially affecting the final
structure and function of a particular LHCB protein. This leads to a reasonably significant
diversity within the LHCB protein family, which consists of different types and isoforms, also
referred to as sub-isoforms.

Of the LHCB proteins, the LHCB4 protein is the most variable in its distribution
between angiosperms and gymnosperms. The LHCB4 can be present in three isoforms (4.1,
4.2 and 4.3), with the first two sharing high sequence identity and similarity and containing
longer C-terminus compared to the third isoform 4.3, also referred to as LHCB8 (Klimmek et
al., 2006; Grebe et al., 2019). The occurrence of the first two isoforms, 4.1 and 4.2, is
conserved in the angiosperms, whereas LHCB8 was confirmed to be present only in a few
selected groups, for example, in family Brassicaceae, Fabaceae, Cactaceae, etc. (Alboresi et
al., 2008; Iwai and Yokono, 2017). In gymnosperms, the situation is even more complex, as
there are groups with: i) only LHCB4 (Cycadaceae, Zamiaceae), ii) only LHCBS8 (Pinaceae,
Gnetaceae, Welwitschiaceae) and iii) both LHCB4 and LHCB8 (e.g. Araucariaceae,
Cupressaceae), all with no apparent relationship to their evolutionary classification (for an
overview, see Grebe et al., 2019). While the C-terminus of LHCB4.1 and LHCB4.2,
specifically their 15 amino-acid motif, is relatively conserved in length and sequence in the
plant kingdom, this is not the case for LHCB8, which varies in both length and sequence (see
Tab. 3 for a comparison of the sequences of LHCB4.1-4.3 and LHCBS8 isoforms from
different organisms). In a more detailed view, signs of conservation are only evident within
individual orthologue groups (for specification, see Grebe et al., 2019). The N-terminus of
this protein is thought to participate in grana stacking by mediating interactions between
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PSIlI scs from adjacent membranes (Albanese et al., 2020). Since considerable sequence
variability was observed at the mentioned N-terminus of LHCBS, this variability could also
lead to different regulation and subsequent dynamics of grana stacking (Grebe, 2022).

Moreover, the abundance of specific isoforms of this monomeric antenna strongly
depends on light conditions. The LHCB4.1 and LHCBA4.2 isoforms, which are expressed under
standard growing conditions, are substituted by the expressed LHCB4.3 isoform under HL
intensity, whose product is subsequently incorporated into the PSII structure (Klimmek et al.,
2006; Sawchuk et al., 2008; Albanese et al., 2016). In spruce, however, this position is known
to be occupied exclusively by LHCB8 independently on the light conditions (Grebe et al.,
2019).

Table 3: Sequence alignment of different isoforms of Chl a-b binding protein LHCB4

10 20 30 40 50 50 70
e e e |
At LHCB4.1 1 ---MAATSAA AAAASSIMGT RVAPGIHPGS GRFTAVFG-- -FCKKKARPK KSAKKTVTTD -----—--—--— 54
At LHCB4.2 1 —_—— .. e VSD.SSN. 8....R..-— =..T...8.. .--A...I8. —-————-o—m- 51
At LHCB4.3 1 -——.T.T-=- . .... .F.I .IQ-DPR..T ..VQ.R..FS -.....P..P PKKSRQ.QD. G---———-—-- 54
Ps LHCB4.3 1  —-m e e e e e e e 1
Cr LHCB4.3 1 ---.VFKFPT PPGTQKKA.. TATKPAPKAT TKKV.TST-- --.TRSGGVG Y---RKYQG. -—-——————-— 50
Pa LHCBS 1 MASAT.A.SL .S.S..FFAG GQQLKAEKNV S,IY.R.SFS GLK,.TK.VA ,PKT.A.AKP KTKAVAKPKP 70
80 90 100 110 120 130 140
e e e e L L e T |
At LHCB4.1 54 —-——-—- RPL WYPGAISPDW LDGSLVGDYG FDPFGLGKPA EYLQFDIDSL DQNLAKNLAG DVIGTRTEAR 117
At LHCB4.2 51 ------- e A L.t venennnn Y. E........ v 114
At LHCB4.3 54 ---—-- D.LV .F,..NP.E, ....MI..R. .......... ....Y.F.G, .......V.. .I..I1Q.88 118
Ps LHCB4.3 1  -————--- v .F QP.E .TMI..R L.FA... «ve... Lttt eeeeinanae e v.. 63
Cr LHCB4.3 50 -———--m- A. .L.NTTR.E. .....P..R. ...L..S8..8 .FVVIGV.EN ...A...NK. S.EAIVQATP 112
Pa LHCBS 71 KPRAPTG... .L...KA.E. .......... ...L.....8 ....Y.V... ....DL..P. .LL.DFVGDP 140
150 160 170 180 180 200 210
D P O R T P
At LHCB4.1 118 DAKSTP--FQ PYSEVFGIQR FRECELIHGR WAMLATLGAL SVEWLTGVTW QDAGKVELVD GSSYLGQPLP 185
At LHCB4.2 115 .P....-——.. ....... 7 L 182
At LHCB4.3 119 EI.P..-=. . .. T...ieis timinnnnnn cuu B, IA..A...IA. ......... E vivennnnnn 186
Ps LHCB4.3 64 EV.P..-=-.. ........ A.... A..AF...A. ......... E .A..F.Fs.. 131
Cr LHCB4.3 113 .EV.SENRLA ....... L. ieeieenn aennn C.... VA.AT...S. VE......-. .A..A.Ls.. 181
Pa LHCBS 141 .1.PS§---I. ....... Lt eeinnnee aens V.... A..GF. . IY. ......... E ....F.Fs., 207
220 230 240 250 260 270 280
e L T e L e e e e e |
At LHCB4.1 186 FSISTLIWIE VLVIGYIEFQ RNAELDSEKR LYPGGKFFDP LCLAA-DPEK TAQLQLAEIK HARLAMVAFL 254
At LHCB4.2 183 i e et e e S=..V. K.iiiivnnr wenene..G.. 251
At LHCB4.3 187 ..LT...... ... Voo, .. S...P... I....-¥... .....-.... LDT.K..... . S.iei.... 254
Ps LHCB4.3 132 . LTA..... i iinnr vounnn = N-...E KER....... . S..... v.. 200
Cr LHCB4.3 182 ...TQ..... JILV.GA..Y ..S.TNP... C....-V... .K..SE.E.R AFR.KT.... ....... s.F 250
Pa LHCB8 208 .NM....L.. ..LL...... ....V.P.T. ......Y... F...V-.EI. KDR.K..... .......... 276
290 300 310
waeal el oo e ] . N .. . . | . . . .
At LHCB4.1 255 GFAVQAAATG KGPLNNWATH LSDPLHTTII DTFSSS--- 290
At LHCB4.2 252 i i e e --- 287
At LHCB4.3 255 I..L...F.. ...VS—==== ————e-—o FL A. .NN---- 276
Ps LHCB4.3 201 v..I...VS. ...IG-=—=== —=——-——- F. A..NQ---- 222
Cr LHCB4.3 251 .¥G...LS.. E.B.G-==== —=—= SLAKFA .GLNNGKGL 280
Pa LHCBS 277 I..I...V.S ....T===== ======= LEV EFLGRK--- 300

Multiple sequence alignment by ClustalW algorithm (scoring matrix BLOSUMG62) of
LHCB4.1-4.3/8 amino acid sequences from Arabidopsis thaliana, Pisum sativum,
Chlamydomonas reinhardtii and Picea abies. Selected positions in the red rectangle represent
a 15-amino-acid motif that is strictly conserved in LHCB4.1 and LHCB4.2 C-terminus
(WXTHLXDPLHTTIXD; residues 271-285) and is absent in LHCB8 sequences. Source of
sequences: UniProt for At (Q07473, Q9XF88, Q9S7W1), RCSB PDB for Pea (5XNL) and Cr
(6KAC) and for P. abies database S254 (Grebe et al., 2019). Amino acids identical to the
reference sequence (first row) in specific positions of alignment are plotted as dots in the
remaining sequences. Abbreviations: At - Arabidopsis thaliana, Ps - Pisum sativum, Cr -
Chlamydomonas reinhardtii, Pa - Picea abies.
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The LHCB1 and LHCB2 proteins also have different isoforms, when LHCB1 shows a
higher variety with five isoforms, LHCB1_A1-A3 and LHCB1_B1-B2, compared to LHCB2
with four isoforms LHCB2_A1-A4, whereas LHCB3 and LHCBS5 have only one isoform.
However, it seems that isoforms LHCB2.3 and LHCB2.1 share the encoding gene and
represent only different alleles (Jansson, 1999). Moreover, it should be emphasised that the
molar ratio of these three major isoforms seems to correlate with the copy numbers of the
genes encoding each isoform, and the ratio of LHCB1:LHCB2:LHCB3 in At was found to be
7:3:1 (Peter and Thornber, 1991; Galka et al., 2012; Crepin and Caffarri, 2018). However,
this ratio can fluctuate and is highly dependent on light conditions. These major LHCII
proteins differ primarily by the amino acid sequence at the N-terminus, the composition of
which has a significant impact on their function because it contains a reversibly
phosphorylated threonine that is involved in transitions between states (Alboresi et al., 2008;
Goldschmidt-Clermont and Bassi, 2015; Iwai and Yokono, 2017; Crepin and Caffarri, 2018).

Moreover, in different organisms, the number of individual isoforms may vary; for
example, the two isoforms of LHCB3 in the moss Pp (Alboresi et al., 2008) or the additional
isoform of LHCB2 confirmed in spruce (Grebe et al., 2019). In addition, LHCB3, which is
able to form only heterotrimers, is more divergent from LHCB1 and LHCB2 and shows
different biochemical and spectroscopic attributes characteristic with the red-shift in its
fluorescence emission (Caffarri et al., 2004). The importance of the evolution of individual
isoforms and their associated specific function is shown, for example, in the regulation of
phosphorylation mentioned above. For instance, triple phosphorylation of the N-terminus is
not possible in the LHCB1_B isoforms because they differ in the number of their serine and
threonine residues, whereas this specific phosphorylation was observed in the LHCB1 A
isoform. Thus, phosphorylation of particular isoforms has a specific impact, where in general
summary (i) single phosphorylation of LHCB?2 is associated with state transitions, (ii) single
phosphorylation of LHCB1 leads to grana destacking, and (iii) triple phosphorylation of
LHCB1 leads to destacking and concomitant linearisation of thylakoids, loss of lateral
heterogeneity and increased PSII-PSI spillover (for a general overview see Grebe et al.,
2020).

As for LHCBS, its presence, together with the LHCB6 protein, is not uniform in
photosynthetic organisms. It was considered an indisputable fact that land plants share high
similarity not only within the PSII cc but even within light-harvesting complexes (Alboresi et
al., 2008). Surprisingly, this dogma turned out to be wrong, as the genera Picea, together with
Pinus and Gnetum, were proved to lack the two antennae, LHCB3 and LHCBS6, the
evolutionarily youngest of LHCII (Koufil et al., 2016, Grebe et al., 2019). These antennae,
which are absent in green algae (Alboresi et al., 2008) and present in angiosperms, are
surprisingly also present in other gymnosperm species and even evolutionary older non-seed
plants. The loss of LHCB3 and LHCB6 genes and its impact on the structure of PSII is
discussed in detail in the following subsection.

Within the LHCB protein family, LHCB9 and LHCB7 are among the least studied.
LHCB9 has only been detected in the moss Pp (Alboresi et al., 2008; Grebe et al., 2019),
where it is part of the PSI antenna (lwai et al., 2018; Pinnola et al., 2018; Zhang et al., 2023).
The function of LHCB7, along with its rare expression, remains a mystery (Klimmek et al.,
2006; Peterson and Schultes, 2014). However, it is hypothesised that this protein could affect
RubisCO (ribulose-1,5-bisphosphate carboxylase/oxygenase) turnover, as has been shown in
Ihcb7 mutants, along with lowering the plant irradiance threshold required for initiation of
non-photochemical quenching of chlorophyll fluorescence (NPQ) (Ballottari et al., 2012).
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Moreover, additional variability of LHCIIs lies in their potential to form homo- or
heterotrimers. To some extent, these trimers are composed of variable triplets of major
LHCB1/2/3 and attach to PSII either directly or via minor monomeric antennae (Jansson,
1999; Jackowski et al., 2001; Caffarri et al., 2004). The association of LHCII trimers to the
PSII cc is either (i) strong (S-LHCII) via LHCB4 and LHCBS5, (ii) moderate (M-LHCII) via
LHCB4/(LHCB6) (Dekker and Boekema, 2005; Caffarri et al., 2009; Koui#il et al., 2012,
2018; Caffarri et al., 2014; Pagliano et al., 2014), and (iii) occasionally loose (L-LHCII)
without the participation of any monomeric antenna (Boekema et al., 1999a, b; Dekker and
Boekema, 2005). In the majority of studied land plants, S-trimer is formed by LHCB1 and
LHCB2 in different ratios, whereas M-trimer is formed by LHCB1, 2 and 3, and L-trimer
mainly composed of LHCB1, LHCB2 (Dainese and Bassi, 1991; Caffarri et al., 2004, 2009;
Rantala et al., 2017; Su et al., 2017; Crepin and Caffarri, 2018). The one copy of LHCB3 in
M-trimer represents the interacting partner for LHCBG6 and is thus responsible for its stable
binding to C,S> in At. This arrangement of antennae provides more flexible regulation of PSII
antenna size in response to fluctuating light (Caffarri et al., 2004; Kovacs et al., 2006;
Caffarri et al., 2009; Koutil et al., 2013; van Bezouwen et al., 2017).

In greater detail, the size of the LHCII antenna, and thus its absorption cross-section,
changes dynamically depending on the actual light conditions to which the photosynthetic
organism is exposed. The ability to adjust the antennae size represents a highly efficient way
for plants to dynamically adapt to the changes in light irradiance, either short- or long-term in
their duration, and thus maintain optimal light energy utilisation while minimising potential
photodamage (Bailey et al., 2001; Ballottari et al., 2007; Betterle et al., 2009; Koufil et al.,
2013; Albanese et al., 2016; Bielczynski et al., 2016). The aforementioned increased
expression of the LHCB4.3, which product LHCBA4.3 is characterised by a shorter C-terminus,
is observed in land plants in response to HL. The LHCB4 C-terminus is involved in the
LHCB6 binding to the PSII cc, thereby influencing the lateral organisation of PSII in the
thylakoid membrane (Guardini et al., 2022). Thus, the incorporation of LHCB4.3 to the
prevalence of PSII scs leads to its weaker interaction with LHCB6 and its disconnection. In
the absence of LHCBS6, the M-trimer lacks an interacting partner and thus cannot bind to the
PSII cc (de Bianchi et al., 2011). For a structural detail of PSII sc, see Fig. 3.

It was presumed that even with a few differences in PSII structure within the plant
kingdom, the fundamental patterns are preserved since they are essential for its function.
However, significant differences in PSII composition and its arrangement were described. The
aforementioned evolutionary loss of LHCB3 and LHCBG6 genes did not restrict the M-trimer
attachment to PSIlI cc as was expected based on the original assumption about their
essentiality. Moreover, in the absence of LHCB3 and LHCBG6, green algae are able to bind
additional trimers besides M-trimer, specifically N-trimer (naked-LHCII), and the
composition of their LHCII antennae differs from that observed in land plants. In addition, it
was confirmed that several land plants are able to bind even multiple antennae’s trimers to
form large PSII scs with loosely bound LHCII trimers of functional significance (Boekema et
al., 1999b; Tokutsu et al., 2012; Drop, 2014a; Nosek et al., 2017).
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Figure 3: Structure of PSII supercomplex C2S:M: from Pisum sativum at 2.7 A
resolution. (A) View from the stromal side with exclusive visualisation of transmembrane
helices (stick mode) and cofactors (cartoon). The red dashed line illustrates an imaginary
division between two monomers. In one monomer, individual subunits are outlined in circles
with their designations, and low-molecular-mass subunits of PSII cc are labelled with a single
letter. (B) Side view along the membrane plane with coloured subunits only in one monomer.
Adapted from Cao et al., 2018, the original structure of pea PSII sc from Su et al. (2017)
(5XNM) and supplemented with PsbTn subunit from spinach, Wei et al. (2016) (3JCU).

1.25.1. Loss of LHCB3 and LHCBG6 antennae and its relevance

In angiosperms, the LHCBS3 protein is the building stone of the M-trimer, which binds
to the PSII cc specifically via its LHCB3 protein through the interaction with LHCB6 and
with the contribution of LHCB4 (Kovacs et al., 2006; de Bianchi et al., 2008, 2011; Caffarri
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et al., 2009; Koufil et al., 2013). The evolutionary loss of LHCB3 and LHCB6 in Pinaceae,
Gnetaceae and Welwitschiaceae (Koutil et al., 2016) understandably has a significant impact
on the structure of PSII in spruce. The most likely candidates for replacing the LHCB3 in the
spruce M-trimer are LHCB1 and LHCB2, both capable of forming trimers, as was
hypothesised also in the Ihcb3 mutant of At that was characterised by increased expression of
these two proteins. However, only a detailed high-resolution analysis of this trimer structure
in spruce can provide a reliable answer.

Oppositely to LHCBS3, the impact of LHCB6 absence is more straightforward, as this
antenna is not substituted by any protein or other molecule. Compared to At PSII sc, spruce
has its M-trimers rotated clockwise by 52°, resulting in a tighter association of the M- and S-
trimers (closing the distance by 7 A), thus more resembling PSII structure from Cr (Fig. 4,
adapted from Koutil et al., 2016). Regarding the green algae, the observed different spatial
organisation of their LHCII trimers within PSII sc and the ability to bind additional N-trimers
compared to angiosperms is mainly attributed to the absence of LHCBG6. It is also
hypothesised that the binding of N-trimers in green algae could stabilise their entire PSII sc,
including the attachment of the M-trimer (Tokutsu et al., 2012; Drop et al., 2014a). From the
functional point of view, the shifted position of M-trimer towards PSII cc and the absence of
LHCB6 in spruce compared to angiosperms affects the regulation of the related macro-
organisation of PSII scs in grana membrane and the interactions between the individual PSII
scs, which reflects on the whole photochemistry of spruce PSII. Moreover, the change in Chl
numbers due to the absence of LHCBG6 and rotated M-trimer results in alteration in the main
excitation energy transfer pathways, its rates and efficiency in PSII, compared with the land
plants (Kovacs et al., 2006; Caffarri et al., 2009, Koutil et al., 2016; Koufil et al., 2020;
Croce and van Amerongen, 2020).

Figure 4: Electron density maps of PSII C2S:M2 supercomplex from spruce (a),
Arabidopsis thaliana (b) and C2S2M2N2 supercomplex from Chlamydomonas reinhardtii
(c) with assigned subunit composition. Subunits determined based on the fitting by high-
resolution structures of PSII sc, C> dimer (light violet), trimeric antennae S-/M-/N-trimers
(blue, red and vyellow, respectively) and monomeric antennae LHCB4/LHCB5/LHCB6
(green, green and cyan, respectively). Adapted from Koufil et al. (2016).

A partial functional resemblance between angiosperms and spruce in terms of LHCB3
and LHCBG6 function can be seen in the adaptation of At to HL intensity. Under prolonged
exposure to excessive light, angiosperms deliberately downregulate the expression of LHCB3
and LHCB6 (with the concurrent upregulation of Lhcb4.3 at the expense of Lhcb4.1 and
Lhcb4.2, as mentioned above). However, this regulation leads explicitly to the disconnection
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of the M-LHCII trimers and thus to an increase in their C»S2:C,S2M> ratio, not to the
formation of a PSII structure with rotated M-trimer observed in spruce (Koufil et al., 2013,
2016; Albanese et al., 2016).

It is presumed that LHCB6 could play a role in the NPQ process. Together with the M-
trimer, it creates a docking site for PsbS (Kovacs et al., 2006), a subunit necessary for full
NPQ activation (Li et al., 2000). Although it can be argued that the same scenario should also
apply to evolutionary older non-vascular plants (with the exception of red and likely some
green algae), these organisms have additional LIGHT-HARVESTING COMPLEXES-
STRESS RELATED PROTEINS (LHCSR) involved in NPQ (Koziol et al., 2007; Peers et
al., 2009).

It is hypothesised that this evolutionary loss is related to the harsh environment of the
Triassic period after the enormous extinction event, also known as the “Great Dying”. This
period was characterised by HL intensity, which globally affected surviving organisms,
including also the common ancestors of Pinaceae and Gnetales (Miller, 1999; Clarke et al.,
2011; He et al., 2012).

1.2.6. Functional PSII assemblies

PSII is capable of mutual lateral interactions in variable arrangements, either in a
parallel or non-parallel way, forming PSII megacomplexes (mcs) (Dekker and Boekema,
2005; Kirchhoff, 2008). These interactions were observed at the level of thylakoid grana
membranes, confirming their existence in vivo (Nosek et al., 2017; Koufil et al., 2020).
Moreover, PSII scs are able to form semi-crystalline arrays within the membrane with a
functional impact on photosynthesis itself (see, e.g. Boekema et al., 1999a,b, 2000;
Yakushevska et al., 2001; Kirchhoff et al., 2007; Koufil et al., 2013; Nosek et al., 2017).
These two-dimensional crystals are formed by either C2S:M2, C2S2M or C»S2 scs as building
blocks. Their abundance and the composition of the individual sc forms depend on conditions
such as light intensity, temperature, growing medium, or the conditions used in isolation
(Garber and Steponkus, 1976; Semenova, 1995; Koufil et al., 2013). The function of arrays is
still controversial and disputable, attributed to the NPQ via PsbS, grana formation via
interaction of adjacent membranes and, most importantly, to have an influence on PQ
diffusion with a major impact on ETC (Ilikova et al., 2021). To be more specific, the
arrangement of PSII scs into the semi-crystalline arrays may result in a significant limitation
of PQ diffusion (de Bianchi et al., 2008). In the original concept, the formation of C2S:M>
arrays led to the establishment of so-called “lipid channels”, allowing easy diffusion of PQ,
whereas the much tighter packing of C>S; arrays strictly limited this diffusion (Tietz et al.,
2015). However, the situation is even more complex as it has been confirmed that the same
type of PSII CS; is able to form arrays with different tightness, thus providing further
possibilities for the regulation of PQ diffusion rates. In this scenario, the small rearrangement
of C,>Szarrays has a significant impact on photosynthesis efficiency (Ilikova et al., 2021).

1.3. In action - the principle of the electron transport chain and its regulations

The following subsections are focused on a general explanation of the function of the
photosynthetic apparatus and its regulation, again with the main focus on spruce and its
specialities as an evergreen conifer. In the final subsection, the most commonly used methods
for a study of the photosynthetic apparatus are shortly listed, including physiological,
biochemical and structural methods.
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1.3.1. Photosynthetic electron transport chain

The basic concept of light-dependent photosynthetic reactions, the first phase of
photosynthesis, can be summarised as follows: the energy of photons harvested by the
pigments in the PSII antennae is transferred to the PSII RC, specifically to its primary
electron donor, commonly referred to as P680, and triggers the primary charge separation.
According to common textbooks, the designation P680 refers to a specific Chl a pair, but it
probably represents four Chl molecules (Pp1, Pp2, AccChlpi, AccChlpy), for a review, see, e.g.
Kern and Renger (2007). The separated electron gives rise to an oxidised P680*, which is
immediately reduced by an electron from tyrosine Z (Yz). Oxidised tyrosine Z (YZ") is
reduced by an electron donated from manganese (Mn) in the Mn cluster of OEC located at the
lumenal side of PSII. In the four-step Mn cluster reaction, every separated electron from P680
is donated three times in succession via Yz from one of the incorporated Mn ions. The fourth
electron comes from split water in the OEC, while the rest of the released electrons from the
water molecule reduce the Mn ions in the cluster. Besides the electrons, the split water is the
source of protons and oxygen released into the lumen of thylakoid membranes. Electrons
captured by the primary electron acceptor pheophytin are further transported via the ETC,
where they reduce PQ to PQHo>. In detail, the first quinone in PSIl, Qa, as the immobile
primary single electron acceptor, transfers electrons to the second, double electron acceptor
quinone, Qg. Qg is a molecule from the PQ pool that binds to the stromal side of PSII (to the
Qs pocket). Upon double reduction, Qg is protonated by protons localised in the stroma and
released from the pocket into the PQ pool as the PQH>. The vacated space in the Qs pocket
after PQHy> is re-occupied by its oxidised form from the PQ pool. The PQH, molecule moves
within the PQ pool to the lumenal side of Cytwer, Where it is oxidised back to PQ with
simultaneous electron transport into Cytwsr and release of two protons into the lumen. Cytyer
accepts two electrons from PQH>, but only one of these is transported via the high-potential
chain to the single-electron acceptor PC, and the other electron moves down the low-potential
chain to participate in the so-called Q-cycle (for more detailed review, see Malone et al.,
2021). On the lumenal side, the PC molecule relocates electrons from Cytysr to PSI, where
analogous to PSII, the primary charge separation is initiated upon photon absorption in its
primary electron donor, designated as P700. Similar to PSII, the potential composition of the
primary electron donor of PSI is considered to be four Chl molecules (Pa, P, AccChla,
AccChlg), see, e.g. Holzwarth et al. (2006). The separated electrons are replenished by
electrons from reduced PC. Through the electron acceptors, Chl (Ao), phylloguinone (A1) and
system of Fe-S centres (Fx, Fa, Fg), electrons are finally transported from PSI to Fd, further
reducing Fd-NAD(P)*-reductase (FNR). The double electron reduction of NAD(P)" by two
electrons from FNR with simultaneous binding of one proton from the stroma leads to the
formation of a reduced NAD(P)H molecule (reviewed, e.g. in Brettel, 1997).

Proton-coupled electron transport naturally leads to the formation of pH difference
across the thylakoid membrane, ApH. To eliminate the pronounced positive charge of protons
on the lumenal side of the thylakoid membrane, counter ions such as potassium, chloride and
magnesium are simultaneously transported to the opposite side of the membrane, creating a
time-dependent difference in electric potential across the membrane, also known as the
membrane potential, Ay (see, e.g. Lyu and Lazar, 2023). However, it is necessary to realise
that the transient charges stored in the electron donors and acceptors in PSII, Cytpsr and PSI
also contribute to the membrane potential (reviewed, e.g. in Bulychev and Vredenberg, 1999).
The resulting proton motive force, composed of the thermodynamically equivalent electric
potential Ay and the ApH component, powers the ATP production from ADP and inorganic
phosphate by the ATP synthase protein complex (CFo-CF1) (Mitchell, 1966).

17



1.3.2. Regulation of electron transport chain - rerouting of electrons

The paragraph above describes a schematic representation of the so-called Z scheme of
the linear electron transport (LET) of photosynthesis. However, an increase in absorbed light
energy leading to high ApH across the thylakoid membrane causes inhibition of LET
(Kanazawa and Kramer, 2002; Tikkanen and Aro, 2014), and therefore other alternative
electron transport pathways (alternative electron flow - AEF) must be activated to act as
protective and regulatory mechanisms. These involve CET and pseudo-CET (Alric and
Johnson, 2017). Otherwise, the excited Chls in a singlet state with no possibility of being
quenched or no energy outflow could converse to long-lived Chl triplet states. Chl in the
triplet state can interact with oxygen molecule to form reactive singlet oxygen (*O2), which
has a harmful effect on the photosynthetic apparatus and membrane lipids (Gruber et al.,
2015).

CET is characterised by the return of electrons from Fd back to the Cytwer complex,
resulting in a closed cycle. It functions either as a form of photoprotection by reducing
photoinhibition of both photosystems caused by over-reduction of stroma, or it is pronounced
in plants when the ratio of ATP:NAD(P)H production needs to be altered in favour of ATP
(Alric and Johnson, 2017).

Pseudo-CET redirects electrons either: i) from PSI to O> (Mehler-reaction) (Mehler,
1951), ii) from PQH2 to O2 by plastid terminal oxidase (PTOX) (Josse et al., 2003; Yu et al.,
2014), or iii) in plants possessing flavodiiron (see, e.g. Ilik et al., 2017; Alboresi et al., 2019)
from Fd (Sétif et al., 2020) (originally thought to be from NAD(P)H) (Helman et al., 2003;
Allahverdiyeva et al., 2011) to O.. Ultimately, all reactions lead to water production, i.e.
pseudo-CET, and are hypothesised to be directly involved in stress signalling, most probably
via reactive oxygen species (ROS) as intermediates (see, e.g. Nawrocki et al., 2015; Li and
Kim, 2022). These regulatory mechanisms, among others, adjust the optimal energy use
according to the plant’s needs or protect the photosynthetic apparatus and are significantly
controlled by the redox state of thioredoxins (Buchanan, 2016; Cejudo et al., 2019; Nikkanen
and Rintamaéki, 2019; Yoshida et al., 2019).

1.3.2.1.  Cyclic electron transport and other alternative electron flows

There are two main types of CET, one involving the NDH-like complex and the other
involving the PGR5/PGRL1 proteins (Shikanai, 2007; Suorsa et al., 2012). It is hypothesised
that the NDH-like pathway could be activated in stressed plants growing under LL intensity
(Ueda et al., 2012; Yamori et al., 2015) and function as a safety valve preventing over-
reduction of their chloroplast stroma (Shikanai, 2007). However, as previous studies have
shown, spruce and other genera from Pinaceae, Welwitschiaceae, and Gnetaceae lack the
NDH-like genes (Braukmann et al., 2009; Nystedt et al., 2013). It is important to note that the
loss of NDH-like genes is not exclusive to gymnosperms, as the same loss has been confirmed
in a few angiosperms (Blazier et al., 2011; Peredo et al., 2013; Ruhlman et al., 2015).

The functional and essential type of CET for photosynthesis in conifers presumably uses
PGR5/PGRL1 pathway (Munekage et al., 2002, 2004), as PGR5 transcriptomes have been
found in both families Gnetaceae and Pinaceae. Coping only with the PGR5/PGRL1 pathway
could coincide with different conditions during the evolution of early gymnosperms and their
younger gymnosperm successors. In a period of rising gymnosperm, plants needed to
acclimate to the environment with HL intensity and therefore have no need for an NDH-like
pathway activated at LL conditions (Shikanai, 2007; Yamori et al., 2015). Contrary,
evolutionary younger gymnosperms evolved in a less harsh environment already shaded by
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the canopy of older trees (Engelmark and Hytterborn, 1999) and thus re-incorporate the NDH-
like CET pathway (Yang et al., 2020).

Although spruce lacks the NDH-like pathway, it possesses a different type of AEF
involving FLAVODIIRON PROTEINS (FDPs) functioning as an electron safety valve. The
C-class of FDP proteins are stromal proteins encoded by FLVA and FLVB genes (homologues
of FLV1 and FLV3 in cyanobacteria) and form a heterodimer. Pseudo-CET, including FDP, is
characterised by a very fast re-oxidation of PSI upon dark-to-light transition, which is much
faster than in angiosperms (Helman et al., 2003; Alboresi et al., 2019). This oxygen-
dependent reaction only works temporarily until the acceptor side of the PSI is fully activated,
and its function is to transfer the electrons to oxygen (Franck and Houyoux, 2008). The
functional FDP-mediated pseudo-CET was confirmed in gymnosperms and evolutionary older
organisms down to cyanobacteria (Helman et al., 2003; Ilik et al., 2006; Franck and Houyoux,
2008; Grouneva et al., 2009; Cruz et al., 2011; Shirao et al., 2013; Pavlovi¢ et al., 2016), but
was not observed in angiosperms, which lack adequate genes. Until recently, it was assumed
that the flavodiiron transfers electrons from NAD(P)H to oxygen (Allahverdiyeva et al.,
2011). However, more recent studies imply that the flavodiiron can accept electrons directly
from Fd or even the FeS-centres of PSI and then transfers them to oxygen (Sétif et al., 2020).
Either way, the transfer of electrons via FDP does not lead to the detrimental side effect of
producing ROS. There are several hypotheses as to why this pathway was not conserved in
angiosperms, unlike gymnosperms, such as (i) disadvantageous dissipation of light energy for
plants evolved under the light-limited conditions in the shade of their ancestors (Ilik et al.,
2017), (ii) redundancy due to compensation by increased CET efficiency, (iii) complementary
activity of different AEFs (Wada et al., 2018; Alboresi et al., 2019), etc. Nevertheless, the
distribution of FDP across photosynthetic organisms can be perceived as a division marker on
the phylogenetic tree, highlighting the transition from gymnosperms to angiosperms.

To conclude, it should be emphasised that the different types of AEFs may be
interdependent and, as such, may allow for more sensitive and precise regulation and better
adaptation in response to changing environmental conditions.

1.3.3. Regulation of electron transport chain - energy redistribution and dissipation

To continue with functional regulations of the ETC, the aforementioned AEF
mechanisms represent a simple and rapid way for plants how to redirect electrons and thus
prevent the potential photooxidative damage. However, the plants must be able to adequately
respond to changing light conditions over a longer period of time, and therefore they have
evolved additional protective mechanisms, all at the level of the ETC. These include (i) state
transitions, which allow the plants to balance the accepted light energy between the two
photosystems (Lemeille and Rochaix, 2010; Pesaresi et al., 2010, 2011), (ii) direct dissipation
of the excess of light energy triggered by the induction of NPQ (Demmig-Adams and Adams,
1996; Horton et al., 1996; de Bianchi et al., 2010; Niyogi and Truong, 2013; Demmig-Adams
et al., 2014) or, (iii) the electron transport can be regulated by direct involvement of Cytyet
complex via photosynthetic control (Rumberg and Siggel, 1969; Kramer et al., 2003;
Tikhonov, 2014). The long-term regulations necessary for plant acclimation to biotic and
abiotic changes in the environment are accompanied by up-or down-regulation of nuclear or
chloroplast gene expression of proteins involved in photosynthesis (see, e.g. Pfannschmidt et
al., 1999, 2001).
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1.3.3.1. Sustained NPQ — a rarity of overwintering evergreens

The effect of excessive light energy on the photosynthetic apparatus leads to the
activation of NPQ. Based on the different recovery times of Chl fluorescence in the dark after
previous illumination, three types of NPQ were originally distinguished, (i) a fast-recovered
energy-dependent quenching (qE), a slowly-recovered quenching due to the state transition
(gT), and the slowest-recovered quenching due to photoinhibition of PSII (ql) (see, e.g.
Hodges et al., 1989). However, qT does not actually represent a real quenching but rather
reflects a reduction in antenna size and occurs only in LL conditions. In contrast to qT, gl
occurs predominantly at HL illumination. Nevertheless, of the main importance is qE, which
is triggered by the acidification of the lumen (Briantais et al., 1979). The low pH causes
protonation of PsbS and activation of violaxanthin de-epoxidase, which converts violaxanthin
via antheraxanthin to zeaxanthin. Protonated PsbS and zeaxanthin are necessary conditions
for full gE, which is realised by heat dissipation of the excess energy. In addition, the
increased concentration of protons in the lumen simultaneously induces the aggregation of
LHCII proteins, which are capable of energy dissipation due to conformational changes in
their structure. However, the identification of the physical quencher and specification of either
the direct or indirect involvement of each component in NPQ, together with the existence of
other types of NPQ that have been reported, is still under debate. For a review, see, e.g. Bassi
and Dall’Osto (2021).

In addition to the aforementioned NPQ, in overwintering spruce and other evergreens, a
specific type of NPQ is induced to survive a combination of HL irradiation in parallel with
freezing temperatures. Since low temperatures generally inhibit enzyme activity, the absorbed
light energy cannot be used for eventual CO: assimilation and would instead lead to
photooxidative damage. To prevent this, plants activate the S-NPQ that dissipates the excess
of absorbed energy and releases part of it as a heat (Oquist and Huner, 2003; Demmig-Adams
and Adams, 2006; Verhoven, 2014). The S-NPQ is a specific type of NPQ characterised as a
state of prolonged energy dissipation emerging in plants as conifers under freezing
temperatures with concurrent bright light. Compared to the relaxation kinetics of Chl
fluorescence of gE NPQ in the dark after previous illumination, S-NPQ is characterised by a
significant decrease in the maximum photochemical quantum yield of PSII (Fv/Fwm), which
relaxes really slowly (Verhoeven, 2013; Grebe et al., 2020; Walter-McNeill et al., 2021).
When studying the specific properties of S-NPQ in spruce, Grebe et al. (2020) observed the
presence of a triple phosphorylated N-terminus of LHCBI1, specifically LHCB1_A (3p-
LHCII) and phosphorylated PsbS protein (p-PsbS). It was concluded that three events
interrelate with S-NPQ and are responsible for its initiation in spruce: i) freezing
temperatures, which independently on light induce fast triple phosphorylation of LHCII that
further initiates grana destacking due to electrostatic repulsion of adjacent membranes, ii)
light- and temperature-dependent accumulation of p-PsbS and iii) limited PSII
photoinhibition. The observed destacking of grana leads to concomitant linearisation of
thylakoids, loss of the lateral heterogeneity of PSI and PSII distribution in the thylakoid
membrane and increased PSII-PSI spillover (for a general overview, see Grebe et al., 2020).
Oppositely, relaxation of S-NPQ leads to 3p-LHCII dephosphorylation, re-stacking of the
grana membranes, lateral segregation of PSI and PSII, and reduced spillover.

Focusing on PsbS, this protein is essential for the regulation of gE NPQ via changes in
lumenal pH (Li et al., 2000, 2004), together with increased conversion of violaxanthin to
zeaxanthin (Ottander et al., 1995; Verhoeven et al., 1998) and LHCII aggregation (Johnson et
al., 2011; Ware et al.,, 2015; Kress and Jahns, 2017). The major role of specifically
phosphorylated p-PsbS in S-NPQ could hypothetically be the solidification of PsbS-
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zeaxanthin-LHCII aggregates in the locked quenching state, where the acidification of lumen
is no longer required to maintain S-NPQ in the dark (Johnson et al., 2011; Ware et al., 2015;
Kress and Jahns, 2017; Grebe et al., 2020).

It is important to mention that the S-NPQ is manifested by an increase in the quantum
yield of non-regulated energy dissipation Y(NO) and a concomitant decrease in the quantum
yield of non-photochemical quenching Y(NPQ) since S-NPQ does not relax during dark
adaptation (Bag et al., 2020; Grebe et al., 2020). Moreover, the S-NPQ in spruce could also
be triggered by PSII photodamage that over-exceeded the repair capacity of regulatory NPQ.
Since the complete repair of PSII is light dependent (Aro et al., 1993a, b), the lower level of
Fv/Fm recovery during relaxation in the darkness in S-NPQ needles compared to the control
needles without S-NPQ represents PSII photoinhibition.

Nevertheless, the exclusive presence of 3p-LHCII and p-PsbS is not sufficient to induce
S-NPQ and thus, they mostly represent prerequisites, while partial PSII photoinhibition could
function as a prompt trigger of S-NPQ. Although it is hypothesised that S-NPQ is “built on”
the pre-existing components of regulatory g NPQ (Grebe et al., 2020), their interdependence
has not yet been revealed, as there are strong indications for (i) their partial mutual sharing of
components (increased levels of zeaxanthin, formation of LHCII aggregates, etc.), and (ii)
combined regulation of these two molecular mechanisms (see, e.g. Porcar-Castell, 2011,
Verhoeven, 2014).

The loss of grana stacking during S-NPQ is primarily the result of LHCII and PSII
phosphorylation by STN7 and serine/threonine protein kinase 8 (STN8) (Pesaresi et al., 2011,
Rochaix et al., 2012). The LHCII and PSII located in adjacent thylakoid membranes mediate
the stacking of the membranes into grana (Trissl and Wilhelm, 1993; Anderson, 2012) and
their destacking by reversible phosphorylation allows enormous quenching of excess light
energy in PSI (Martin and Oquist, 1979; Oquist and Huner, 2003; Demmig-Adams et al.,
2015; Yang et al., 2020). This phenomenon was further analysed in the analogous study by
Bag et al. (2020), focusing on S-NPQ in pine. In this study, Bag et al. (2020) emphasised a
direct link between the extensive grana destacking and the “static” quenching used by
conifers. The structural rearrangements of thylakoid membranes and the loss of grana
organisation observed in previous studies during the winter seasons (Martin and Oquist, 1979;
Krol et al., 2002; Oquist and Huner, 2003) led to the reduction in lateral heterogeneity,
randomisation of the PSI and PSII distribution, and thus enabled the direct energy transfer
from PSII to PSI. According to Bag et al. (2020), the PSII-PSI spillover represents the major
component of S-NPQ, which provides significantly stronger quenching than the regulatory
NPQ and thus contributes to a multiple times lower risk of oxidative photodamage. A direct
energy transfer from PSII to PSI would be in agreement with the observed, significantly
higher limitation of the electron transport on the donor side of PSI than on its acceptor side.

The dynamic of grana destacking during S-NPQ is thought to be regulated by (i) triple
phosphorylation of LHCII, which leads to an increase in negative charge between adjacent
membranes, therefore promoting destacking (Grebe et al., 2020), or it may also be facilitated
by (ii) LHCB4/LHCBS, whose N-terminus is hypothesised to be responsible for mediating the
interaction between adjacent membranes (Albanese et al., 2017, 2020). The exclusive
presence of LHCB8 with significantly higher sequence variability of its N-terminus compared
to LHCB4 may then increase the flexibility of interactions between the grana in contact. To
conclude, both of these factors may represent adaptive traits for overwintering evergreens and
their regulation of energy dissipation (Grebe, 2022). Moreover, the high level of PSII-PSI
spillover could be responsible for the putative independence of S-NPQ from delta-pH

21



(Gilmore and Ball, 2000; Oquist and Huner, 2003; Verhoeven, 2014), which is necessary for
the initiation of regulatory NPQ.

1.3.4. Reactivation of photosynthesis in overwintering evergreens

Generally, overwintering evergreens need to alternate between dormancy during
freezing winters and reactivation of photosynthesis in optimal conditions with precise timing
for maximum growth. As an example, several frost-resistant plants have the ability to up-
regulate metabolic sink capacity and down-regulate photochemical efficiency. In summary,
they remodel primary carbon metabolism according to current needs, with CO2 assimilation
downregulated during winter and activation of alternative electron sinks to protect
photosynthetic apparatus (Oquist and Huner, 2003; Ensminger et al., 2006; Rochaix, 2013;
Alric and Johnson, 2017). However, the efficiency of these mechanisms may vary
considerably between conifers, as found by Yang et al. (2020) for pine and spruce.

Yang et al. (2020) revealed that pine is able to efficiently redirect electron flow to other
acceptors during overwintering, leading to a change in the redox balance in the photosynthetic
ETC, thereby preventing potential photooxidative damage. Oppositely, spruce lacks the
ability to alternate between electron sinks or to adjust the CO; assimilation to current needs
during critical periods. This leads to significant photodamage of the spruce photosynthetic
apparatus associated with its higher lipid peroxidation.

It is suggested that the difference in adaptation mechanism of pine and spruce could
coincide with their evolutionary ascent, with pine as a pioneer exposed to more intensive light
radiation and spruce as its successor, partially shade-tolerant and hidden under dense canopy,
with lower requirements for photoprotective mechanisms (Engelmark and Hytterborn, 1999).
Ultimately, spruce is more sensitive to environmental changes and, with respect to global
climate changes, has a lower capacity to acclimate its energetic metabolism compared to pine,
which has the ability to balance photosynthesis and respiration in response to seasonal
temperature changes and increasing atmospheric CO: levels (Kurepin et al., 2018).

1.3.5. Chlorophyll synthesis in the darkness — an additional speciality of
gymnosperms

In contrast to angiosperms, gymnosperms are able to synthesise Chl even in the dark, as
the key step of their biosynthesis is catalysed by the light-independent dark-operative pchilide
oxidoreductase (DPOR) instead of light-dependent POR (LPOR) present in angiosperms
(Armstrong, 1998; Schoefs and Franck, 2003; Reinbothe et al., 2010). This provides the
spruce with additional plasticity of its photosynthetic apparatus. Another interesting feature is
that PSI formed in the dark is fully active, while PSII is in a latent form with an inactive OEC
(see, e.g. Oku et al., 1974; Kamachi et al., 1994). Upon illumination, part of the formed PSII
scs starts to function due to the gradual assembly of OEC, while the rest of the PSII scs
remains in the so-called Qg-non-reduced inactive form. This mechanism has a logical
rationale because the slow light-depended activation of PSII centres into the fully active mode
preserves the low stoichiometry of PSI/PSII and prevents over-reduction of electron carriers
leading to potential damage. This activation involves (i) formation and attachment of OEC
proteins to PSII, (ii) synthesis and binding of LHCIIs and (iii) overall association of LHCIIs
into PSII scs (Canovas et al., 1993; Pavlovic et al., 2016).
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1.3.6. Photosynthesis and the experimental approach to its study

There are different approaches how to reveal the mysteries of photosynthesis. Since
photochemistry and fluorescence are at significant levels competing processes in plants,
biophysical methods aimed specifically at measuring fluorescence are most appropriate for
determining the efficiency of photosynthesis. A wide range of fluorescence techniques, such
as Chl fluorescence induction, fluorescence spectroscopy, etc., allow the study of
photochemistry in real-time with the possibility of studying the effects of different biotic or
abiotic stresses.

Although biochemical methods do not provide real-time data and are more destructive
to the plant material, they are still irreplaceable due to the information provided about the
qualitative and quantitative chemical composition of the photosynthetic apparatus with its
specific modifications. These methods include optimised techniques for the isolation of
DNA/RNA/proteins from biological material, separation techniques such as (non-)denaturing
one- or two-dimensional electrophoresis, ultracentrifugation, high-pressure liquid
chromatography (HPLC), liquid or gas chromatography combined with mass spectrometry,
tandem mass spectrometry and others.

For detailed structural analysis of specific protein complexes of the photosynthetic
apparatus and their final visualisation, techniques such as X-ray crystallography and cryo-
EM/TEM are essential, with the latter becoming the dominant structural method in the study
of large protein complexes in recent years.

In summary, it is inevitable to combine different approaches to achieve a
comprehensive and complex picture of the structure and function of the photosynthetic
apparatus. My research required the implementation and optimisation of biochemical methods
for sample preparation (see Sections 3 and 4) and the use of EM, together with the application
of computational methods for sample processing and structural analysis.
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2. A deeper insight into the photosynthetic apparatus of spruce and its functional
relevance

The two main objectives of my doctoral study were:

I) to study the photosynthetic apparatus of Norway spruce with a focus on a detailed
structural analysis of its photosystem Il using cryo-EM and,

I1) to optimise the solubilisation conditions and separation methods for isolated
thylakoid membranes (i) to obtain a homogeneous and highly concentrated sample of intact
photosystem Il supercomplex suitable for cryo-EM analysis and (ii) to isolate the transiently
formed, but fragile, photosynthetic supercomplex PSI-LHCII) from Norway spruce.

Section 2 briefly summarises in four subsections the individual structural and functional
studies carried out on the photosynthetic apparatus of spruce, which formed the basis of the
individual publications. Section 4 summarises in detail the experimental approach used to
optimise the separation of specific protein complexes from isolated thylakoid membranes that
are starting points for structural or functional analysis.

2.1.  Simulation of the loss of LHCB3 and LHCB6 proteins during spruce evolution in
Arabidopsis thaliana

Spruce represents a rather unconventional model plant, and from one point of view, it is
a relatively undemanding species for growing under controlled conditions and subsequent
isolation and sample processing. However, on the other hand, any targeted gene manipulation
in spruce represents quite an obstacle as its genome is more than 100 times bigger than that of
At (Nystedt et al., 2013). Therefore, there are strong ambitions to study its unique,
photosynthesis-related traits indirectly, generally using “uncomplicated plants” with a small
genome and known genome sequence, fast-growing rate and easier gene manipulation. This
approach allows us to purposely mutate specific genes and to test the effect of individual
modifications. The original idea of our project (Ilikova et al., 2021) and our main objective
was to simulate the characteristic spruce absence of LHCB3 and LHCB6 proteins in the
model plant At by knock-outing the genes encoding both of these proteins. In this pilot study,
we had a unique opportunity to observe the structural and functional effect of the loss of these
proteins on the structure of At PSII sc. In addition, this study could shed light on the
evolutionary advantage gained by spruce due to the absence of the LHCB3 and LHCB6
proteins. Complementary to the double mutant, we used already existing single-mutated lhcb3
and lhcb6 plants.

Electrophoretic separation of pigment-protein complexes showed that the double
Ihcb3+lhcb6 mutant, which is characterised by lower fitness and reduced growth, is unable to
form even larger scs than CSo. Initially, we attributed the absence of C2S;M and C,S;M to
their lower stability and their possible disintegration during sample preparation. By structural
analysis of the grana membranes of this mutant, we were able to rule out this possibility, as
only smaller forms of C2S; scs, organised into semi-crystalline domains, were observed in the
membrane. The observed C,S> scs arrangement in this mutant has a potential impact on the
diffusion of PQ molecules and overall the fitness of photosynthetic apparatus and its function
(de Bianchi et al., 2008). Nevertheless, the formation of C.S;M/M> with shifted M-trimer in
the Ihcb3+Ihcb6 mutant could be unambiguously excluded.

However, an unexpected result was the observation of the so-called “spruce-type” PSII
sc in the At Ihcb3 mutant. This “spruce-type” PSII sc was identified in the C2S:M fraction,
with one missing M-trimer, with a minor abundance of 10 %. For the remaining 90% of the
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particles in this fraction, their M-trimer had a characteristic binding to the PSII cc via LHCB4
and LHCB6 antennae (Caffarri et al., 2009). Importantly, mass spectrometry analysis of
thylakoid membranes of Ihcb3 mutant and wild type revealed comparable small amounts of
LHCBS protein, suggesting that the formation of the “spruce-type” PSII sc is not dependent
on the presence of spruce-specific LHCBS.

2.2. Cryo-EM structure of the PSII supercomplex of Norway spruce

Until recently, the highest known resolution of the PSII-LHCII sc (C2S2My) in spruce
was 14 A, obtained from a negative stain projection map by SPA (Koutil et al., 2016). This
structure was sufficient to reveal its unique architecture described above. However, the
specific composition, mostly of the peripheral LHCII antennae and their interactions, still
remained undescribed. However, the nearly atomic resolution at 2.8 A of spruce C2S; PSII sc
obtained in our work using cryo-EM (Opatikova et al., 2023) allowed us to study this
structure in much greater detail with unique insight into the composition of its specific
subunits and arrangement of pigment molecules. Comparing the spruce PSII structure with its
evolutionary older or younger counterparts in green algae and angiosperms, respectively,
allowed us to hypothesise about the functional impact and relevance of its unique attributes.

In our work, we aimed for the isolation and analysis of the larger spruce C2S;M2 PSlI
sc, and for this purpose, we optimised the solubilisation conditions to achieve its higher yield.
Since spruce is characterised by a higher occurrence of smaller forms of PSII scs compared to
the land plants such as At (Koufil et al., 2016), we decided to extract fractions of PSII sc
forms with one and two M-trimers together to achieve sufficiently high concentrated sample
necessary for cryo-EM. However, the abundance of these forms in the primary data set was
insufficient for image processing, most probably due to the lability of the M-trimer binding to
the PSII cc and its disconnection during sample manipulation. Therefore, the homogeneous
2D classes of C,S, were used for the final 3D reconstruction and generation of the electron
density map.

The PSII cc in spruce is highly conservative and its subunit composition corresponds
with that observed in green algae and angiosperms (subunit and pigment composition of
spruce PSII sc see in Tab. 2). However, the presence of one additional low molecular mass
subunit, specifically Ycf12, was confirmed similarly to the green algae Cr (Shen et al., 2019;
Sheng et al., 2019). Oppositely, this subunit was not observed in the known structures from
angiosperms, such as spinach, At, or pea, as they lack the YCF12 gene (Wei et al., 2016; Su et
al., 2017; van Bezouwen et al., 2017). It is hypothesised that the Ycf12 subunit may play a
role during acclimation to the HL intensity (Kashino et al., 2007).

Within the light-harvesting antennae of spruce, specifically the S-trimer, we confirmed
another previously unknown speciality of spruce, and that is the homotrimeric composition of
its S-trimer. In land plants, the S-trimer is composed of a combination of LHCB1 and LHCB2
(and their various isoforms) (Minagawa and Takahashi, 2004) and is generally accepted that it
forms either homo- or heterotrimers. In green algae Cr, the detailed composition of the S-
trimer is known and includes LHCBML, 2 and 3 (Sheng et al., 2019) at specific positions, and
thus always represents a heterotrimer. In spruce S-trimer, we were able to exclude the
presence of all LHCB2 isoforms and even two LHCB1 isoforms (B1 and B2), and thus the S-
trimer can be then assigned as a homotrimer of LHCB1 A (isoforms LHCB1 Al-3),
oppositely to green algae and land plants. However, the physiological benefit of this specific
aspect for spruce remains the subject of further studies (see the summary of this section).
Moreover, since mass spectrometry analysis confirmed the presence of LHCB2 in the PSII sc
fraction of spruce, and we ruled out its presence in the S-trimer, we assume that, unlike the
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composition of At M-trimer from LHCB1 and LHCB3, the spruce M-trimer composition
could include the LHCB2 protein. Nevertheless, whether the M-trimer in spruce represents a
homotrimer or a heterotrimer would require obtaining a detailed high-resolution structure of
PSII sc with bound M-trimer.

The sole presence of LHCBS8 in spruce provided a unique opportunity to study this
protein in detail since it is not overshadowed by other isoforms, LHCB4.1 and LHCB4.2, in
the final electron density map. In this protein, we evidenced the loss of two Chls compared
with the PSII structures of land plants (Chl a613 and Chl b614) and one compared with Cr
(Chl b614). The loss of two Chls in the LHCBS8 protein of spruce compared to LHCB4.1 and
LHCB4.2 present in land plants is attributed to its shorter C-terminus and related structural
properties. The ability of Cr to maintain one extra Chl in its LHCB4.3 protein compared to
spruce, even with its shorter terminus, is probably due to a clockwise rotation of its a-helix
forming C-terminus (Shen et al., 2019; Sheng et al., 2019). As shown by calculations based
on Forster's theory of resonant energy transfer, even with two missing Chls mentioned above,
the main energetic pathways from LHCII antennae to PSI cc remained conserved in
comparison with other known structures of PSII.

Nevertheless, the most unexpected discovery in spruce PSII structure was the presence
of a-tocopherol/a-tocopherolquinone (a-Toc/a-TQ, second one is an oxidation product of a-
Toc) localised between the inner core antenna CP43 and the Y/y chain (LHCB1 protein) of
the S-trimer. Both a-Toc and o-TQ molecules were further confirmed in the purified PSII
fraction by liquid chromatography with tandem mass spectrometry analysis (LC-MS/MS). It
IS important to mention that the identification of either of the two tocopherols was somewhat
complicated since multiple molecules share similar structural features and have almost
indistinguishable electron density at lower resolution, such as n-Dodecyl a-D-
Maltopyranoside (« DDM), n-Dodecyl-p-D-Maltopyranoside ( DDM) or plastochromanol-8.
Thus the identification or exclusion of such molecules depends mainly on the final level of
resolution of the electron density map in the problematic regions of the obtained structures.
Out of these molecules, a« DDM was the most difficult to exclude because, in addition to its
very similar electron density, its presence was justified in view of its use for sample
preparation. Moreover, & DDM has already been fitted into several cryo-EM structures of PSI,
e.g. in Zm (Pan et al., 2018), or in Cr (Su et al., 2019) and PSII (e.g. in diatoms (Nagao et al.,
2019), or in Cr (Sheng et al., 2019). However, in our structure, the o DDM did not fully fit
into the density map, which was confirmed by calculating the interaction energies AiG for the
most relevant interaction interfaces.

We do not consider the presence of a-Toc/a-TQ in this specific position of the PSII
structure to be exclusive to spruce, as we observed a similar density (more blurred so) in the
density map of pea PSII structure. Even in the PSII structures from At and spinach, some
traces of density were observed in the same position, although they are rather inconclusive.
Oppositely, no such density was observed in Cr, nor could it be fitted, as the binding position
in Cr is partly blocked due to the closer contact between its CP43 subunit and the S-trimer.
Although at first glance, it seems that the presence of a-Toc/a-TQ is another feature of land
plants that distinguishes them from green algae, this cannot be unambiguously concluded.
Aside from high amino acid sequence variability between land plants and green algae at the
critical positions of CP43 and LHCB1 (LHCBM1 from Cr), which mediate the contact with
a-Toc/a-TQ in spruce, it is still possible that a-Toc/a-TQ molecule may have been originally
present in Cr but was lost during sample preparation. Moreover, this loss may have eventually
led to a shift in the PSII structure of Cr, resulting in closer contact between its CP43 and
LHCBM1 subunits.
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The hypothesis explaining the function of a-Toc/a-TQ can be built on the nature of the
compound itself, which is known 'O, scavenger. 'O, ranks among the ROS with a high
potential to cause oxidative damage. In plants, ROS are formed in high abundance upon
exposure to excessive light irradiance (Foyer and Noctor, 2003, 2005; Apel and Hirt, 2004),
and while carotenoids represent a primary protective barrier capable of quenching excessive
energy uptake and thus preventing the 'O, formation, a-Tocs can be considered as a secondary
protection (Edge and Truscott, 1999; Krieger-Liszkay and Trebst, 2006).

2.3. Formation of PSII supercomplexes and megacomplexes and their organisation into
arrays

Compared to the higher plants, which are capable of forming various types of semi-
crystalline arrays composed of all types of PSII scs (C2S2M2, C2S:M and C»S») (Boekema et
al., 2000; Yakushevska et al., 2001; Koufil et al., 2013), no such arrays were observed in
spruce (Koutil et al., 2016). This phenomenon could be the result of the spruce unique PSII
structure with a potential functional impact on the regulation of its ETC. To avoid rash
conclusions, however, it needs to be highlighted that the mechanisms and regulations standing
behind arrays formation, together with their functional benefits, are still under debate.
Nevertheless, the high structural similarity of PSII sc in spruce and Cr and their shared
absence of LHCB3 and LHCBG6 proteins led us to the conclusion that spruce may be able to
potentially bind other trimers analogously to Cr (Drop et al., 2014a). Thus in our work
(Koufil et al., 2020), we focused on the possible formation of larger PSII scs in spruce and its
organisation and mutual associations in the thylakoid membrane. Together with a parallel
analysis in pine, we determined the potential impact of their unique PSII structure on the
formation of larger PSII assemblies.

Due to the absence of the LHCB3 and LHCBG6 proteins in both conifers, the C2S:M>
PSII sc has a modified shape that more closely resembles the letter “S” compared to the
characteristic rectangular shape of PSII sc in At (Fig. 4, adapted from Koutil et al., 2016). We
showed that spruce also forms a much larger PSII scs with bound N-trimers (although they are
rotated compared to those observed in Cr) and additional L-trimers compared to At. While it
is hypothesised that the N-trimer in Cr is most probably composed of LHCBM1, 2, 3, 6 and 7
in different combinations (Drop et al., 2014a; Shen et al., 2019), in spruce, the main
components of N-trimer would be LHCB1 and LHCB2, as they are the only LHCBSs in spruce
that are able to form trimers (Koufil et al., 2016). However, the participation of LHCBS5 in N-
trimer formation in spruce has lately been discussed (Grebe et al., 2019). Interestingly, for
some of the PSII scs from both studied conifers, the binding of the N-trimer did not require
the presence of the M-trimer, as originally assumed, and the N-trimer binding was the same as
for Cr with the M-trimer present. The origin of the different character of N-trimer binding in
Cr and spruce is still unknown. However, it has been suggested that the PsbH and PsbX
subunits, responsible for mediating the N-trimer interaction with the core in Cr (Shen et al.,
2019; Sheng et al., 2019), may play the same role in spruce. Nevertheless, the difference in
the angle at which the N-trimer binds to the core between spruce and Cr could affect the
strength of the bond, which would be weaker in spruce and thus more easily disintegrated
compared to Cr.

Furthermore, aside from the observed attachment of N-trimer in spruce PSII sc, we were
able to identify PSIl scs with two rows of connected LHCII trimers and experimentally
confirm the existence of PSII scs with up to 7-8 LHCII trimers on one side of PSII sc. And
since PSII scs have two-fold symmetry, it is logical to expect the existence of PSII sc with the
ability to bind up to 18 LHCII trimers. It is important to note that according to the created
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hypothetical model of these large PSII scs, the LHCII binding would still allow the necessary
free flow of PQ into the RC of PSII (van Eerden et al., 2017).

Megacomplexes are formed as a result of lateral interactions of PSII scs in the thylakoid
membrane, and this association is mediated by LHCII and C> (Nosek et al., 2017). However,
PSII scs can also interact with each other from the stromal side of two adjacent membranes
(Daum et al., 2010; Albanese et al., 2017; Su et al., 2017). The characteristic features of the
observed mcs were the composition of two PSII scs with variable interaction of C2S;Ma,
C2S2M and C»S, forms, which interacted either in parallel (70 %) or non-parallel (30 %) way.
The S-trimer was the most involved part in the interaction, therefore it was considered as the
main mediator of the association between two PSII scs, followed by involvements of LHCBS5,
LHCB4, dimeric core, L- and M-trimer, respectively. The same trend was also observed in
pine (Koutil et al., 2020). Compared with the 13 types of PSII mcs observed in At by Nosek et
al. (2017), in spruce and pine, we observed their lower structural variability, with 7 and 3
different types, respectively. Furthermore, the stability of formed PSIlI mcs was noticeably
weaker in spruce compared with At. It is hypothesised that the origin of more firm binding in
At is in the rectangular shape of its PSII sc, which may provide more stable side-by-side
interactions (Koufil et al., 2020).

Although in spruce, we did not observe the typical arrangement of PSII scs into 2D
arrays typical for land plants, we were able to identify specific interactions representing PSII
mcs in the thylakoid membrane. As a result, we observed five different types of PSII mcs in
spruce grana. However, these interactions did not match those observed in the isolated PSII
mcs. This phenomenon could be then explained by the disproportion between the stability of
specific PSII mc types and their abundance in membranes in vivo. The lower stability is
additionally supported by the high occurrence of disintegrated intermediates of PSIlI mcs in
the form of individual PSII scs in the PSII mc band (Koutil et al., 2020).

2.4. Acclimation to long-term changes in light intensity

Although there is more than one study addressing the survival tactics of overwintering
evergreens in their photosynthetic adaptation and coping with high irradiance at freezing
temperatures (Bag et al., 2020; Grebe et al., 2020; Yang et al., 2020), there is a significant
gap considering their adaptation to long-term light intensity changes under controlled
conditions. The motivation for a more detailed study of the mechanisms involved originates in
the early observation of light acclimation strategies of spruce compared to At since these
initial studies already revealed quite significant differences between these two species
(Kurasova et al., 2003; Stroch et al., 2008). Whereas a reduction in the size of their PSII
antennae in response to intensive light is a common phenomenon in At, accompanied by
downregulation of LHCB1-3 and LHCB6 and overexpression of LHCB4.3 isoform, LHCIIs
plasticity in spruce seems to be rather reduced. The reason for this phenomenon can be found
in the nature of the plants, as At is typically a light-tolerant plant, while spruce is a shade-
tolerant plant. In our work (Stroch et al., 2022), we focused on characterising the different
strategies of At and spruce with respect to their acclimation to different light intensities.

In detail, while the increasing light intensity leads to an increase in PSII/LHCII ratio in
At due to a decrease in the fraction of bound LHCII antennae to PSII cc, and to a
consequential increase in its Chl a/b ratio, no such phenomenon was observed in spruce.
Rather oppositely, the PSII/LHCII ratio decreases in HL, while the Chl a/b ratio in spruce
remains stable, with the most likely explanation being simultaneous and proportional
degradation of PSII and PSI with concomitant preservation of released Chls. This hypothesis
is further supported by increased levels of ELIPs (EARLY LIGHT-INDUCED PROTEINS)
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in spruce samples acclimated to HL, which are responsible for binding released Chls as a way
of protection from their oxidation.

Moreover, during long-term HL, At is able to sustain almost maximum Fv/Fm and the
effective quantum yield of PSII photochemistry, Y(Il), while the Fv/Fm in spruce is
significantly decreased due to the already induced “locked-in” NPQ (described in detail in the
following paragraph) and the preservation of de-epoxidised photoprotective xanthophylls and
PsbS in the thylakoid membrane. Moreover, the effective PSII antennae size in At changes in
response to the light intensity, while in spruce, it remains low regardless of the light intensity.
Spruce seems to operate more with loosely bound LHCIIs that are present in high abundance
under HL and are characterised by their weak interactions with PSIlI sc. Moreover, it is
hypothesised that these weak interactions may be responsible for the minimal macro-
organisation of PSII scs observed in spruce grana under HL.

Unlike in At, the significantly low NPQ parameter in HL-acclimated spruce is not a
result of rapid adaptability, and its origin lies in the pre-existing specific type of NPQ in the
dark-adapted spruce, namely “locked-in” NPQ. This “static” type of NPQ is reflected by an
increase of Y(NO) and thus a decrease in the NPQ parameter, slow relaxation of NPQ
parameter in the dark, formation of LHCII aggregates with strong quenching capacity and
decrease in the Y(II), similarly to the S-NPQ observed in spruce in winter/early spring.
However, to avoid misinterpretation, it is necessary to realise that the S-NPQ and “locked-in”
NPQ differ primarily in their origin. The S-NPQ is attributed to the direct energy transfer
from PSII to PSI (PSII-PSI spillover due to the reduced lateral segregation in the membrane)
(Bag et al., 2020) and is represented by a more significant decrease in Fv/Fm close to 0.2
values and quenching of PSII (Bag et al., 2020; Grebe et al., 2020). In the case of “locked-in”
NPQ, its origin is in the zeaxanthin-dependent formation of LHCII aggregates, although their
contribution to S-NPQ is still under debate (see, e.g. Kress and Jahns, 2017).

Moreover, the existence of “locked-in” NPQ is not exclusive to spruce, as the same
response to the HL was observed in the angiosperm plant Monstera (Demmig-Adams et al.,
2006). Thereby, induction of this type of NPQ seems to be common for shade-tolerant
evergreens.

2.5.  Short summary

We used two independent approaches to reveal the origin of the unique structure of
spruce PSII sc and the evolutionary benefit resulting from the loss of LHCB3 and LHCBS6.
Our project Ilikova et al. (2021) involved gene manipulation of the model plant At and was
aimed at simulating the loss of LHCB3 and LHCBG6 proteins and its effect on the formation of
its PSII scs. The main objective of our second project (Opatikova et al., 2023) was to obtain a
high-resolution structure of the PSII sc of spruce using cryo-EM. The integration of the results
of these two projects has deepened our understanding of the structural and functional impact
of the absence of the LHCB3 and LHCBS6 proteins and shed light on specific aspects leading
to the formation of the “spruce-type” PSII structure, which can be summarised as follows.

Firstly, the original hypothesis that considered the absence of LHCB3 and LHCB6 as
the main cause responsible for the characteristic S shape of the spruce PSII sc was refuted
because Ihcb3+Ihch6 double At mutants were unable to form scs even larger than C>S. This
suggests the contribution of other unknown factors to its structure, such as the exclusive
presence of LHCBS in spruce. However, because we observed the “spruce-type” PSII sc in
the Ihcb3 mutant of At with a comparably minor abundance of LHCB4.3 (LHCBS) protein to
that confirmed in the wild type, it was necessary to reconsider the possible involvement of
this specific LHCB4 isoform (Ilikova et al., 2021).
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To rule out a possible role of LHCB8 in the formation of the “spruce-type” PSII sc, we
prepared transgenic At lines, specifically a PENTA mutant knock-outed in LHCB3, LHCBSG,
and all isoforms of LHCB4 (4.1, 4.2 and 4.3) genes, and supplemented them with LHCB8
gene from spruce or LHCB4.3 gene from At as a part of an ongoing study. Preliminary
structural analysis of the PSII scs formed in these transgenic lines confirmed that neither
LHCB8 nor LHCB4.3 are essential for the formation of “spruce-type” PSII sc (unpublished
data).

A new indication of a key factor required for the formation of the S-shaped PSII sc
provided the high-resolution structure of this sc that we obtained for spruce (Opatikova et al.,
2023). Based on our designation of the spruce S-trimer as a homotrimer composed of
LHCB1_A proteins (isoforms 1-3), we concluded that this specific composition is most likely
one of the conditions necessary for specific binding of the M-trimer to PSII cc. However,
since the structure of the M-trimer is not yet known, a role of its specific composition in the
formation of the S-shaped PSII sc cannot be ruled out either. Importantly, this hypothesis
could be consistent with the observed presence of the S-shaped PSII sc in the Ihcb3 At mutant.
Since the S-trimer in At can be present either as homo- or a heterotrimer, the specific fraction
resembling the “spruce-type” PSII sc could have an S-trimer composed exclusively of
LHCB1s (like spruce) and thus would be able to bind the M-trimer at a different angle.

To confirm this hypothesis, we are currently working on the preparation of CRISPR At
mutants with the main focus on the genes LHCB1, LHCB2, LHCB3, LHCB4, LHCB6 and all
their isoforms and simultaneous creation of transgenic lines to achieve the most authentic
simulation of spruce PSII formation by modifying At genetic makeup. In parallel, we plan to
use the optimised separation conditions presented in Section 4 to obtain a highly concentrated
fraction of the intact C2S>M> PSII sc of spruce suitable for cryo-EM analysis and obtain its
complete and detailed high-resolution structure that would reveal details of the M-trimer
composition (unpublished data).

To continue with structural studies of the unique spruce PSII sc with rotated M-trimer,
we determined its impact on the formation of larger PSII assemblies (scs and mcs), mutual
PSII interaction and overall organisation in thylakoid membrane (Koutil et al., 2020). As a
consequence, both conifers studied, spruce and pine, appeared to be able to form PSII scs with
a greater LHCII trimer binding capacity and a wider range of their interactions with PSII than
was observed for At. We hypothesise that the greater diversity in PSII scs and mcs in spruce
and pine is indeed enabled by their unique S-shaped PSII structure.

The uniqueness of the photosynthetic apparatus of spruce is manifested during
acclimation to changes in light conditions and, among other factors, its acclimation is closely
related to the structure of its photosystems and their associated structural flexibility. Previous
light acclimation studies by Kurasovéa et al. (2003) or Stroch et al. (2008), have already
indicated that the acclimation strategies of spruce and At significantly differ and while At is
characterised by a change of the size of its antennae during short-term light acclimation,
spruce lacks this ability. Therefore the characteristic overabundance of the aforementioned
loosely bound LHCIIs in spruce could act as quenching centres for the excess of absorbed
energy. The highest demand for LHCIIs and the formation of their aggregates capable of
quenching would be in the winter months, characterised by HL irradiation combined with
freezing temperatures (Bailey et al., 2001; Ballottari et al., 2007; Koutil et al., 2013, Grebe et
al., 2020).

In our thorough study focused on long-term light acclimation (Stroch et al., 2022) we
proved that the optimisation of photosynthetic capacity in spruce is much lower than in At and
is characterised by the induction of protective mechanisms at a relatively significant level,
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including “locked-in” NPQ, photosynthetic control and CET around PSI, all of which lead to
a decrease in its photosynthetic efficiency. Oppositely, At uses its adaptive capabilities with
the main objective of increasing the LET capacity and thus photosynthetic efficiency at HL
intensity and maintaining this state while minimising unnecessary involvement of regulatory
processes represented by photosynthetic control and NPQ induction. In a brief comparison, it
seems that the angiosperms are capable of faster and more efficient acclimation with precise
regulation suitable even for sub-optimal conditions, but at the same time, they are not
equipped to survive under extreme stress conditions. Oppositely, evolutionary older plants
such as spruce seem to lack the regulatory precision evolved in evolutionary younger plants
but are able to survive even under harsh environmental conditions.

In summary, spruce is an evolutionary enigma, and we are only at the beginning of
discovering its evolutionary uniqueness. While on the one hand, it behaves as a shade-tolerant
plant, on the other hand, it is able to withstand weather conditions of HL intensity combined
with freezing temperatures. On closer inspection, however, this apparently highly adaptable
plant uses rather sub-optimal protective mechanisms during the duration of stress conditions.
This involves the induction and maintenance of the massive “locked-in” or S-NPQ at the high
cost of a significantly lower PSII quantum yield and a higher rate of photooxidative damage
than observed in angiosperms. The significance, or rather the impact of the evolutionary loss
of LHCB3 and LHCB6 antennae combined with the exclusive presence of LHCB8 on the
photosynthetic apparatus in spruce is not yet fully understood and would require further
studies, both structural and functional. And although the results of our studies further
characterised the specific features of this unique organism, such as the detailed composition
of its C>S> form of PSII sc with the additional presence of a-Toc/a-TQ in the structure, the
absence of LHCB3, LHCB6 and the involvement of LHCBS8 in the specific binding of M-
trimer to PSII cc, the impact of unique PSII structure on the formation of larger PSII
assemblies or long-term light acclimation strategies of this conifer, there are even more
unanswered questions that would require further research.
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3. Experimental methods

3.1. Plant material and growth conditions

Arabidopsis thaliana plants (wild type (Columbia), mutants Ihcb3 (SALK 020314c),
Ihcb6 (SALK_077953) and double mutant Ihcb3+Ihcb6 (Ilikova et al., 2021) were grown under
controlled conditions in a walk-in phytoscope (Photon Systems Instruments, Drasov, Czech
Republic) for 6 to 7 weeks at 22 °C, 60 % humidity, light intensity of 120 pmol photons m? s*
and with the 8-h light/16-h dark cycle. In the light acclimation studies, the pre-cultivated 32-
days-old At plants were transferred to the growth chamber HGC1014 (Weiss, Germany) for 10—
14 days and grown at three different light intensities of 20 pmol photons m? s (low light
(LL)), 100 pmol photons m™ s (normal light, (NL)) or 800 umol photons m? s (high light,
(HL)). All other cultivation conditions were kept the same as in the pre-cultivation phase.

Norway spruce (Picea abies (L. Karst.)) and Scots pine (Pinus sylvestris (L.)) (Semenoles,
Liptovsky Hradok, Slovakia) seedlings were grown under the same conditions as At plants,
but with a 16-h light/8-h dark cycle. For the light acclimation studies, the pre-cultivated 11-
weeks-old spruce seedlings were exposed to the same light conditions as for At mentioned in
the previous paragraph.

3.2. Isolation of thylakoid membranes

Prior to isolation and depending on the main focus of the study, plants were either dark-
adapted (DARK) for 30 min, harvested directly in the growth chamber either after one-hour
acclimation to half intensity of growing light (1/2 LIGHT) or without acclimation under the
growing light (LIGHT) and immediately transferred and processed under the green light.
While for spruce seedlings, only the upper part, approx. 2 cm above the soil, was used for
isolation, for At, whole rosettes were cut off and used. Thylakoid membranes were isolated
according to the protocol described by Dau et al. (1995). If it was necessary to maintain the
phosphorylation of the proteins in the sample in a given experiment, all buffers used for
isolation were supplemented with 10 mM NaF, a phosphatase inhibitor. All isolations were
performed under green light and samples were kept on ice throughout the whole procedure.
The Chl content of the final thylakoid membrane suspension was determined
spectrophotometrically by a pigment extraction in 80% acetone according to Lichtenthaler
(1987). Aliquots containing 110 ug of Chls were shock-frozen in liquid nitrogen and further
stored at -80 °C.

3.3. Clear-Native (CN), Blue-Native (BN) and 2D-SDS-Polyacrylamide gel
electrophoresis (PAGE)

All protein complex separations by CN-PAGE reported in the attached publications
were performed according to Nosek et al. (2017) with minor modifications. At thylakoid
membranes were solubilised in an amount of 10 pug of Chls with o DDM prior to gel
separation, using a detergent: Chl mass ratio of 15. Similarly, thylakoid membranes from
spruce were solubilised using o DDM but with a higher mass ratio of detergent to Chl of 20.
To obtain the final Chl concentration of 0.33 mg/ml, the sample was supplemented with
buffer (50 mM HEPES (pH 7.2/NaOH), 0.4 M sucrose, 5 mM MgCl2, 15 mM NaCl, 10 %
glycerol) to a final volume of 30 pl. Thus, the final detergent concentration for At was 0.5%
and for spruce 0.67%. After short, gentle mixing for less than one minute, the samples were
immediately centrifuged at 20,000 g/4 °C for 10 min to remove un-solubilised membranes.
The supernatant was loaded onto a gradient polyacrylamide gel (ranging from 4% to 8%)
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(Wittig et al., 2007) without the stacking gel. The electrophoretic separation was performed in
a Bio-Rad Mini protean tetra cell system (Bio-Rad) under the following conditions: a constant
current of 3.5 mA/15 min followed by a constant current of 7 mA until the visible front
representing free LHCIIs reached the bottom of the gel (approx. 1.75 hours). The visualisation
and analysis of the CN-PAGE gel were performed using an Amersham Imager 600RGB gel
scanner (GE HealthCare Life Sciences, Tokyo, Japan), using both transmission mode with
white light illumination for the visualisation of all bands and fluorescence mode with 460 nm
excitation filter and an emission filter of Cy5 (705BP40 = 705 + 20 nm).

Separations of protein complexes by CN-PAGE in Section 4 were performed either
under the same conditions described in the previous paragraph or under the optimised
conditions specified in the figure legend. The main optimisation conditions included the use
of different detergents (or their combination), their concentration and solubilisation time.
Standardly used non-optimised times for solubilisation were as follows: ~ 2-minute
incubation for o DDM, ~ 1-minute incubation for 3 DDM and ~ 10-15-minute incubation for
digitonin.

If used in the experiment, amphipol was added to the already solubilised sample after
removal of un-solubilised membranes at a final concentration of 1% (with exceptions, see
Subsection 4.2.) and incubated for 10-15 minutes on ice in the dark, while NaF was added to
the solubilisation buffer with a final concentration of 10mM.

Buffer exchanges for solubilisation and separation by CN-PAGE were also tested as a
part of the optimisation. HEPES buffer was replaced by MES as follows: 25mM MES (pH
6.5/NaOH), 10mM MgCl;, 10mM CaCl. and 25% glycerol. Very mild solubilisation of
protein scs with aminocaproic acid (ACA) in solubilisation buffer was tested using the buffer
prepared according to Rantala et al. (2017) with the following composition: 50mM BisTris
(pH 7/HCI), 375mM ACA, 1mM EDTA and 10mM NaF.

In addition to the 4-8% gradient gel, other various gradients were tested as well, either
(i) self-prepared, specifically the 4-10% and 4-12% separating gel, both with 4% stacking
gel, or (ii) the 4-15% pre-casted gradient gel from Bio-Rad. The specifications for the amount
of Chl loaded per well and its final concentration are specified in the figure legends. The
conditions for electrophoretic separation were the same as those described in the previous
paragraph with the exclusion of pre-casted gel, where the conditions were as follows: 75 V/30
min => 100 V/30 min => 125 V/30 min => 150 V/1 hour => 175 V/30 min => 200 V/1.25
hours.

Conditions for protein separation using BN-PAGE were mostly identical with CN-
PAGE with few changes. The gel was supplemented with critical micelle concentration
(CMC) of o DDM of 0,008%, the upper buffer was composed of 0.05M Tricine, 0.015M Bis-
Tris and supplemented with Coomassie Brilliant Blue-G (CBB-G) to a final concentration of
235uM. This buffer was replaced with the same buffer without CBB-G approx. one hour after
separation was initiated. The loading buffer was the same as for CN-PAGE but was
supplemented by CBB buffer composed of 0.75M ACA and 50mM CBB-G in a 1:9 ratio in
the supernatant after solubilisation and centrifugation of the samples.

2D-SDS-PAGE was performed according to Laemmli (1970) with minor modifications.
The gel was composed of 5% stacking gel (approx. height 2 cm) and 12% separating gel (see
Tab. 4 for detailed composition and gel dimensions). The cathode (upper) buffer was
composed of: 25mM Tris, 0.192M glycine and 3.5mM SDS, and the anode (lower) buffer was
composed of 25mM Tris (pH 8.3/HCI).

After incubation of gel strips from the first dimension in SDS buffer (25mM Tris
(pH7.5/HCI), 35mM SDS) for 30 min, the strips were applied on the stacking gel and fixed in
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position by embedding in homogeneously dissolved 0.6% agarose in the upper buffer. The
electrophoresis conditions were as follows: 10 mA/30 min => 20 mA/6.75 hours =>
30 mA/0.75 hours => 40 mA/1.5 hours with continuous cooling at 4 °C.

Table 4: Composition of 2D-SDS-PAGE gel

Step separating gel stacking gel
[12% acryl amid] [5% acryl amid]
Urea [g] 10.4
Gel buffer 4x [ml] 5.67 94

2.8M Tris (pH 8.6/HCI)
Water [ml] 5.27 6.5
50% acrylamide [ml]

50% T, 2.6% C 6 !

TEMED [pl] 20 10

APS [pl] 200 50
Volume [ml] ~25 ~10

Dimensions of the gel: width x height x thickness = 16.2 x 16 x 0.13 cm
3.4. Spontaneous elution and dialysis

Spontaneous elution of separated protein complexes and scs was performed from
excised gel bands according to Koufil et al. (2014) with two exceptions, (i) buffer was
supplemented with the CMC concentration of oo DDM and (ii) for less dense bands, the
elution was carried out overnight rather than for 2—4 hours.

Dialysis of samples from the sucrose gradient ultracentrifugation fractions was
performed in the cut lid of a 1.5ml Eppendorf tube (due to a small volume of 100-200 pl)
through a one layer of dialysis membrane (molecular cut-off 14 kDa). The samples were
dialysed for approx. 3—4 hours in the dark at 4 °C with the gentle stirring of the dialysis
buffer. The composition of the buffer corresponded to that of the buffer used for
ultracentrifugation except for sucrose.

3.5.  Silver staining

Silver staining was carried out according to Blum (1987) with minor modifications (see
Tab. 5). After stopping the development and a short wash with Milli-Q water, the gel was
scanned with an Amersham Imager 600RGB gel scanner (GE HealthCare Life Sciences,
Tokyo, Japan), using the transmission mode with white light illumination.
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Table 5: Protocol used for silver staining of the gel

Step Chemical/water Solution (500 ml) Time of incubation
Fixing (1) 30% ethanol 150 ml h
10% acetic acid 50 ml
Washing (2) 20% ethanol 100 ml 15 min
Washing (3) Milli-Q H.0 15 min

Sensitisation (4) Na2S203 x 5 H20 0.1g 90s
Washing (5) Milli-Q H.0 2x20s
Staining (6) AgNO; 1lg 30 min
Washing (7) Milli-Q H.0 2x10s

Developing (8) K2CO3 15¢g
Formaldehyde 350 ul ~5min
Sensitisator (step 4) 25 ml
Stopping (9) Tris-base 25¢ ]
2.5% acetic acid 12,5 ml 2 min

3.6.  Ultracentrifugation

Separation of solubilised pigment-protein complexes on a sucrose gradient by
ultracentrifugation reported in the attached publications was performed according to Caffarri
et al. (2009) with slight modifications. An aliquot of thylakoid membranes containing 200 pg
of Chls was centrifuged at 4,600 g/4 °C/4 min, and the pellet was resuspended in 10 mM
HEPES (pH 7.5/NaOH) to a Chl concentration of 2 mg/ml. The membranes were then
solubilised by o DDM in 10 mM HEPES (pH 7.5/NaOH) with a final concentration of 1% to
0.5 mg/ml of Chls (detergent: Chl mass ratio was 20) and gently vortexed for a few seconds.
The sample was subsequently centrifuged at 18,000 g/4 °C/10 min to remove un-solubilised
membranes residues and then separated by ultracentrifugation on a sucrose gradient at
284,000 g/4 °C/18 hours (P40ST Swinging Bucket Rotor, ultracentrifuge Hitachi, CP90WX).
Gradients were formed directly in the tube by freezing at - 80 °C and subsequent thawing at
4 °C and of 0.65M sucrose solution in 10 mM HEPES (pH 7.5/NaOH) containing CMC of
a DDM. The collected PSII fractions from each tube were combined and concentrated using a
Millipore Amicon filter with a 50 kDa cut-off at 14,000 g/4 °C/5 min. The sample was then
washed twice in 10 mM HEPES (pH 7.5/NaOH) buffer with CMC of o DDM to remove
sucrose. The concentrated sample was used directly for specimen preparation for cryo-EM
analysis.

In order to further optimise the ultracentrifugation on a sucrose gradient, different
buffers with added stabilisers, solubilisation conditions and gradient preparation mechanism
were used in addition to the above-mentioned protocol. Two commonly used biological
buffers, HEPES (10mM, pH 7.5/NaOH) and MES (25mM, pH 6.5/NaOH), were tested.
According to the sucrose gradient preparation method, in addition to the freeze/thaw method
mentioned above, gradients were prepared using the Gradient Master device (Model 108,
BioComp Instruments, Fredericton, Canada). Sucrose gradients of the required range were
prepared by mixing a given amount of light and heavy sucrose solution. The light and heavy
solutions consisted of 10% and 30%/40% sucrose, respectively, as well as a buffer component
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(HEPES or MES) and the CMC of detergent used for solubilisation. An aliquot of the
thylakoid membrane stock solution containing 200 pg of Chls was resuspended in a specific
buffer (HEPES or MES) to a final Chl concentration of 1 mg/ml after a brief centrifugation at
4,600 g/4 min/4 °C. Subsequently, a buffer with a given concentration of detergent and
optional additives was added to the samples, with a final Chl concentration of 0.5 mg/ml.
Samples with a DDM were shortly vortexed and solubilised for a maximum of 2 minutes
(1 min for B DDM); samples with digitonin were solubilised for approx. 10—15 minutes with
gentle vortexing. Optional additives were used as follows: (i) 1M betaine was already
included in the light and heavy solutions used to form the sucrose gradient, (ii) 10mM NaF
was added into the solubilising buffer, and (iii) 1% amphipol was added into the already
solubilised sample after centrifugation and incubated on ice for 10 minutes. Specifications of
the loading amount of Chl and its final concentration are specified in the figure legends. The
ultracentrifugation was performed at 284,000 g at 4 °C, with the total centrifugation time
depending on the type of gradient (see figure legends for further specifications).

3.7. Western blot

Western blot was performed on proteins isolated from thylakoid membranes using the
following procedure. A mixture with a ratio of 100 pg Chls per 1 ml of extraction buffer
(14 mM DL-dithiothreitol, 28 mM NaxCOs, 175 mM sucrose, 5% (w/v) SDS, and 10 mM
EDTA-Naz) was properly mixed and incubated at 70 °C for 30 min followed by centrifugation
at room temperature for 10 min/19,200 g. The supernatant containing the isolated proteins
was supplemented with the sample buffer (Tricine Sample Buffer, Bio-Rad; 3x diluted) and
dH20 to a final volume of 20 pl with a final Chl concentration of 50 ug/ml (calculating with
their hypothetical 100% extraction efficiency). After 10 minutes of incubation of this mixture
at 70 °C, the entire volume was loaded onto a 10% gel (Mini-PROTEAN TGX Precast
Protein Gel, Bio-Rad, Hercules, USA). The used running buffers were prepared according to
Schiagger (2006). The electrophoretic separation conditions were: constant voltage of
100 V/45 min. Separated proteins were transferred from the gel to the polyvinylidene fluoride
membrane using Trans-Blot Turbo RTA Mini 0.2 mm PVDF Transfer Kit (Bio-Rad) and
subsequently detected on the membrane by a system of two antibodies. The binding of the
primary antibodies Anti-LHCB3 (AS01 002) and Anti-LHCB6 (ASO1 010) (Agrisera) was
detected by a secondary antibody with HRP-enzyme. (All antibodies used in this study were
purchased from Agrisera (Védnnds, Sweden)). After incubation with Immobilon Western
Chemiluminescent HRP  Substrate (Merck, Darmstadt, Germany), the emitted
chemiluminescent signal was visualised using chemiluminescence mode on the Amersham
Imager 600RGB (GE HealthCare Life Sciences, Tokyo, Japan) gel scanner.

3.8.  Electron microscopy - sample preparation, data processing

Specific PSII scs (C2S2M2/C2S2M/C>S2) and PSII mcs separated by gel electrophoresis
were, for structural analysis by electron microscopy and SPA or for sample quality
verification, obtained from excised gel bands by spontaneous elution according to Koufil et
al. (2014) with modifications (see Subsection 3.4.). After overnight elution, the eluted protein
complexes were applied on the glow-discharged, carbon-coated copper grid and negatively
stained with a 2% aqueous solution of uranyl acetate. Electron microscopy was performed on
an FEI Tecnai G2 F20 microscope (FEI, Eindhoven, The Netherlands) operated at 200 kV.
Images were recorded with an Eagle 4K CCD camera (FEI, Eindhoven, The Netherlands) at
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the final magnification of 134,028x, with the final pixel size of 2.24 A at the specimen after
binning the images to 2048 x 2048 pixels.

The recorded images were subjected to SPA using the Scipion3 image processing
framework, which included a correction of the contrast transfer function (CTF) of the
microscope in individual images, semi-automated particle selection and their classification
into 2D classes.

The best-resolved classes representing projection maps of the most abundant types of
PSII scs/mcs were fitted by a structural model of PSII scs from At (van Bezouwen et al.,
2017). The “spruce-type” PSII sc was fitted with the model of Koufil et al. (2016).

Electron microscopy of isolated grana membranes from At and spruce, isolated
according to Koufil et al. (2013), was performed either on the FEI Tecnai G2 F20 microscope
(FEI, Eindhoven, The Netherlands) with the Eagle 4K CCD camera ((FEI, Eindhoven, The
Netherlands) or on a Jeol JEM2010 (Jeol, Tokyo, Japan) with a Quemesa CCD camera
(EMSIS, Muenster, Germany).
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4. Optimisation of the experimental approach to the structural analysis of spruce
photosystem | and photosystem 11

4.1. Optimal sample preparation - choice of solubilisation conditions and method of
separation

The experimental approach of isolation procedure depends primarily on the character of
the required protein complex that will be further analysed (in my case, PSII or PSI) and the
natural environment from which the selected protein complex is going to be extracted (e.g.
heterogeneous thylakoid membrane). Focusing on photosynthetic organisms, it is important to
realise that evolutionary adaptation to a specific habitat led to the evolution of their own
specific characteristics in addition to those generally shared within the plant kingdom. As a
result, different organisms may contain or produce different chemical substances, enzymes,
etc., which may affect the efficiency of the used experimental method. Thus, for almost every
organism, the solubilisation conditions need to be carefully adjusted.

Sample quality and quantity are particularly important for high-throughput methods
capable of providing detailed information about the analysed organism. An example is the
cryo-EM method, which can provide high-resolution structures of proteins and their
complexes, however, the quality of the final electron density map is highly dependent on the
quality of the original sample. The most important sample properties are high concentration of
the studied protein, purity and structural homogeneity. Moreover, extraction of a specific
protein complex embedded in the thylakoid membrane while maintaining its intactness is
quite challenging and specific approaches have to be used. For this purpose, mild
solubilisation reagents are used for their gentle extraction from the thylakoid membrane,
followed by non-denaturing separation methods for retrieval of the selected protein complex
from its heterogeneous environment, including CN-PAGE or ultracentrifugation.

Thereby, in the following subsections, | discuss several obstacles encountered during
sample processing with standard biochemical techniques, along with adequately designed
solutions or improvements.

4.1.1. Solubilisation conditions and increase of protein complexes stability

An important step in customising the solubilisation is the choice of buffer necessary to
maintain a defined pH that helps to preserve the integrity of the solubilised proteins of the
thylakoid membrane. Although HEPES was initially preferred due to its ability to maintain a
near-neutral pH of 7.5, later, it was shown that the scs might be more stable at lower pH
(Crepin et al., 2016). Our results from cryo-EM analysis revealed a significant loss of larger
PSII scs due to their disintegration during sample processing, indicating their possible lower
stability at pH 7.5. Therefore, we opted for another commonly used buffer, namely MES, with
pH of 6.5. The lower pH was shown to better preserve the binding of peripheral subunits,
hypothesising that this phenomenon has a physiological origin since these subunits play an
important role during high lumen acidification. An example of such a subunit would be PsbP,
functioning as a binding agent for calcium ions within OEC (Crepin et al., 2016), which is
more stably bound to PSII at lower pH.

Further, we optimised the conditions of solubilisation with the main objective to obtain
the highest yield of specific protein sc while preserving its maximum intactness. The
extraction and purification of native protein complexes embedded in bilayer membranes
generally pose quite a hindrance. The reason is that while their extraction requires the usage
of detergents, the options are significantly limited due to the simultaneous requirement for the
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preservation of protein integrity. The generally used o DDM or § DDM, mild non-ionic
detergents, provide the best alternative in most cases, with high yields of solubilised protein
complexes without their excessive unfavourable rate of disintegration. The other most
commonly used non-ionic detergent is digitonin with more than 50 % higher molecular
weight than maltosides. However, due to the high toxicity of digitonin, this detergent has
recently been replaced by its synthetic, non-toxic analogue, glyco-diosgenin (GDN). The
amphiphilic character of the aforementioned detergents allows the extraction of membrane
proteins from their constrained natural environment and, by providing them with a
substitutional bilayer envelope, preserve them in a soluble form (Lichtenberg et al., 2013).
The optimal solubilisation conditions may vary for different photosynthetic organisms such as
cyanobacteria, algae, vascular plants, etc., and the efficiency of solubilisation may vary even
within a single plant division and need to be accordingly optimised.

In addition, another important attribute that determines the choice of solubilisation
conditions is the main aim of the study. Whether the study focuses on the PSII or PSI, ATP
synthase, PSII mcs, etc., it should always be taken into consideration that individual scs are
extracted with different efficiency by different detergents. An example of different
solubilisation efficiency and, thus different resulting pattern of protein complexes after CN-
PAGE separation, can be illustrated by a comparison of four conifers: pine, spruce, larch and
yew (Fig. 5). While pine and spruce show similar patterns after separation with only a small
difference of easier disintegration of pine’s PSII scs to smaller forms of C»S2/C>SM than was
observed in spruce, larch and yew show completely different pattern under the same
solubilisation conditions. Larch is characterised by a relatively strong “resistance” to the used
detergent, with only minor solubilisation of its PSII scs and the presence of additional bands
of lower molecular weight localised under the PSII cc co-migrating with PSI sc. The absence
of fluorescent signal in these low-molecular-weight bands at room temperature implies the
presence of PSI in closely unspecified form. In comparison, yew is even more “resistant” to
the same solubilisation conditions, with only minor extraction of PSI scs, whereas most of its
membranes remained un-solubilised. The use of stronger detergent in the last two conifers led
to preferential disintegration of the PSII scs into even smaller forms and overall denser bands
in larch, while no improvement in solubilisation was observed in yew.
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Figure 5: Different solubilisation efficiency of « DDM and  DDM and different patterns
of separated photosynthetic complexes in selected conifers, division Pinophyta.
Electrophoretic separation using CN-PAGE of solubilised thylakoid membranes from conifers
(pine, spruce, larch and yew) solubilised with either 1.7% o DDM or 1.7% B DDM.
Thylakoid membranes were isolated after 30 min of dark adaptation of plants. Images of
selected lines from the gel were scanned at room temperature in transmission mode (green
lines) and in fluorescence mode (black and white lines). Abbreviations: PSII - photosystem 11,
PSI - photosystem I, LHCII - light-harvesting complex of photosystem 11, mc - megacomplex,
Sc - supercomplex, cc - core complex, mono - monomer, trim - trimer.

As previously mentioned, different plants are characteristic with variable protein
composition and their abundance, the presence or absence of specific enzymes or substances
and the overall organisation of thylakoid membranes. All these attributes may affect the final
efficiency of thylakoid membrane isolation and the subsequent solubilisation of the protein
complexes contained in the membrane. Moreover, due to the heterogeneous distribution of
PSI and PSII in the thylakoid membrane, these photosystems are not equally solubilised under
the same conditions, as their accessibility to a specific detergent may also differ.

The milder « DDM and the stronger detergent f DDM are commonly used to extract
PSII scs from appressed grana, since their size is smaller than the size of digitonin, and they
can easily fit between the grana. While the application of & DDM on At thylakoid membranes
leads to preferential extraction of larger PSII scs and the presence of PSI and PSII mcs, the
use of stronger p DDM leads to an almost complete disintegration of these mcs and
preferential extraction of smaller PSII sc forms. This phenomenon is accompanied by the
higher abundance of free LHCIIs in the form of monomers or trimers (Fig. 6).
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Figure 6: Different solubilisation efficiency of a and p DDM on Arabidopsis thaliana
thylakoid membranes harvested for isolation after 30 min of dark adaptation.
Electrophoretic separation using CN-PAGE of At thylakoid membranes solubilised with either
0.5% a DDM or 0.5% p DDM, final Chl concentration of 0.33 mg/ml. Images of selected
lines from the gel were scanned at room temperature in the transmission mode (green lines)
and in fluorescence mode (black and white lines). Abbreviations: PSII - photosystem |1, PSI -
photosystem I, LHCII - light-harvesting complex of photosystem Il, mc - megacomplex, sc -
supercomplex, cc - core complex, mono - monomer, trim - trimer.

Digitonin represents a mild detergent, milder than maltoside, and due to its size, it
cannot fit into the appressed grana of the thylakoid membrane of higher plants. This fact
makes the digitonin more suitable either (i) for extraction of the whole grana or (ii) for
preferential extraction of PSI scs due to their localisation in the peripheral parts of grana,
grana margins and stromal lamellae. For example, digitonin can be used to extract fragile scs
such as PSI-LHCII sc (transition state 2) from At, spruce, barley, etc. Considering the above-
mentioned potential non-uniform biochemical composition of plants, it is interesting to note
that for spruce, a stronger detergent such as maltoside can also be used for PSI-LHCII
extraction in addition to digitonin, whereas for At, the use of the same detergent would lead to
the increased disintegration of its PSI-LHCII sc. It can be then concluded that the PSI-LHCII
sc of spruce is more stable during extraction than that from At.

Moreover, using digitonin only, we were able to obtain the PSI-LHCII sc even from
dark-adapted plants. This phenomenon was observable after the separation of solubilised
thylakoid membranes either by electrophoresis or ultracentrifugation (Fig. 7, A and 8, 1V).
These results are consistent with the observations by Chukhutsina et al. (2020) and imply that
plants are able to preserve the PSI-LHCII scs (state 2) even in the dark-adapted state in vivo
for a closer unspecified period of time. We could hypothesise that their existence, even in the
absence of light irradiation, is the consequence of their slower disassembly associated with
slower dephosphorylation or that the stable pool of PSI-LHCII is deliberately preserved in
plants and has functional relevance.

The main conditions optimised for detergents are their final concentration (or Chl to
detergent ratio) and incubation time with the sample. Nevertheless, it is possible to also
combine the detergents to achieve more efficient extraction. By combining detergents, lower
concentrations of a stronger detergent can be used to mitigate its negative effect on the fragile
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bonds between the individual subunits (Galka et al., 2012; Crepin et al., 2020). Application of
low concentrations of digitonin in At thylakoid membranes promotes the preferential
extraction of the PSI scs and only limited extraction of PSII scs even with longer incubation
times. When samples solubilised in the first round with digitonin undergo solubilisation by
two times higher concentration of « DDM that is standardly used, the characteristic pattern of
separated PSII scs is clearly visible, whereas the yield of the PSI scs is lower due to their
previous extraction by digitonin, and PSI-LHCII is absent (Fig. 7, A). The combination of
digitonin and oo DDM at low concentrations simultaneously supplemented with NaF allows
for significantly more efficient extraction of PSI scs involving the fragile PSI-LHCII sc in
both spruce and At (in At even PSI-6LHCI-LHCII sc, for more information see subsection
4.2.), while application of o DDM alone, even supplemented with NaF, leads to an enormous
disintegration of this sc, more pronounced in At than in spruce (Fig. 7, B).
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Figure 7: Different solubilisation efficiency of a DDM, digitonin and combination of a
DDM and digitonin on Arabidopsis thaliana and spruce thylakoid membranes and
stability of their PSI-LHCII supercomplex. Electrophoretic separation using CN-PAGE of
At and spruce thylakoid membranes solubilised with A) 1% digitonin at Chl concentration of
0.33 mg/ml or 1% a DDM after previous solubilisation with 1% digitonin; B) combination of
0.7% digitonin with 0.1% o DDM at Chl concentration of 0.5 mg/ml or, solubilisation with
0.67% and 0.5% a DDM for spruce and At, respectively, both at Chl concentration of 0.33
mg/ml and supplemented with 10mM NaF. Membranes were harvested for isolation either
after 30 min of dark adaptation (DARK), after one-hour adaptation to half intensity of
growing light (1/2 LIGHT), or directly from growing light (LIGHT). Images of selected lines
from the gel were scanned at room temperature in transmission mode (green lines) and in
fluorescence mode (black and white lines). Abbreviations: At - Arabidopsis thaliana, PSII -
photosystem Il, PSI - photosystem |, LHCII - light-harvesting complex of photosystem II, mc -
megacomplex, sc - supercomplex, cc - core complex, mono - monomer, trim - trimer, DIG -
digitonin.

When working with fragile membrane protein complexes, the use of stabilisers should
be considered. These complexes are particularly sensitive to their surroundings after
extraction from the membrane, even though they are encased in a protective envelope
consisting of detergent. Another reason for the application of stabilisers is that the detergent
itself may not be suitable for further procedures and sample analysis. In optimising the
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extraction of the PSI or PSII scs while maintaining their intactness, we opted for three
stabilisers, namely amphipol, betaine and NaF.

I) Amphipols are surfactants that substitute the detergents used for membrane protein
solubilisation and replace them in the surrounding envelope of extracted protein complexes.
Amphipols increase the stability of proteins and prevent their thermodynamic dissociation
during separation and aggregation in a detergent-free environment. The most commonly used
amphipol A8-35 is suitable even for sample preparation for cryo-EM (see, e.g. Flotenmeyer et
al., 2007).

I1) Betaine is a small, highly soluble osmolyte that neutralises differences in osmotic
pressure, allowing organisms (at a lower level tissues) to adapt to changing environment and
abiotic stress caused by salinity. Naturally present across all living organisms, betaine is also
known to protect and stabilise the OEC against the dissociation of its subunits from PSII and
to coordinate the included Mn cluster (Murata et al., 1992; Papageorgiou and Murata, 1995).

I11) NaF is an acid and serine/threonine phosphatase inhibitor, which preserves the
phosphorylation state of extracted proteins. NaF is used throughout the entire sample
preparation, including buffers used for the isolation of thylakoid membranes as well as buffers
for solubilisation. The preservation of proteins in their phosphorylated state has important
implications for protein analysis, as this type of modification often determines their function
and associated structural characteristics. Adding NaF allows to study the activity of kinases or
the effect of their absence in mutants, state transitions and other reactions or protein
complexes, which function and structure are regulated by phosphorylation (Vener et al., 1999,
2001).

4.1.2. Selection of suitable separation method and its optimisation

CN-PAGE is the ideal method for the separation of solubilised protein complexes of the
photosynthetic apparatus. It finds its application, e.g. in (i) easy verification and determination
of the most suitable solubilisation conditions for a specific sample, (ii) separation of
individual scs that are further used for sample preparation for TEM and 2D structural analysis
of native protein complexes or, (iii) the pre-separation of protein complexes that are further
analysed in the second dimension, most often under denaturing conditions. The results from
2D separation provide information about the specific protein composition of the complexes
separated in the first dimension, and the spots representing individual proteins can be further
used for mass spectrometry analysis and protein quantification. However, it is
disadvantageous to combine CN-PAGE with methods that require high concentration of
specific protein complex, such as cryo-EM. Indeed, in our work, the extraction of protein
complexes separated by CN-PAGE, which were further concentrated to be up to the standard
for the cryo-EM requirements, led to their significant disintegration and aggregation. In
addition, the final concentration of the extracted proteins was still insufficient for cryo-EM
analysis.

Different  separation method under non-denaturing conditions represents
ultracentrifugation on a sucrose gradient. Ultracentrifugation currently represents the most
suitable method for the separation of fragile complexes from thylakoid membranes that
simultaneously reaches the cryo-EM standards.

The fractions of PSIl scs from spruce in our work (Opatikova et al., 2023) were
obtained by ultracentrifugation, using gradient preparation by the freeze/thaw method as
described by Caffarri et al. (2009). However, the separation was sub-optimal, as the fractions
of individual scs, albeit separated, were mostly diffused. Hence, we have begun optimising
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this method and looking for further improvements in how to preserve intact scs and increase
their stability.

The first step was to change the method of gradient preparation, for which we used
Gradient Master instead of the commonly used freeze/thaw protocol (for method
specification, see Section 3). This way of preparation provided a significant breakthrough in
the quality of separation of solubilised protein complexes. This device is designed to prepare
the gradients with variable concentration ranges of the main gradient carrier. Its preparation is
fast and precise, and the resulting gradient has smoother transitions, resulting in less diffused
and less dispersed fractions with sharper edges.

Due to the optimisation of the solubilisation of thylakoid membranes and the following
separation on the sucrose gradient, we were able to significantly improve the separation and
subsequent collection of fractions of selected protein complexes. The improved separation
manifested itself in more focused bands that were easier differentiated and partially also in the
presence of protein complexes with a higher molecular weight representing fragile mcs (Fig.
8, 9). To a lesser extent, the results of ultracentrifugation reflect the influence of the used
detergent and the presence of stabilisers on the efficiency of thylakoid membranes
solubilisation. For example, the higher yield and concomitant higher stability of proteins are
reflected by denser bands of individual scs and the lower presence or complete absence of
their smaller forms, e.g. C.S» scs of PSII (Fig. 8, 1I-1V). And although the gradient prepared
by freezing and thawing provides sufficient separation, compared to the gradient prepared by
Gradient Master, the fractions are more diffused and consequently less dense (Fig. 8).

The addition of 1M betaine increases the viscosity of the gradient solution, and
therefore, the overall separation pattern of individual scs is characterised by their closer and
overall higher localisation in the tube compared to the same gradient without betaine. This
phenomenon was observable even when the separation took three hours longer compared to
the separation without betaine (Fig. 8, 11-I11).

The addition of amphipol has the opposite effect on protein migration. By forming a
protective envelope around the fragile scs, this stabiliser increases their molecular weight, and
thus their position in the sucrose gradient is lower. However, this phenomenon is even better
observed in the gel after electrophoretic separation, where the scs enveloped by amphipol are
localised higher compared to their counterparts without amphipol (see next subsection, Fig.
13).

Nevertheless, the best way how to verify the stabilising effect of optimised buffer pH
and added stabilisers such as NaF, betaine and amphipol is a detailed structural analysis of
extracted proteins by cryo-EM. From our experience, we can conclude that the addition of
betaine results in the preservation of OEC and that the added amphipol forms characteristic
envelopes around the extracted proteins and remains stably bound, as even three hours of
dialysis did not wash it out. The presence of NaF manifests in the higher yield of PSI-LHCI|I
sc due to the preservation of LHCB2 phosphorylation (Fig. 7).

Furthermore, it is important to pinpoint that the separation on the sucrose gradient can
have a significantly different pattern based on the detergent used. This can be well
documented by comparing separations with digitonin and o DDM. Since the digitonin
molecule is significantly larger, the separation pattern of the solubilised thylakoid membranes,
even in the presence of betaine in the gradient, resembles that of samples solubilised with
a DDM without the addition of betaine (Fig. 8, I1-1V).

In addition to the changed separation pattern, the use of digitonin for thylakoid
membrane solubilisation and their subsequent separation on sucrose gradient led to the
extraction of fragile PSI-LHCII sc, with a higher abundance of extracted particles compared
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to the electrophoretic separation. A feat, which was unachievable by o DDM (Fig. 8, IV). In
the broader gradient of 10-40% instead of 10-30%, the scs are separated over a smaller area,
resulting in the closer proximity of PSII scs. This fact presents a rather significant obstacle
during the extraction of protein complexes as it increases the risk of their mutual
contamination. Moreover, in a broader gradient range, the effect of betaine is even more
pronounced with separated scs being even more appressed. (Fig. 9). Therefore, for optimal
separation of protein complexes from thylakoid membranes while maintaining their
intactness, it is advisable to use a lower gradient range, longer separation time and addition of
stabilisers.
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Figure 8: Optimisation of separation on sucrose gradient for solubilised thylakoid
membranes from Arabidopsis thaliana harvested for isolation after 30 min of dark
adaptation. Comparison of sucrose gradients prepared A) from 0.65M sucrose by freezing
and consequential thawing at 4 °C and B) gradients prepared with Gradient Master in the
range of 10 — 30% sucrose. Thylakoid membranes were solubilised and separated under
different conditions as follows: T (0.75% a DDM, 10mM HEPES (pH 7.5/NaOH), Chl
concentration of 0.5 mg/ml, 17 hours of separation); II (0.75% o DDM + 1% amphipol,
25mM MES (pH 6.5/NaOH), Chl concentration of 0.5 mg/ml, 13 hours of separation); 1lI
(0.75% o DDM + 1% amphipol, 25mM MES (pH 6.5/NaOH) + 1M betaine, Chl
concentration of 0.5 mg/ml, 16 hours of separation); IV (1% digitonin + 1% amphipol, 25mM
MES (pH 6.5/NaOH) + 1M betaine, Chl concentration of 0.33 mg/ml, 16 hours of separation).
Abbreviations: PSII - photosystem I, PSI - photosystem I, LHCII - light-harvesting complex
of photosystem 11, mc - megacomplex, sc - supercomplex, cc - core complex, mono - monomer,
trim - trimer.

45



A Spruce B Spruce Spruce
DARK LIGHT LIGHT

i
- LHCIl mono 8. LHCIl mono ._ - LHCII trim
. .-LHCIItrim - LHCII trim
._ - PSl sc + PSII cc

Jﬂ' - PSl sc + PSli cc h_ - PSl sc + PSll cc ' ]— PSll sc
i ——

}— PSII sc L - PSI/PSIl mc
PSll sc -
- PSI/PSIl mc

- PSI/PSIl mc

: \y 40% /

I 1| 111

NS90

Figure 9: Optimisation of separation on sucrose gradient for solubilised thylakoid
membranes from spruce harvested for isolation either after 30 min of dark adaptation
(DARK) or directly from growing light (LIGHT). Comparison of sucrose gradients
prepared A) from 0.65M sucrose by freezing and consequential thawing at 4 °C and B)
gradients prepared with Gradient Master in the range of 10 — 40% sucrose. Thylakoid
membranes were solubilised and separated under different conditions as follows: | (1%
a DDM, 10mM HEPES (pH 7.5/NaOH), Chl concentration of 0.33 mg/ml, 17 hours of
separation); II (1% o DDM + 10mM NaF, 10mM HEPES (pH 7.5/NaOH), Chl concentration
of 0.5 mg/ml, 15 hours of separation); III (1% o DDM + 1% amphipol + 10mM NaF, 25mM
MES (pH 6.5/NaOH) + 1M betaine, Chl concentration of 0.5 mg/ml, 14 hours of separation).
Abbreviations: PSII - photosystem I, PSI - photosystem I, LHCII - light-harvesting complex
of photosystem 11, mc - megacomplex, sc - supercomplex, cc - core complex, mono - monomer,
trim - trimer.

The necessity to optimise and improve the currently used methods is evident from the
results obtained for spruce (Opatikova et al., 2023). In spruce, the commonly abundant C>S;M
and the slightly less populated C>S:M> forms, although present in our fraction from sucrose
gradient, were underrepresented in the final data set after cryo-EM analysis, moreover, with
the loss of two subunits from OEC and PsbJ subunit, all located at PSII periphery. We
ascribed this loss to the suboptimal preparation conditions that increased the susceptibility of
the extracted particles to the environment and made them more prone to disintegration.

4.2. State transitions in spruce

State transitions are characterised by the balancing of the energy absorption between the
two photosystems. Upon preferential excitation of PSII, a significant reduction of PQ via
thioredoxins leads to the activation of the specific kinase STN7/STT7 (in higher plants and
green algae, respectively). Activated kinase phosphorylates LHCIIls (LHCB1 and LHCBZ2)
(Bellaflore et al., 2005), with the maximum phosphorylation observed under non-saturating
light conditions (Rochaix et al., 2014). Phosphorylated LHCII trimers bind to the PSI and
effectively transfer the harvested energy to its RC.
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The only high-resolution cryo-EM structure of the PSI-LHCII sc in higher plants has
been solved for Zm at 3.3 A resolution with one bound LHCII trimer (Pan et al., 2018) and for
the green alga Cr at 3.42 A (Huang et al., 2021) and 2.84 A (Pan et al., 2021) resolution with
two bound LHCII trimers. The high-resolution structures provided detailed information of this
sc composition and thus, in some cases, allowed to resolve previous discrepancies caused by
limited resources. For example, original studies on Cr implied that the binding of LHCII
trimer to the PSI is conditioned by simultaneous binding of the monomeric antenna CP29,
along with the minor presence of CP26 (Kargul et al., 2005; Tokutsu et al., 2009; Drop et al.,
2014b; Takahashi et al., 2014). However, since neither of these antennae were observed in
both high-resolution structures of Cr, it is assumed that they were either only a contaminant of
this fraction in previous studies (Pan et al., 2021) or were present in negligible sub-
stoichiometric amount (Drop et al., 2014b; Huang et al., 2021).

In addition to the high-resolution structures from Zm and Cr, the lower resolution of
PSI-LHCII sc structures has been obtained for other land plants, with the At as a pioneer
(Koufil et al., 2005a, Yadav et al., 2017) or from other organisms such as Pisum sativum (Qin
et al., 2015; Mazor et al., 2015, 2017) or the moss Pp (Yan et al., 2021; Gorski et al., 2022).
Different studies focusing on state transitions in land plants have further characterised this sc
and hypothesised about the essentiality of LHCII trimers phosphorylation for their attachment
(see, e.g. Benson et al.,, 2015), or emphasised their more complex regulation by an
accompanying modification such as acetylation (see, e.g. Koskela et al., 2020) (see the
introduction for more details).

Moreover, the structural studies of this sc in land plants, combined with biochemical
and fluorescence measurements data (see, e.g. Benson et al., 2015; Yadav et al., 2017;
Schwartz et al., 2018), strongly indicate the possibility of biding more than one LHCII trimer,
as is characteristic for green algae. In At, specifically PSI-LHCII fraction obtained by interval
zone free-flow electrophoresis, Yadav et al. (2017) observed attachment of a second LHCII
trimer on the side of the LHCI belt of PSI in variable positions. However, the confirmation of
PSI-LHClII) existence in higher plants remains controversial. The reason is that apart from
the free-flow electrophoresis, where the separation efficiency of individual proteins is
questionable, a specific fraction or band exclusive for this sc has not yet been obtained and
visualised in land plants, neither by CN-PAGE nor ultracentrifugation. Moreover, the natural
affinity of LHCII trimers for PSI extracted from the movement-limiting thylakoid membrane
into the soluble buffer must be considered, as this only further supports the possible artificial
origin of this sc in vascular plants. Any structural confirmation is then biochemically
unsupported.

Looking under the surface, although the essential single phosphorylated N-terminus of
LHCB2 (Thr3) and the surrounding amino acid region responsible for the binding of the
LHCII trimer to PSI sc is conserved in algae and land plants, the variability in this sc has been
observed. PSI-LHCII; in Cr is, for example, characterised by (i) a rotational shift of its first
LHCII trimer within the membrane plane in comparison to the trimer in land plants and (ii)
with the presence of the second bound LHCII trimer, both with highly dynamic binding
(Huang et al., 2021; Pan et al., 2021). Interestingly, Pp is characterised by a lower level of
LHCII phosphorylation compared to the levels observed in land plants and green algae (Busch
et al., 2013). Moreover, in plants, the LHCII trimer is pivoted to the stromal side, whereas in
Cr, the situation is vice versa, and the first LHCII trimer is pivoted to the opposite side into
the lumen. The rotational shift of the first LHCII trimer in Cr and different phosphorylation
level in Pp suggest specific regulatory mechanisms evolved in plant species with respect to
their environmental niche. Furthermore, in Cr, the second trimer stabilises the binding of the
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first LHCII trimer and interacts with the core via the PsaH subunit. However, since the
specific region of the PsaH subunit responsible for interaction with the second trimer
considerably differs in the Cr, Pp and Zm, land plants are expected to lose the ability to bind
the second LHCII trimer in the same manner as Cr and this binding is, therefore, specific only
for Cr as a representative of green algae (Shang et al., 2023).

It is interesting to pinpoint that although Crepin et al. (2020) also observed a larger
form of the PSI-LHCII sc in At, this sc did not include the second attached LHCII trimer.
Using a biochemical approach and electron microscopy, they revealed the existence of the
PSI-LHII sc with an additional LHCA1/4 dimer, PSI-6LHCI-LHCII, previously considered to
be exclusive to algae (Suga et al., 2019). A similar phenomenon was also observed by Pinnola
et al. (2018), who revealed the attachment of a closer unspecified dimer next to the LHCA1/4
dimer of PSI in Pp (according to the updated composition of LHCA belt in Pp by Gorski et
al., 2022, it is next to the dimer LHCA1/2b). And although its existence was originally
thought to be dependent on the presence of LHCB9, a protein exclusive to this moss, the
position of LHCB9 binding to the PSI (Iwai et al., 2018) suggests otherwise. As the position
of this dimer in At is shifted closer to the PsaH subunit of PSI compared to algae (Suga et al.,
2019), this dimer can easily interact with the bound LHCII trimer in its close proximity.
Moreover, it is hypothesised that the binding of this dimer and LHCII trimer to PSI are
mutually dependent. Nevertheless, whether the binding of the LHCII trimer is conditional for
the binding of the LHCA1/4 dimer or it is vice versa is still unclear, although the former
version is currently more preferred. The function of this additional dimer has been assigned to
either stabilisation of LHCII trimer attachment to PSI, creation of a binding site for loosely
bound LHCII trimers, or deliberate formation of the access’ blockade for phosphatase to the
phosphorylated threonine at the N-terminus of LHCB2 (Crepin et al., 2020).

In relation to Yadav et al. (2017), we observed this larger PSI-LHCII> sc also in spruce
as a contaminant of the PSI-LHCII fraction obtained by CN-PAGE. Nevertheless, due to its
low abundance and the relatively substantial variability in the second trimer binding position
(higher than observed for At, Yadav et al., 2017), the resulting resolution was sufficient only
for the characterisation of the different binding positions of the second LHCII trimer (Fig.
10), however insufficient for a more detailed structural analysis. We hypothesise that the high
variability of the second trimer position towards the PSI cc is responsible for a non-uniform
migration of the specific PSI-LHCII, sc forms and thus underlies the difficulty in achieving
its unique, clearly visible band/fraction by standard separation. Therefore, in addition to
obtaining a better resolution of PSI-LHCII. sc in spruce, we simultaneously aimed our efforts
at obtaining a specific band/fraction where the PSI-LHCII, sc would represent the major
moiety. In pursuit of this goal, we have put a considerable effort into optimising the protocol
for its separation and extraction, and although the process is still ongoing, several selected
experimental approaches and their results are listed below.
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Figure 10: Projections maps of PSI-LHCII and PSI-LHCII@) supercomplexes from
spruce obtained by single particle electron microscopy. Projections were fitted with the
known high-resolution structure of maize PSI-LHCII (Pan et al., 2018, PDB identifier 5ZJI).
A) Sc composed of PSI sc and one LHCII trimer attached to PSI cc subunits PsaA and PsaH,
B-D) scs composed of PSI and two LHCII trimers with the second trimer attached in different
positions within LHCA belt (via LHCAZ2/3 dimer, via both antennae LHCA2 and LHCA4 or
via LHCAL/4 dimer), E-F) scs composed of one PSI and two LHCII trimers, the second
trimer attached directly to the PSI cc. Structural assignment: PSI cc (green), LHCAl-4
(orange, blue, brown, yellow, respectively), LHCII trimer (magenta). The scale bar is 10 nm.
Adapted from Arshad (2022).

Using our standardly optimised conditions for solubilisation (0.5% and 0.67% o DDM
for At and spruce, respectively) and running 4-8% gradient CN-PAGE, the band with the
major abundance of PSI-LHCII is clearly visible in both plants, localised above the band with
co-migrating PSI sc and PSII cc. Moreover, a band representing PSI-6LHCI-LHCII is clearly
visible in At, however, its abundance together with the abundance of PSI-LHCII is lower in At
than in spruce due to the use of relatively strong detergent maltoside. In both samples, the
three largest PSII scs (C2S2Mz, C2S:M and C,S2/C,SM) form bands at the corresponding
positions, with a visual difference in their ratio, resulting from (i) their different abundance in
vivo, (ii) different solubilisation efficiency and, (iii) different stability after solubilisation.
While in At the most abundant are the two largest PSII forms, in spruce, the most abundant
form is the C2S;M (Fig. 11), a phenomenon that has been previously observed by our group
(Koutil et al., 2016). It should be clarified that in the 4-8% gradient gel, the trimers and
monomers of LHCII co-migrate and form a single band in the front of the gel.
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Figure 11: CN-PAGE of solubilised thylakoid membranes from spruce and Arabidopsis
thaliana harvested for isolation directly from growing light. Electrophoretic separation of
spruce and At thylakoid membranes solubilised with 0.67% and 0.5% a DDM, respectively, at
a final Chl concentration of 0.33 mg/ml. Images of the selected lines from the gel were
scanned at room temperature in transmission mode (green lines) and fluorescence mode
(black and white lines). Abbreviations: PSII - photosystem Il, PSI - photosystem I, LHCII -
light-harvesting complex of photosystem Il, mc - megacomplex, sc - supercomplex, cc - core
complex, mono - monomer, trim - trimer.

To improve the PSI-LHCII, extraction from spruce, we focused on the optimisation of
solubilisation conditions and separation. In addition to already tested different concentrations
of « DDM and the time of its incubation with the sample, we tested: i) other detergents,
specifically digitonin and B DDM, again at different concentrations, incubation times and
their combination with o DDM, ii) MES buffer for the preservation of lower pH during
solubilisation and separation, iii) buffer containing ACA, which loosens the appressed grana
that are then more accessible to the milder detergent digitonin, while simultaneously
preserving the stability of the scs, iv) different gradient of acrylamide gel or pre-casted gel,
and, v) different separation method, namely ultracentrifugation on a sucrose gradient.

I) Simultaneous application of a DDM and digitonin for solubilisation confirmed the
previously observed phenomenon that the combination of these two detergents has a milder
negative effect on weaker bonds and significantly enhances the extraction of fragile PSI-
LHCII scs (Galka et al., 2012). However, we did not observe the presence of the unique PSI-
LHCII, band (Fig. 12), although electron microscopy confirmed the presence of this particle
in small amounts as a contaminant in the PSI-LHCII band. Extraction of PSII scs from the
thylakoid membrane was strongly suppressed at lower concentration of a DDM, as reflected
by their very low abundance in CN-PAGE, and only slightly increased at elevated
concentrations of this detergent (Fig. 12). And while the 1-1.5% digitonin seems to be
optimal for PSI extraction with concurrent preservation of their intactness, 2—2.5% digitonin
proved to have a more disruptive effect (Fig. 12).
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Figure 12: CN-PAGE of solubilised thylakoid membranes from spruce harvested for
isolation directly from growing light. Electrophoretic separation of spruce thylakoid
membranes solubilised with a combination of different concentrations of digitonin and o
DDM (described in the line titles) at a final Chl concentration of 0.5 mg/ml. Images of the gel
were scanned at room temperature in transmission mode (green image) and in fluorescence
mode (black and white image). Abbreviations: PSII - photosystem Il, PSI - photosystem |,
LHCII - light-harvesting complex of photosystem 11, sc - supercomplex, cc - core complex,
mono - monomer, trim - trimer, DIG - digitonin.

I, Il and V) To increase the stability of this fragile complex, we tested lower pH of 6.5
preserved by MES buffer in combination with added amphipol a8-35. For separation, we
opted for a broader acrylamide gradient of 4-10% or 4-12%, both with a 4% stacking gel,
combined with a lower amount of loaded Chl per well to achieve sharper, denser bands, which
may be otherwise diffused in the 4-8% gradient. And finally, we tested the solubilising effect
of both o and § DDM.

While milder o DDM provides sufficient solubilisation of At thylakoid membranes, its
solubilising effect on spruce is significantly lower (Fig. 13). Oppositely, use of f DDM on At
leads to the increased degradation of its scs, while in spruce it allows more efficient
solubilisation of the thylakoid membranes (Fig. 14). However, neither of these two
separations resulted in a single specific band for PSI-LHCII> (Fig. 13 and 14).

Nevertheless, it is interesting to note that we could clearly observe the effect of
amphipol in the gel, which enveloped the solubilised protein complexes and thus increased
their molecular weight. This effect should be taken into consideration when evaluating the
separation results for samples with and without amphipol. The expected increase in stability
of scs due to added amphipol could be supported by a stronger signal (in transmission and
fluorescent mode) of larger PSII scs in At. However, due to the low efficiency of
solubilisation, the effect of amphipol in spruce cannot be evaluated.

Focusing on the overall separation, due to the broader gradient range, the PSII scs
characterised by larger molecular weight are separated over a smaller area, which complicates
their distinction, although the bands are sharper. In addition, the more efficient solubilisation
of At thylakoid membranes (Fig. 13) and the overall higher amount of loaded sample (Fig. 14)
led to Chl overloading. Combined with the longer separation time due to the broader gradient,
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this led to the presence of characteristic fussy” bands, more pronounced in the gel with the
wider range of gradient, probably caused by the depletion of ions in the running buffer. On
the other hand, with increasing gradient ranges, complexes and subunits with lower molecular
weight are separated with higher resolution over a larger area of the gel. This led to the
discerning of the characteristic M-band (M-LHCII trimer-LHCB4-LHCB6 complex) in At

(Bassi and Dainese, 1992), which is absent in spruce due to the loss of LHCB3 and LHCB6
(Fig. 14).
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Figure 13: CN-PAGE of solubilised thylakoid membranes from spruce and Arabidopsis
thaliana harvested for isolation either directly from growing light (LIGHT) or after 30
min of dark adaptation (DARK). Electrophoretic separation of spruce and At thylakoid
membranes solubilised with 1% o DDM in MES buffer supplemented with 1% amphipol and
10mM NaF, in 4% stacking + 4-10% separating gradient gel. Labels represent the loaded
amount of Chls (ng) per well (plus indicate the potentially added amphipol in three samples).
Images of the gel were scanned at room temperature in transmission mode (green image) and
in fluorescence mode (black and white image). Abbreviations: PSII - photosystem II, PSI -
photosystem I, LHCII - light-harvesting complex of photosystem Il, mc - megacomplex, sc -
supercomplex, cc - core complex, mono - monomer, trim - trimer, a8-35 - amphipol.

52



Spruce :  Arabidopsis : Spruce Spruce : Arabidopsis :  Spruce

LIGHT : DARK : DARK LIGHT *  DARK :  DARK
¥, $:2 , ¥2:32 % 2 oy ¥ o, 2 o2 , 2
n 3 n n 3 n Lo 3 n n 3 n n =3 n n 3 n
N o« ~ ~ < NN < N N < N A < N ~ < N
b on . = ki) H
PSI/PSII mc + PSli sc { = kL — =gV NN ¥ | £3 = ¥ | -
"' — -
PSIl cc + PSI sc — s v D . s W : U
M-band — o - - .
- : " : -

Figure 14: CN-PAGE of solubilised thylakoid membranes from spruce and Arabidopsis
thaliana harvested for isolation either directly from growing light (LIGHT) or after 30
min of dark adaptation (DARK). Electrophoretic separation of spruce and At thylakoid
membranes solubilised with 1% B DDM in MES buffer in 4% stacking + 4-12% separating
gradient gel. Labels represent the loaded amount of Chls (ng) per well. Images of the gel were
scanned at room temperature in transmission mode (green image) and in fluorescence mode
(black and white image). Abbreviations: PSII - photosystem II, PSI - photosystem I, LHCII -
light-harvesting complex of photosystem Il, mc - megacomplex, sc - supercomplex, cc - core
complex, mono - monomer, trim - trimer, M-band — M-LHCII trimer-LHCB4-LHCBS.

I, 1l and V) To improve the extraction of PSI scs from membranes using only the
milder detergent digitonin without maltoside, we tested ACA solubilisation buffer according
to Rantala et al. (2017). Solubilised thylakoid membranes were then separated using the 4—
15% pre-casted gel (Fig. 15) since we decided to test whether a commercially prepared gel
would help with the separation and visualisation of fragile protein complexes extracted with
low efficiency. The solubilisation conditions combining ACA and 1.5-2% digitonin were
suitable for preferential extraction of labile PSI scs in high amounts, and this separation
resulted in the clear and nicely separated band for PSI-LHCII. Since the position of the band
localised directly above the PSI-LHCII band corresponded to the expected position of PSI-
LHCII> sc, we verified its composition by TEM. However, analysis of this band revealed a
major abundance of the C.S, PSII sc with only low amounts of PSI-LHCII. sc, and therefore
this separation cannot be considered to be a suitable method for its separation (Fig. 15).
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Figure 15: CN-PAGE of solubilised thylakoid membranes from spruce harvested for
isolation either directly from growing light (LIGHT) or after 30 min of dark adaptation
(DARK). Electrophoretic separation of spruce thylakoid membranes solubilised with 1.5 or
2% digitonin and final Chl concentration of 0.5 mg/ml with 10mM NaF in ACA buffer
(loading of 25 pl per well), supplemented with 0.1% sodium deoxycholate after solubilisation,
separated in 4-15% pre-casted gradient gel. Images of the selected lines from the gel were
scanned at room temperature in transmission mode (green lines) and in fluorescence mode
(black and white lines). Abbreviations: PSII - photosystem II, PSI - photosystem I, LHCII -
light-harvesting complex of photosystem Il, mc - megacomplex, sc - supercomplex, cc - core
complex, mono - monomer, trim - trimer, DIG - digitonin.

V) Nevertheless, without any promising results from electrophoretic separation, we
opted for separation on sucrose gradient, where we tested combinations of different (i) buffers
(HEPES (pH 7.5/NaOH) or MES (pH 6.5/NaOH)), (ii) detergents (0. DDM, digitonin), (iii)
and different additives such as amphipol, betaine and NaF (Fig. 16). As discussed in the
previous section, the gradient prepared by Gradient Master provides significantly higher
resolution of the separated protein complexes, especially PSII scs and PSI/PSII mcs, under
standard conditions compared to the separation on the gradient prepared by freezing at -80°C
and thawing at 4°C (Fig. 16, I-1I, VI). The combination of 0.5-1% digitonin with a low
concentration of o DDM (0.1-0.2%) allows the prevalent extraction of PSI scs, with the main
two bands of interest further analysed and designated as the PSI sc co-migrating with PSII cc
(upper one, No. 3) and the fragile PSI-LHCII sc (lower one, No. 4) (Fig. 16, I1I-V and VII).
The highest yield of PSI-LHCII fraction was obtained with a combination of 1% digitonin and
0.2% o DDM supplemented with 0.6% amphipol separated in MES buffer at pH 6.5 with the
addition of 1M betaine (Fig. 16, VII). A higher concentration of « DDM (2.5%) combined
with 1% digitonin led to the complete disintegration of the PSI-LHCII sc regardless of the
addition of amphipol, NaF, betaine and lower pH (Fig. 16, VIII).
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Figure 16: Optimisation of thylakoid membrane solubilisation, the preparation method
of sucrose gradient, buffer composition, and addition of optional stabilisers to obtain
PSI-LHCII2 fraction from spruce. Thylakoid membranes were harvested for isolation
directly from growing light. Images of solubilised thylakoid membranes from spruce, final
Chl concentration of 0.5 mg/ml, separated by ultracentrifugation under different conditions: |
and 11 (1% a DDM, 10mM HEPES (pH 7.5/NaOH)); III (0.1% o DDM + 0.5% digitonin,
10mM HEPES (pH 7.5/NaOH)); IV (0.2% o DDM + 1% digitonin + 10mM NaF + 1%
amphipol, 10mM HEPES (pH 7.5/NaOH)); V (0.1% a DDM + 0.5% digitonin + 10mM NaF
+ 1% amphipol, 10mM HEPES (pH 7.5/NaCH)); VI (1% o DDM + 10mM NaF + 1%
amphipol, 25mM MES (pH 6.5/NaOH) + 1M betaine); VII (0.2% o DDM + 1% digitonin +
10mM NaF + 0.6% amphipol, 25mM MES (pH 6.5/NaOH) + 1M betaine); VIII (2.5%
a DDM + 1% digitonin + 10mM NaF + 0.7% amphipol, 25mM MES (pH 6.5/NaOH) + 1M
betaine). Gradients I, VII and VIII: 17 hours of separation, 11-V: 14 hours of separation and
VI: 15 hours of separation. Protein complexes labelled with numbers as follows: 1 - LHCII
monomers, 2 - LHCII trimers, 3 - PSI sc + PSII cc, 4 - PSI-LHCII, 5 - C2S2/ CoSM, 6 - PSII
scs (C2SaM2 + CoSaM), 7 - PSI/PSII mes. A) Gradient prepared from 0.65M sucrose by
freezing and thawing and B) gradients prepared by Gradient Master in the range of 10 - 40%
sucrose. Fractions representing PSI sc co-migrating with PSII cc are highlighted in red colour
for easier orientation within the gradient. Abbreviations: PSIlI - photosystem II, PSI -
photosystem I, LHCII - light-harvesting complex of photosystem Il, mc - megacomplex, sc -
supercomplex, cc - core complex, mono - monomer, trim - trimer.
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However, since these experiments did not lead to any significant result in terms of the
successful separation of PSI-LHCII> sc, we chose a different approach to extract this sc
without detergents by styrene maleic acid (SMA) co-polymer, using a modified protocol
originally designed by Lee et al. (2016). This method is based on the stabilisation of the
extracted proteins by keeping them in their natural environment, encapsulated in their lipid
bilayer surrounded by SMA. Despite its limitations as i) the maximum molecular weight of
the extracted proteins is approximately 400 kDa or 36 transmembrane helices, ii) the pH-
dependent solubility of SMA (insoluble below pH 6.5), and iii) the side effect of SMA as a
divalent cations chelator resulting in an insoluble chelate, this method has its advantages, and
we decided to test it in the separation of our PSI-LHCII, sc. We used two protocols: i) the
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overnight incubation of spruce thylakoid membranes with the polymer at 4 °C, and ii) one-
hour incubation with the polymer at 40 °C. Although we obtained three highly diffused
fractions after separation on the sucrose gradient, none of them corresponded to the desired
PSI-LHCI|I fraction, but only to PSI-LHCII (data not shown).

To further biochemically reinforce the existence of PSI-LHCII, sc, we attempted to
confirm its presence in the second dimension of electrophoresis, which is much more
sensitive compared to native electrophoresis. The reason is that we did not manage to obtain
one clear fraction or band of this sc, only its contaminant presence in another band (Fig. 12,
15). For the first dimension, we used BN-PAGE (Blue Native) instead of standard CN-PAGE
to better visualise all separated bands. In the first dimension of BN-PAGE, the band
corresponding to PSI-LHCII was clearly visible, but no band that could represent PSI-LHCII,
was observed (Fig. 17, A). The most representative line from the first dimension was selected
and used for electrophoresis in the second dimension under denaturing conditions. The
separated proteins were then visualised by a silver staining technique characterised by high
detection sensitivity. Interestingly, although no band corresponding to the PSI-LHCII, sc was
observed above the PSI-LHCII in the first dimension as previously mentioned, a characteristic
pattern of separated PsaA/PsaB and LHCAs proteins with a strong signal for LHCB1 and
LHCB2 were observed below this apparently unoccupied region in the second dimension.
Even though the separation in the second dimension was not optimal, as the dark horizontal
lines representing partial lateral diffusion of the separated proteins are present, the LHCAS
pattern is clearly discernible in the position of the PSI mcs and in additional three lower bands
from the BN-PAGE strip, two of which represent the PSI sc co-migrating with PSII cc and
PSI-LHCII (Fig. 17, B). This is further confirmation of a potentially formed PSI-LHCII; in
spruce, undetectable in the first dimension, nevertheless supported in the second dimension.
Admittedly, the presence of different PSI sc (with additionally attached, closely unspecified
proteins) cannot be excluded without more detailed analysis, for example, by mass
spectrometry. However, the position in the BN-PAGE gel derived from the characteristic
pattern of PSI proteins in the 2D gel would be consistent with the expected position of PSI
with two LHCII trimers based on its calculated molecular weight.
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Figure 17: 2D-BN/SDS-PAGE of solubilised thylakoid membranes of spruce harvested
for isolation directly from growing light. A) Electrophoretic separation of spruce thylakoid
membranes solubilised with 0.7% o DDM in the gradient gel 4-8% and final Chl
concentration of 0.5 mg/ml (loading of 16 ul per well). Image of the selected line from the gel
scanned at room temperature in transmission mode. B) 2D-SDS-PAGE of thylakoid
membrane protein complexes from spruce separated by BN-PAGE in the first dimension,
applied on the gel as a gel strip, and subsequently separated in 5% stacking and 12%
separating gel. A silver staining protocol was used to visualise the separated proteins, and the
gel was scanned at room temperature in transmission mode. The individual protein spots are
determined tentatively based on the available information from the literature and the expected
molecular weight of proteins. Abbreviations: PSII - photosystem II, PSI - photosystem I,
LHCII - light-harvesting complex of photosystem Il, mc - megacomplex, sc - supercomplex, cc
- core complex, mono - monomer, trim - trimer, LHCAs - light-harvesting complexes of
photosystem 1.

In addition to improving the separation and solubilisation conditions, we simultaneously
attempted to eliminate the possibility of artificial formation of PSI-LHCII, by its forced
induction. For this purpose, we combined eluates of gel bands representing free LHCII trimers
or PSII scs with PSI-LHCII sc and subsequently analysed this mixture by (i) TEM (data not
shown) or (ii) CN-PAGE re-electrophoresis. The purposeful complementation of PSI-LHCII
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with either PSII scs or free LHCII trimers should represent a different source of the LHCII
trimer’s origin.

Neither the combination of PSI-LHCII sc and PSII sc (C2S2M) nor the combination of
the PSI-LHCII sc and free LHCIIs led to the formation of the extra PSI-LHCII2 band (Fig.
18). Separation of protein scs from control PSI-LHCII bands either from spruce or At on the
second gel confirmed the previous observation that At PSI-LHCII sc is more fragile and easily
disintegrate into the PSI sc and LHCII, whereas spruce counterpart is surprisingly stable and
disintegrated only minimally. However, it should be pointed out that the original PSI-LHCII
band from At has a significantly lower density than the same band from spruce. Control
separation of PSII sc (C2S2M) as a position marker confirmed the expected high stability of
this sc, however, we observed an additional band with higher molecular weight in the same
line. Based on its position and supported by a strong fluorescent signal, this band could
represent PSII aggregates or their artificially formed mcs, thus demonstrating their natural
tendency to mutually adhere.

In conclusion, the forced induction of PSI-LHCII> scs formation by mixing the eluates
from the specific gel bands further excluded the hypothesis about the artificial formation of
this sc, as this form was not observed in any combination of the aforementioned gel bands.
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Figure 18: Re-electrophoresis of selected PSI and PSII supercomplexes and free LHCIIs
from spruce and Arabidopsis thaliana. A) Electrophoretic separation of spruce and At
thylakoid membranes harvested for isolation directly from growing light, solubilised with
0.67% and 0.5% o DDM, respectively, at a final Chl concentration of 0,33 mg/ml. Images of
the selected lines from the gel were scanned at room temperature in transmission mode (green
lines). The red boxes with numbers represent the gel bands used for re-electrophoresis. B) Re-
electrophoresis of the gel bands from CN-PAGE, line labels designate the bands used from
the first separation, fixed at a specific position in a second gel with 0.6% agarose in the upper
buffer. Images of the gel were scanned at room temperature in transmission mode (green
image) and in fluorescence mode (black and white image). Abbreviations: PSII - photosystem
[, PSI - photosystem I, LHCII - light-harvesting complex of photosystem II, mc -
megacomplex, sc - supercomplex, cc - core complex, mono - monomer, trim - trimer.
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4.3. Conclusion of experimental approach - optimisation of supercomplexes extraction

In summary, the above-described biochemical experiments and their optimisations have
brought a deeper insight into the plasticity of thylakoid membranes with respect to their
solubilisation together with the effect of separation methods on the quality of the protein scs
purification. Application of different modifications, such as (i) the use of different detergents,
different concentrations or their combinations, (ii) the addition of stabilisers, or (iii) the
implementation of different separation procedures, can all ensure favourable solubilisation
and extraction of specific sc from the heterogeneous environment of thylakoid membranes. In
addition, it can (i) improve the quality of the separation of different protein complexes
through the higher resolution of individual CN-PAGE bands or sucrose gradient fractions, (ii)
preserve the maximum intactness of the extracted protein complexes and keep them in the
close to native state, and (iii) provide sufficient amounts of homogeneous sample for
subsequent methods such as cryo-EM. The protein sample prepared in this way can be used to
obtain a high-resolution structure close to its near-native state, thereby providing additional
information needed to determine its function.

My primary goal in this part of my thesis was to optimise the separation protocol for the
sucrose gradient ultracentrifugation to obtain homogeneous and concentrated fractions of
specific protein scs suitable for analysis by cryo-EM. | was able to achieve this goal for the
largest forms of the PSII sc present under standard conditions, specifically (i) C2S:M:
observed in spruce and At and (ii) C2S2M2N2 observed in Cr. However, even this method
cannot be universally applied to obtain arbitrary scs due to the co-migration of protein scs.
This is a common drawback of separation methods that are based on the molecular weight of
the separated proteins. Therefore, at least in the case of the study of photosynthetic protein
scs, it is recommended to prepare, e.g. specific fragments of thylakoid membranes enriched in
the protein sc of our interest before the actual separation.

Protein complexes that are too fragile or their inter-subunit binding is very labile due to
their regulatory function, may be difficult to obtain in sufficient quantities. A low abundance
of solubilised protein does not form a specific band or fraction during separation, which
complicates or even prevents their structural analysis by EM. Such a protein sc, for example,
is the transiently formed PSI-LHCII2, where obtaining a pure, clearly visible PSI-LHCII;
fraction remains elusive for now. The existence of this specific sc in higher plants is currently
biochemically unprovable because the standard separation methods used in combination with
different solubilisation conditions did not result in one unique fraction/band, even though this
sc was observed by electron microscopy.

Focusing on induction of the state transitions in plants, obtaining a higher yield of
characteristic PSI-LHCII> sc could be enhanced by fine-tuning of the light conditions in the
growing chamber prior to isolation of the thylakoid membranes. The maximum level of
phosphorylation of LHCB2, the conditional for the state 2 transition, does not occur under the
growing light. It is known that in natural conditions, the maximal phosphorylation of LHCB2
occurs under non-saturating light (Rochaix et al., 2014). It has been shown experimentally
that maximum phosphorylation can be induced in plants exposed to light at half the intensity
of the growing light. However, as discussed in the previous sections, a higher abundance of
PSI-LHCII particles does not necessarily lead to a higher amount of PSI-LHCI I, because the
attachment of the second trimer in vascular plants is assumed to be independent of its
phosphorylation. In conclusion, although there are numerous, more or less indirect indications
for PSI-LHCII; formation in vascular plants, their structural validation and biochemical
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confirmation would definitely require more creativity in the search for a non-standard optimal
approach for their isolation.

As far as the experimental approach is concerned, the influence of the methods used on
the results obtained must be taken into account when evaluating the structure of
photosystems, especially when making hypotheses based on these results. With the increasing
quality and resolution of the revealed structures of both photosystems (and a variety of their
scs) or other protein complexes embedded in the membranes, we can simultaneously observe
the influence of detergents and additives that were used for their extraction. On the one hand,
they allow us to extract the intended protein in an “intact” state; on the other hand, the
biochemical nature of these molecules may influence the final protein structure. An example
could be a DDM, which was fitted in more than one electron density map of PSI sc (e.g. Pan
et al., 2018), even numerous molecules per one photosystem, or in the PSII sc (e.g. Sheng et
al., 2019), albeit with lower abundance. While the amphiphilic character of these molecules
allows them to form an envelope around the extracted protein, at the same time, it allows
them to expel a potentially present molecule, e.g. lipid, from the native structure and replace it
with the potential effect on the final structure. However, the presence and conclusive
identification of these detergent molecules in the structure is hard to achieve, as (i) the
electron density map is insufficient or incomplete at some positions, most often due to the
higher flexibility of the specific region in the structure, and (ii) there is a number of molecules
with similar structure. Nevertheless, the presence of different molecules with physiological
relevance to plants should also be considered.

A deeper insight into the effect of the used detergent on the final structure and its
composition provided the study by Graca et al. (2021), in which they used digitonin for
extraction of PSII sc from At. Since this detergent molecule has a relatively large molecular
mass and a specific structure, its presence in the electron density map was easily detectable.
And although, on the one hand, the authors emphasised its beneficial effect on the stability of
PSII sc during extraction, they also highlighted the effect of its integration on the resulting
structure, composition and integrity. The 22 molecules of digitonin identified in one structure
of At PSII resulted in: i) changes in the inter-subunit distances, ii) destabilisation of the
natural conformation that led to the release of molecules from the structure, for example, the
loss of xanthophyll molecule from S-trimer or replacement of digalactosyldiacyl glycerol
(DGD) leading to the loss of PsbJ subunit or, iii) changes in flexibility within individual PSII
scs due to the induced loss of several interactions between the molecules. And although this
disruptive effect of digitonin, or detergents in general, on the protein structures may seem
inconvenient, the achieved findings can be used to study the importance of specific subunits,
molecules or interactions (protein-protein, protein-ligand, ligand-ligand) on the function and
stability of a protein complex or, to evaluate the consequences of using a particular detergent
and thus provide important additional information. It is, thereby, very important to be aware
of such an effect and to take it into consideration when studying the structural aspects of
protein complexes.

In addition to detergents, the influence of other factors on the obtained results needs to
be considered, such as the character of studied biological material. Taking spruce as an
example, it is important whether we are studying few-weeks-old seedlings grown under
control conditions or spruce in its natural habitat. Whether we process either a few-years-old
needles or their fresh spring sprouts, which are further affected by fluctuating light conditions
due to shading, etc. The influence of such a difference in the source material for study needs
to be considered, and all influencing factors taken into account when hypothesising about the
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photosynthetic apparatus and its regulation in particular photosynthetic organisms under
selected controlled or natural conditions.

In conclusion, when researching a specific topic and performing the corresponding
experiments, one has to be really careful when evaluating the obtained experimental data and,
at the same time, to be aware that unknown attributes can influence the final results.
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Abstract

The heart of oxygenic photosynthesis is the water-splitting photosystem I1 (PSII), which forms
supercomplexes with a variable amount of peripheral trimeric light-harvesting complexes
(LHCII). Our knowledge of the structure of green plant PSI1 supercomplex is based on findings
obtained from several representatives of green algae and flowering plants, however, data from
a non-flowering plant are currently missing. Here we report a cryo-electron microscopy (cryo-
EM) structure of PSII supercomplex from spruce, a representative of non-flowering land plants,
at 2.8 A resolution. Compared to flowering plants, PSII supercomplex in spruce contains an
additional Ycf12 subunit, Lhcb4 protein is replaced by Lhcb8, and trimeric LHCII is present as
a homotrimer of Lhcbl. Unexpectedly, we have found a-tocopherol (a-Toc)/a-
tocopherolquinone (a-TQ) at the boundary between the LHCII trimer and the inner antenna
CP43. The molecule of a-Toc/a-TQ is located close to chlorophyll a614 of one of the Lhcbl
proteins and its chromanol/quinone head is exposed to the thylakoid lumen. The position of a-
Toc in PSII supercomplex makes it an ideal candidate for the sensor of excessive light, as a-
Toc can be oxidized to a-TQ by high-light-induced singlet oxygen at low lumenal pH. The
molecule of a-TQ appears to shift slightly into the PSII supercomplex, which could trigger
important structure-functional modifications in PSIl supercomplex. Inspection of the
previously reported cryo-EM maps of PSII supercomplexes indicates that a-Toc/a-TQ can be
present at the same site also in PSII supercomplexes from flowering plants, but its identification
in the previous studies has been hindered by insufficient resolution.

Introduction

Photosynthesis is essential for the majority of organisms living on Earth. This process,
employed by (cyano-)bacteria, algae, and land plants, is crucial for the conversion of water and
carbon dioxide molecules into oxygen and organic substances and is enabled by the cooperative
function of two pigment-protein complexes - photosystem (PS) Il and I.

PSII is a supramolecular pigment-protein complex embedded in the thylakoid membrane.
Upon absorption of light, it splits water molecules into oxygen, electrons, and protons, and
creates the proton gradient across the thylakoid membrane, which is the driving power for ATP-
synthase. Over the past few years, an extensive effort of several research groups in the field of

cryo-electron microscopy (cryo-EM) has led to the description of the structure of eukaryotic
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PSIl supercomplexes at near-atomic resolution in representatives of green algae
(Chlamydomonas reinhardtii (Cr))*? and flowering plants (angiosperms)®®. All the PSII
structures known so far confirm the dimeric nature of the PSII core (Cz). The structure of C; is
highly conserved across photosynthetic species and its pigment-protein composition
arrangement is strikingly similar to its evolutionarily older counterpart in thermophilic
cyanobacteria®®. Unlike Co, the light-harvesting complexes (LHCII) that bind to C; in the form
of LHCII trimers and monomers are the source of significant variability of PSII structure in
different organisms. For instance in Cr, the LHCII trimers consist of a combination of
LHCBMZ1-9 proteins®, while in land plants they are formed by a variable combination of only
three proteins Lhcb1-3%°.

Differences in the type and number of LHCII trimers attached to Cz result in different forms
of PSII supercomplexes. Three types of LHCII trimers are recognized, based on the strength of
their attachment to C, — Strongly (S), Moderately (M), and Loosely (L) bound trimers. The
most abundant form of PSII supercomplex in land plants is the C2S2M> supercomplex, where
two copies of each S and M trimers are bound to C, via monomeric antenna proteins Lhcb4,
Lhcb5, and Lhcb6 (see below for exceptions). In Cr, however, the Lhcb6 protein is missing,
which results in a slightly altered binding position of LHCII trimers in the PSII
supercomplex'2, This modification may also be the reason why large C2S;MaL.
supercomplexes are common in Cr, whereas in land plants they are usually very rare. Different
organization of PSII supercomplexes in Cr and land plants has a direct impact on the major
excitation energy transfer (EET) pathways between chlorophyll (Chl) molecules from LHCII
to the reaction center of C2!3, which can have significant consequences for the adjustment of
the absorption cross-section of PSII in the dynamic light environment.

Recently, we have found that the composition and arrangement of PSII supercomplexes in
land plant species are not as conserved and uniform as initially hypothesized. The gymnosperm
genera Picea and Pinus (family Pinaceae) and Gnetum (clade Gnetales) have lost light-
harvesting proteins Lhcb3 and Lhcb6 during evolution. As a consequence, the organization of
their PSII supercomplexes is different from other land plants and shares some common features
with the supercomplex from the green alga Cr'**®, In addition, these genera have retained only
one isoform of the Lhcb4 protein, namely Lhcb4.3, also referred to as Lhch8. Lhcb8 is a
specific isoform of Lhcb4 that has been observed so far only in a subgroup of dicotyledonous
plants and only under high-light conditions’, suggesting its important role in plants coping with
excess light'®. However, even the exposure of plants to high light intensity does not lead to a

complete replacement of Lhch4 by Lhcb8 in the PSII supercomplex, and their simultaneous
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presence does not allow a structural study focused purely on the structure and role of Lhcb8 in
the organization of the PSII supercomplex*®.

Here we present a cryo-EM density map and structural model of the PSIlI C»S;
supercomplex from Norway spruce (Picea abies, hereinafter referred to as spruce) at 2.8 A
resolution. The obtained model with near-atomic resolution provides structural insight into
subunit composition and pigment arrangements, enabling analysis of EET pathways within the
supercomplex. The PSII structure from a gymnosperm representative partially fills the gap
between the known PSII structures from green algae and angiosperm species and enables their
detailed structural and functional comparison. Analysis of the cryo-EM density map of the PSII
supercomplex revealed a specific density at the boundary between the LHCII trimer and the
inner antenna CP43, which was assigned to a-tocopherol (a-Toc)/a-tocopherolquinone (a-TQ).
The possible role of a-Toc in the protection of PSII against photo-oxidative damage is

discussed.

Results and Discussion

Overall structure
The structure of the PSII supercomplex from Norway spruce, a model organism of
gymnosperms, was studied using single-particle cryo-EM. PSII supercomplexes were purified
from solubilized thylakoid membranes by sucrose gradient ultracentrifugation. A gradient
fraction of PSII supercomplexes was collected (Fig. 1a), concentrated, and used for cryo
specimen preparation and data acquisition (Fig. 1b). A visual analysis of 2D classes of aligned
particle projections showed that the best-resolved densities were obtained for the C,S form of
the PSII supercomplex (Supplementary Fig. 1). The larger forms of PSII supercomplexes (i.e.
C2S2M> and C.S2M) were underrepresented in the obtained data set, leading to the absence of
their homogeneous classes with well-resolved projections. This is in agreement with our
previous report indicating a higher abundance of smaller forms of PSII supercomplexes (C2Sz)
in spruce* compared to other plant species, e.g. Arabidopsis thaliana (At). The best resolved
2D classes of C»S, supercomplexes were used for the 3D reconstruction, which generated a
final map of the PSII C.S; supercomplex at 2.8 A resolution (FSC=0.143, Fig. 1c, d;
Supplementary Fig. 2; Supplementary Table 1).

Spruce PSII C>S2 supercomplex consists of the dimeric core complex, which binds two S-
LHCII trimers and two of each minor antenna proteins Lhcb5 and Lhcb8 (Fig. 1c, d). It binds

204 chlorophylls, 4 pheophytins, 56 carotenoids, and a number of lipids and cofactor molecules
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(Supplementary Table 2). The calculated root-mean-square deviation (RMSD) values between
the spruce PSII C2S, supercomplex and supercomplexes from other plant species!™*° ranged
from 1.4 A to 2.4 A, indicating similar structural features between spruce PSII and PSII from
other organisms (Supplementary Table 3). The structural similarities are also apparent from the
superposition of the structural model of the spruce PSII C2S; supercomplex with those from

other photosynthetic organisms, including Cr, At, spinach, and pea (Supplementary Fig. 3).

Fig. 1 | Separation and single-particle cryo-EM analysis of spruce photosystem Il C2S2
supercomplex. a, Separation of the PSII supercomplexes using sucrose gradient
ultracentrifugation of solubilized thylakoid membranes from spruce. The fraction marked “PSl|I
sc” was used for the cryo specimen preparation. The experiment was repeated nine times
independently with similar results. b, Representative electron micrograph of a cryo-EM
specimen of the spruce PSII supercomplexes. In total, 2392 electron micrographs were
recorded. ¢, d, 3D cryo-EM density map of the spruce C2S. supercomplex side view (along the
membrane plane) (c), and top view (lumenal side) (d). The PSII dimeric core complex C; is
shown in green, Lhcb5 in light blue, Lhcb8 in orange, and the S-LHCII trimer in yellow.

Structure of the core complex of PSI|I

As in other plant species, the core complex of spruce forms a homodimer with characteristic
two-fold symmetry (Fig. 2). Each monomer is composed of four major intrinsic subunits PsbA
(D1), PsbB (CP47), PshC (CP43), and PsbD (D2). The rest of the core complex is formed by
smaller low-molecular-weight subunits, namely PsbE, PsbF (cytochrome bsse alpha and beta
subunit, respectively), PsbH, Psbl, PsbK-M, PsbO, PsbT., PsbT,, Ycfl2, Psbw, PsbX, and
PsbZ (Fig. 2c). A comparison of the subunit composition of the core complex from spruce and
its counterparts from angiosperm species (Arabidopsis, pea, spinach) revealed the presence of
one subunit specific for the spruce core complex, Ycfl2. This protein has so far been found
only in the PSII structure from green alga Cr'?, as the corresponding gene is missing in
angiosperms?°. The position of Ycf12 in spruce closely corresponds with its position in Cr. It
strongly interacts with PsbK and PsbZ with an interface area of 446 A% and 347 A2, respectively.
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On the stromal side, the C-terminal tail of Ycf12 interacts with the N-terminus of PsbC. In Cr,
Ycf12 is also in contact with PshJ'2, which is, however, missing in our structure, together with
PsbP and PsbQ subunits. PsbJ is a low-molecular-mass subunit represented by a single
transmembrane a-helix localized at the periphery of the core complex close to the cyt bssg. PSbP
and PsbQ are extrinsic subunits of the oxygen-evolving complex (OEC). As the mass
spectrometry analysis has confirmed the presence of these three protein subunits in the fraction
of purified spruce PSII supercomplexes (Supplementary Table 4), their absence in the obtained
PSII supercomplex structure is most likely caused by their loose binding to the core complex.
The absence of these labile subunits has also been observed to some extent in other PSII
structures from At, pea, and Cr (PDB ID 5mdx, 6yp7, and 6kad, respectively). These subunits
thus either dissociate from the supercomplexes during sample handling before/during cryo-EM
specimen preparation or are bound to the supercomplex sub-stoichiometrically, and thus their

presence in the density map is suppressed during image analysis.

S trimer b

PsbW
Ycf12

PsbK

PsbZ

Fig. 2 | Overall architecture of the spruce photosystem Il C2S2 supercomplex. a, The view
of the C.S2 supercomplex from the lumenal side with indicated subunits of light-harvesting
antenna, Lhcb5, Lhch8, and the S-LHCII trimer, bound to the dimeric core complex. b, The
side-view of the C,S, supercomplex along the membrane plane. ¢, Assigned subunits of the
core complex.

Structure of the PSII peripheral antenna

Light-harvesting antenna of the spruce PSII C,S> supercomplex consists of two S-LHCII
trimers bound to the PSII core complex via two monomeric antennae, Lhcb5 and Lhch8 (Fig.
2). The spruce S-LHCII trimer shows similar structural features as LHCII trimers from other

representatives of land plants or green algae. It has identical pigment composition, and the



localization of the pigment molecules is also very similar to other species (Supplementary Fig.
4). In each monomer, we have identified 14 Chl binding sites (8 Chl a, 6 Chl b) and 4 carotenoid
binding sites (two luteins, one violaxanthin, one neoxanthin) (Supplementary Table 2).

In land plants, the S-LHCII trimer is formed by various combinations of Lhcbl and
Lhcb2 proteins, forming either homotrimers or heterotrimers'®. Moreover, both Lhcbl and
Lhcb2 are usually present in several isoforms?! with very high homology, and the separation of
PSII supercomplexes with S-LHCII with different isoform composition is virtually impossible.
Therefore, the samples for cryo-EM analysis always contain the sum of PSII complexes with
various types of the S-LHCII trimers, i.e., the structure of the S-LHCII trimer in the resulting
cryo-EM density maps represents a superposition of all present Lhcbl and Lhcb2 isoforms.
This in turn lowers the resolution at the isoform-specific amino acid positions and thus the
distinction of present isoforms is impossible. This effect, however, was not observed in the case
of spruce S-LHCII trimer. Its cryo-EM density map has unusually high resolution, which
indicates that its isoform composition is rather uniform.

Based on the detailed comparison of the cryo-EM structure with the amino acid
composition of the trimer-forming proteins Lhcbl and Lhcb2, we were able to identify the
spruce S-LHCII trimer as a homotrimer, composed solely of Lhcbl. In spruce, Lhcbl protein
can be present in 5 isoforms (Lhch1-Al, A2, A3; Lhcb1-B1, B2) and Lhcb2 in 3 isoforms
(Lhch2-A1, A2, A3)™*, By tracing the amino acid densities of individual monomers in the S-
LHCII trimer, we were able to exclude the presence of all isoforms of Lhcb2 (Supplementary
Fig. 5). Namely, Glu64 and Leul71 of Lhcb2 do not fit the corresponding densities in any of
the three proteins/monomers forming the S-LHCII trimer (chain G/g, N/n, and Y/y in the
structure file, respectively) (see Supplementary Fig. 6 for sequence comparison). Instead, these
densities in all three monomers were reliably fitted by amino acids from the sequence of Lhcbl
(Gly73 and Alal80) (Supplementary Fig. 5a, b). Using this approach, we were able to narrow
the number of possible isoforms even further. The presence of both Lhch1-B1 and -B2 isoforms
in the S-LHCII trimer was excluded as Leul74 (present in Lhcb1-B1 and Lhcb1-B2) does not
fit the corresponding density in the map, whereas Trpl171 (present in Lhcb1-Al, -A2 and A-3)
matches it perfectly. The presence of isoform Lhcb1-A3 is also unlikely, at least in chain G, as
there is no corresponding density for Tyr253, whereas Ala253 fits nicely. Nevertheless, as the
same confirmation cannot be achieved for the chains N & Y, the presence of this isoform in the
S-LHCII trimer cannot be excluded. According to the systematic annotation by model
refinement, the EM map was best matched by the Lhcb1-A1/A2 isoforms, and the Lhcb1-Al

isoform was used in the structural model. Thus, to our knowledge, this is the first specific

7



identification of a LHCIlI homotrimer as a component of PSII supercomplex in any
photosynthetic organism studied up to date. As the mass spectrometry analysis of the fraction
of PSII supercomplexes also revealed the presence of Lhcb2 protein (Supplementary Table 4),
it can be deduced that Lhcb2 is a building component of the M-LHCII trimer, because the PSII
supercomplexes with M-LHCII trimers were also partially present in the isolated PSII fraction
(Supplementary Fig. 1). However, the question of whether the spruce M-LHCII trimer is a
homotrimer of Lhcb2 or a heterotrimer composed of Lhcb1/Lhcb2 can only be answered by
detailed structural analysis of spruce C2S2M2 supercomplex.

Spruce Lhcb5 antenna protein exhibits typical structural features of Lhcb5 in other land
plants and has identical pigment composition. It binds 9 Chl a, 4 Chl b, and 3 carotenoids
(Supplementary Table 2). The comparison of Lhch5 from spruce and Cr shows that the algal
Lhcb5 protein has longer loops between the helixes C and A and the helixes E and C, allowing
it to bind one extra Chl a (Supplementary Fig. 7).

The structure of the monomeric antenna protein found at the binding position between
the S-LHCII trimer and CP47 in spruce is different from other land plants. While this position
in the C2S; supercomplex from spinach and pea is occupied by the Lhch43, in spruce Lhcb4 is
replaced by Lhcb8 (formerly known as Lhcb4.3 isoform), the only Lhcb4-type protein present
in spruce (Fig. 3a). Lhch8 has a slightly different amino acid sequence from Lhch4, but its most
distinctive feature is its shorter C-terminus (Fig. 3b, ¢). Lhcb8 binds 9 Chl a, 3 Chl b, and three
carotenoids (Supplementary Table 2), and the binding positions and orientations of these
pigment molecules are very similar to land plant Lhcb4 protein. However, due to its shorter C-
terminus, Lhcb8 has lost two Chl molecules that are present in land plant Lhcb4 (Supplementary
Fig. 8), namely Chl a613 and b614 (Fig. 3b). It is interesting to note that Lhcb4 from green alga
Cr'? also has a shorter C-terminus (Supplementary Fig. 8 d, e), but its C-terminal a-helix is
rotated slightly clockwise compared to spruce, which probably allows the binding of one extra
Chl a molecule compared to Lhch8. The exclusive presence of Lhcb8 is probably connected
with the evolutionary loss of Lhcb3 and Lhcb6 proteins in spruce and other representatives of
the Pinaceae and Gnetales families?*, as in other land plants, the longer C-terminus of Lhcb4 is

involved in the direct interaction with Lhch3 and Lhch6%2.
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Fig. 3 | Structure of the Lhcbh8 subunit. a, A cartoon representation of spruce Lhcb8 with
bound pigments (Chl a— green, Chl b —red, lutein — yellow, violaxanthin — cyan, neoxanthin —
magenta). b, A structural comparison of spruce Lhcb8 (orange) and Lhcb4 (light blue) from
pea (PDB code: 5xnl). Chlorophylls of spruce Lhch8 are shown in green (Chl a) and red (Chl b).
The red asterisk indicates a longer C-terminus of pea Lhcb4, which supports the binding of two
additional chlorophylls, Chl a (a613) and Chl b (b614) (in light blue). ¢, Spruce Lhch8 with
highlighted regions of amino acid sequence (cyan) that differ from pea Lhcb4 (PDB code: 5xnl).

Antenna-core interactions

The binding of light-harvesting proteins in the spruce PSII C2S; supercomplex is similar to other
known PSII structures from land plant species and a green alga. The binding of Lhcb5 to the PSII
core is supported mainly by PsbZ subunit with an interface area of 295A2. The association is
supported by a salt bridge between Asp100 (Lhcb5) and Lys37 (PsbZ) on the stromal side and a
hydrogen bond between Leu290 (Lhcb5) and Ser59 (PsbZ) on the lumenal side. The interface area
of Lhcb5 with CP43 is 189A2. Interestingly, the interaction of Lhcb5 with the S-LHCII trimer is
apparently weaker compared to other plant species, as the interface area is only about 10042, i.e.
approx. 1/3 of the interface area observed in other plant PSII structures. The binding of Lhcb8 to
the PSII core is similar to that of Lhcb4 in plant and algal PSII C2S; supercomplex. It involves
interactions with PsbB, PsbH, PsbA, and PsbL subunits via several specific hydrogen bonds and a
salt bridge (Supplementary Table 5). The attachment of the S-LHCII trimer to the core complex is
controlled mainly by the Psbw subunit and CP43  with interaction areas of 116A% and 41A2,
respectively. The precise position of the S-LHCII is also supported by Lhcb8 with an interface
area of 86A2,

Analysis of the density map between CP43 and S-LHCII (Y/y chain) revealed a specific
density not described in any previous cryo-EM structures of PSII. The first possible candidate for
this density could be the detergent molecule n-dodecyl a-D-maltoside (a-DDM), which has
already been detected in several cryo-EM structures, including PSI1 C2S, supercomplex from Cr?.

However, when a-DDM is refined to the corresponding density, it is clear that the hydroxyl groups



and carbon atoms of the pyranose ring of the second glucose of the maltoside protrude from the
density map (Supplementary Fig. 9). Since we are not aware of any lipid molecules that could
match the density map, we fitted the density map with the molecule of a-Toc (Fig. 4) and refined.
Its presence in the fraction containing PSII C2S; supercomplexes was confirmed by LC-MS/MS
analysis (Supplementary Fig. 10). The molecule of a-Toc is fully embedded in the thylakoid
membrane with its chromanol ring facing the lumenal side. It interacts with CP43 (Leu204-Pro206,
Phe210, Val238, Trp239, Ser242, 1le243, Phe246), Lhcbl of the S-LHCII (Leu256-Val260), and
linolenic acid (LNL526¢cp43), and is close to two chlorophylls a506¢pss and a614s..Hcn (Fig. 4a).

In order to support the attribution of the electron density to a-Toc, we calculated the
interaction energies A'G for the most relevant interaction interface (based on the interface area) of
both a-Toc and a-DDM with adjacent surroundings in the PSII supercomplex. The calculations
resulted in the interaction with CP43 for both molecules. However, whereas the major surface area
buried by a-Toc was predicted to be favourable (A'G = -2.0 kcal/mol), the opposite was true for
both possible conformations of a-DDM (A'G = 1.7 kcal/mol and A'G = 2.3 kcal/mol).

Except of a-Toc, the LC-MS/MS analysis of the fraction of spruce PSII CoS;
supercomplexes also revealed the presence of a significant amount of a-TQ (Supplementary Fig.
10). o-TQ is the oxidation product of a-Toc, which has been previously identified in chloroplasts
and thylakoid membrane?*?*, The relative amount of a-TQ was slightly lower compared to o-Toc
(45% and 55%, respectively). The quantification analysis of the PSII fraction also shows that the
ratio of the sum of a-Toc and a-TQ per C.Sz supercomplex is approximately 0.9. Although this
quantitative estimation indicates that in our sample, a-Toc with a-TQ were present at a sub-
stoichiometric amount with respect to C2S; supercomplex, the occupancy of the binding site by
these molecules was still high enough to enable the detection of this specific density in the PSII
structure. The shape and the fitting of the density map suggest that the a-Toc is more abundant in
our sample, but a-TQ can be fitted as well (Fig.4b).

The inspection of the cryo-EM density 3D maps of PSII supercomplexes from other
organisms revealed that a-Toc at this position might not be unique to spruce, as we have observed
a trace of similar density in the pea PSII supercomplex® (EMD-6741) as well. A striking similarity
between the shapes of these spruce and pea density maps could indicate their common origin in o-
Toc/a-TQ molecules (Supplementary Fig. 11). The resolution of the cryo-EM density 3D maps
from At (EMD-3491) and spinach (EMD-6617) was insufficient for the analysis of the same area
with a representable outcome. On the other hand, the inspection of PSII supercomplexes from Cr
(EMD-9955, EMD-9956, EMD-9957) revealed the unequivocal absence of this density, which

results in a closer contact between the S-LHCII trimer with the CP43 subunit. Nevertheless, it is
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impossible to draw any firm conclusion about the absence of a-Toc/a-TQ in Cr. Both molecules
could have been lost during the isolation procedure, which probably happened in a recent structural
study of the PSI1 supercomplex from At?. The analysis of amino acid sequence, however, suggests
that the regions of CP43 and S-LHCII (Lhcbl or LhcbM1) that are involved in the interaction with
a-Toc are relatively conserved in spinach, pea, and At, whereas in Cr there are more substantial
changes (Supplementary Fig. 12, 13). These findings could indicate that the presence of a-Toc/a-
TQ at the interface between S-LHCII and CP43 might be specific to land plants.

a CP42 {CIl stroma side.-""

" lumen side

\/ 2
a-tocopherol tocopherol

Fig. 4 | Localization of a-tocopherol in spruce photosystem 11 C2S2 supercomplex. a, a-
tocopherol (a-Toc) is localized between the S-LHCII trimer and CP43, the inner antenna of the
core complex, close to the lumenal side of the thylakoid membrane. a-Toc interacts with CP43
via several specific amino acids in the region between Leu204 to Phe246 (magenta), Chl a506,
and linolenic acid (LNL), and with one monomer of the S-LHCII trimer through the amino acid
region from Leu256 to Val260 (cyan) and Chl a614. Lutein (LUT) is shown in yellow, and -
carotene (BCR) in red. b, The density identified in the cryo-EM density map of the spruce PSII
supercomplex fitted by oa-tocopherol (a-Toc) (orange) and a-tocopherolquinone (a-TQ)
(magenta), respectively.

Excitation energy transfer pathways

Localization and assignments of chlorophyll molecules in the spruce PSII allow a calculation of
the excitation energy transfer (EET) pathways in the C.S> supercomplex. We have used a recently
proposed approach®®, based on the calculation of EET between the entire individual light-
harvesting proteins (Lhcb5, Lhcb8, and S-LHCII trimer) and the inner antenna of the PSII core
complex (CP43 and CP47). When calculating the main pathway for EET, this approach considers
the contribution of all chlorophylls of given light-harvesting proteins, but at the same time, it
allows the identification of key pairs of chlorophylls that mediate EET between the subunits.

As expected, the calculated FRET rates show that EET from monomeric antennae Lhcb5
and Lhcb8 to S-LHCII trimer is highly improbable (Supplementary Table 6). The main EET
pathways from these minor antenna proteins are directed to inner antenna complexes CP43 and
CP47, respectively (Fig. 5). The energy absorbed by S-LHCII trimer is directed mainly to inner
antenna CP43 (Fig. 5), and EET to Lhcb5 and Lhcb8 is negligible (Supplementary Table 6).
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Similar pathways of the main EET have been described in PSII supercomplexes of other land
plants and green algae, but our data indicate that the majority of FRET rates of spruce EET
pathways are slightly slower (Supplementary Table 6). This is most likely due to the subtle
changes in the positions of participating chlorophylls, as the FRET rate is inversely proportional
to the sixth power of the distance between them.

A detailed inspection of the chlorophylls that mediate EET from the peripheral antenna
proteins (Lhcb5, Lhch8, trimer S-LHCII) to the internal antenna complexes (CP43 and CP47)
shows that, as in other plants, EET is mediated primarily through chlorophylls localized on the
stromal side of the thylakoid membrane. This is due to their closer contact compared to
chlorophylls localized on the lumenal side. Detailed information about chlorophylls involved in
the main EET pathways, their localization, orientation, and mutual distances can be found in Fig.
5b-d.

stroma side
a611 pe01 )~ a513
~CYRY

6" Ad %
s t:‘r51501
lumen side

stroma side

lumen side

stroma side

Fig. 5 | Major energy transfer pathways within the spruce PSIlI C2S2 supercomplex. a,
Overview of all chlorophylls in the spruce C.S> supercomplex shown from the stromal side, Chl a
in green, Chl b in red. Major energy transfer pathways between the highlighted LHCII subunits
(Lhcb5, Lhcb8, S-LHCII trimer) and the core complex (CP43 and CP47) are indicated by yellow
arrows. b-d, Chlorophylls involved in the energy transfer from Lhcb5 to CP43 (b), S-LHCII
trimer to CP43 (c), and Lhcb8 to CP47 (d). Chlorophylls, which are the most prominent in the
EET, are highlighted. The numbers at the dotted lines indicate the Mg-to-Mg distances in A
between two adjacent chlorophylls. The left figures in b-d show the view from the stromal side.

12



What is the role of a-tocopherol(quinone) in PSI1?

It is well known that 1O, formed in photosynthetic organisms exposed to excessive light is most
effectively eliminated by carotenoids?®. However, they are not the only 'O.-detoxifying
compounds in plants. The second line of defence against O is represented by tocopherols,
namely a-tocopherol (a-Toc), which can react with 'O, forming hydroperoxide (a-Toc-OOH).
This compound can be either regenerated back to a-Toc by reducing agents (e.g. ascorbate), or
irreversibly converted to a-tocopherolquinone (a-TQ). This conversion is known to be
promoted under acidic conditions, i.e. conditions typically present in the lumen of light-exposed
thylakoids?’.

In light of these facts, it is very interesting to note that the chromanol head of the a-Toc
molecule newly identified in the PSII supercomplex of spruce is exposed to the lumen. This
position indicates that whenever this a-Toc is oxidized by *O2 produced by PSII (in excessive
light), it can be readily regenerated by ascorbate present in the lumen. At the same time, when
the lumenal pH becomes acidic, this regeneration pathway could be surpassed by the
irreversible conversion of the hydroperoxide a-Toc-OOH to a-TQ. It appears that a minor shift
occurs between the two-ring chromanol head and quinone head when refined as a-TQ or a-Toc,
respectively, in the PSII supercomplex (Fig. 6). We hypothesize that the conversion of a-Toc
to o-TQ can lead to conformational changes in PSII supercomplex with possible functional
consequences. The conversion of a-Toc to a-TQ could be, for example, sensed by the
neighboring PSII subunit PsbW, which is known to be crucial for the proper assembly of
proteins into PSII supercomplexes?®2°, and could therefore act as a molecular switch triggering
the high-light adjustment of PSII.
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lumen lumen

Fig. 6 | Position of a-tocopherol (a-Toc)/a-tocopherolquinone (a-TQ) in the structure of
spruce PSII supercomplex. A detail of membrane side view (a) and the same detail rotated by
90°(b) with embedded a-Toc/a-TQ in PSII supercomplex. A cluster of chlorophylls a614, a613,
and lutein (Lut) in the Lhcbl protein of trimeric LHCII is close to the a-Toc/a-TQ. Ascorbate
(Asc) molecule in the thylakoid lumen can reach and reduce the chromanol head of the a-Toc
oxidized by singlet oxygen (*0,) (for details, see the text).

The molecule of a-TQ itself is an effective quencher of chlorophyll fluorescence from
PSII® and therefore it can contribute to the quenching of excessive excitations in the PSII
supercomplex. However, the involvement of a-Toc/a-TQ in the frequently discussed quenching
of excitations in PSII supercomplex® can also be indirect. The molecule is localized in the
proximity of the Chla614-Chla613 cluster in the Lhcb1 antenna of the S-trimer of LHCII (Fig.
6). In the context of LHCII, the chlorophylls in this cluster are of middle energy®? and therefore
this cluster is not likely to act as a quenching center, although it is well coupled with the
carotenoid lutein. However, it is tempting to suggest that the oxidation of a-Toc to a-TQ
induced by lumen acidification under excessive light can lead to a conformation change of the
supercomplex, which could lower the energy levels of the Chla614-Chla613 cluster and turn
the cluster into an effective quenching site in PSII supercomplex. Indeed, recent in silico
predictions suggest that the Chla614-Chla613 cluster might serve as a quenching center upon
protonation of the D-helix in the Lhcb1 antenna®.
Our hypothesis that a-Toc/a-TQ has not only structural, but also functional role in PSII
supercomplex is supported by the analysis of Arabidopsis vtel mutant, defective in the synthesis
of a-Toc. It has been reported that this mutant has probably impaired turnover of D1 protein
both at high® and low® irradiation, which supports that the a-Toc/a-TQ localized within the

supercomplex could be important for the proper function of PSII.
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Material and Methods

Plant material and isolation of thylakoid membranes. Seedlings of Norway spruce (Picea
abies L. Karst.) were grown in a growth chamber for 3 weeks at 120 pmol photons m2s?, 22
°C, with a 16 h light/8 h dark cycle. Before the isolation procedure, spruce seedlings were dark-
adapted for 30 min. Subsequently, seedlings were cut approximately 2 cm above the soil, and
thylakoid membranes were isolated according to the protocol described by Dau et al.® with one
modification. All buffers used for the isolation were complemented with phosphatase inhibitor
sodium fluoride (NaF) at a final concentration of 10 mM. The isolation was performed under
green light and samples were kept on ice during the whole procedure. The chlorophyll content
in the final thylakoid membrane suspension was determined spectrophotometrically by a

pigment extraction in 80% acetone®’.

Ultracentrifugation and sample preparation for cryo-EM. Ultracentrifugation was
performed according to Caffarri et al.*® with minor modifications. For the preparation of the
PSII supercomplexes fraction, thylakoid membranes (corresponding to 200 pug of chlorophyll
a+b) were centrifuged at 4,600 g (4 °C, 4 min). The resulting pellet was resuspended in 10 mM
Hepes (pH 7.5) to a chlorophyll concentration of 2 mg/ml and solubilized by adding a-DDM in
10 mM Hepes (pH 7.5) to the final detergent concentration of 1% and final chlorophyll
concentration of 0.5 mg/ml (final detergent/chlorophyll mass ratio of 20) and vortexed gently
for a few seconds. The solubilized thylakoid membranes were immediately centrifuged at
18,000 g (4 °C, 10 min) to remove insolubilized membranes and then fractionated by
ultracentrifugation on a sucrose gradient at 284,000 g (4 °C, 18 hours). The sucrose gradients
were prepared in tubes containing 0.65 M sucrose solution in 10 mM Hepes (pH 7.5) with
critical micelle concentration (CMC) of a-DDM (0.008%). Tubes were frozen (- 80 °C) and
subsequently thawed at 4 °C. A total volume of 5.4 ml of the sucrose fraction with PSII
supercomplexes was collected from nine tubes (0.6 ml from each tube) and concentrated using
a 50 kDa cut-off Millipore Amicon filter at 14,000 g (4 °C, 5 min) and washed twice in 400 pl
of 10 mM Hepes (pH 7.5) buffer with a CMC concentration of a-DDM to remove sucrose. The
obtained fraction with a chlorophyll concentration of 3 mg/ml was directly used for cryo

specimen preparation.

Sample preparation for electron microscopy. Aliquots (3.5 pl) containing PSII
supercomplexes were applied to the glow-discharged (PELCO easiGlow™, 15 mA, 25s)
Quantifoil holey carbon-supported copper grids (R 2/1, 200 mesh). The sample excess was
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blotted away (TFS 595 type ®55/20 filter paper, blot force 2, blotting time of 6 sec) and plunge-
frozen in liquid ethane using a TFS Vitrobot Mark IV at 4 °C and 95% humidity.

Electron microscopy data acquisition. Image acquisition was performed on the Thermo
Fisher Scientific Glacios cryogenic electron microscope equipped with a field emission gun
(ThermoFisher X-FEG) and operated at 200 KV in bright field imaging mode. In total, 2,392
movies were recorded using a Thermo Scientific Falcon 3EC Direct electron Detector in linear
mode at a nominal magnification of 150,000 X and a true magnification of 145,641 X at the
camera level, corresponding to a pixel size of 0.96127 A/pix with 120 frames at a dose of 0.9215
e’/A? per frame and an exposure time of 108 s per movie. The acquisition was performed using
TFS EPU2 (Supplementary Table 1).

Image processing. The raw movies were imported into SCIPION 3.0*°. The motion correction
for drift correction and dose weighting was performed with MotionCor2-plugin®® and GCTF-
plugin® for contrast transfer function estimation. During the previous step, the 2,100
micrographs with well-estimated parameters were further subjected to the manual/auto Xmipp
particle picking*?. Extracted 202,251 particles were 2D classified using cryoSPARC-plugin®?
and the best classes were selected for ab initio map generation with cryoSPARC-plugin. Then
118,509 particles from the best 2D class averages were taken for 3D classification using Relion
3.1-plugin® with 2 classes. The best resulting 3D class containing C2S; supercomplexes was
further taken to 3D non-uniformed refinement in cryoSPARC-plugin, resulting in a 3D map of
3.32 A resolution. The subsequent particles have undergone Bayesian polishing using Relion
3.1-plugin** and further 3D non-uniformed refinement with cryoSPARC-plugin® resulting in a

2.785 A resolution 3D map (Supplementary Fig. 2, Supplementary Table 1).

Modeling, structure, and FRET analysis. Initial fitting of the subunits in the cryo-EM map
was performed by rigid body real-space refinement in Chimera®, using the high-resolution
crystal structure of PSII from Spinacia oleracea (PDB code 3JCU). Several linear-shaped
electron densities were fitted with linolenic acid (LNL) in line with its high abundance among
fatty acid esters identified in the PSII supercomplex fraction (Supplementary Fig. 14). Fatty
acids in the final model are assumed to belong to membrane lipids, which were not possible to
model fully due to a poor density. Local fitting of the subunits in the cryo-EM map was
performed using the program Coot. Refinement was performed at 2.8 A resolution (equal to

Fourier Shell Correlation at 0.143) in Phenix using the Real-space refinement module and
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applying geometry, secondary structure, rotamer, and Ramachandran plot restraints. A model
of chain V was obtained by fitting a polyalanine a-helix into the empty density for a
transmembrane helix and side chains were subsequently updated to the protein sequence
(UniProt accession R4ZGY5 PICAB). The validation statistics calculated by MolProbity
provided the final score value of 1.6, the overall clash score of 8, Ramachandran outliers of
0.06 %, and the CC (mask) value of 0.85 (Supplementary Table 1). Images were prepared with
PyMOL“.

To evaluate the structural similarity between spruce and other plant PSII supercomplexes, the
average deviation between the corresponding atoms of two superimposed
proteins/supercomplexes (RMSD values) was calculated from structural files*” “® using CCP4
software. The interface area between specific protein subunits and between cofactors and A'G,
(the solvation free energy gain upon interface formation) was calculated from structural files
using the Pisa software*®. FRET analysis was performed according to Sheng et al.2 and Croce
and Amerongen®3. Multiple sequence alignments were performed with BioEdit software using
ClustalW algoritm.

Analysis of separated PSII supercomplexes from spruce by MS. Isolated photosystem 11
(PSI1I) supercomplexes from spruce (P. abies) seedlings were subjected to filter-aided sample
preparation based on Wisniewski et al.>®. The resulting peptides were analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) performed using UltiMate 3000
RSLCnano system (Thermo Fisher Scientific) on-line coupled with Orbitrap Exploris 480
spectrometer (Thermo Fisher Scientific) using Thermo Scientific Xcalibur software. The
sample was processed and measured in technological triplicates. See supplemental material for

complete details regarding the analyses and data evaluation.

Detection of a-Toc and a-TQ by LC-MS/MS. n-Hexane (200 pl) was added into a fraction
of isolated PSII supercomplexes (10 pl, chlorophyll concentration of 3.075 mg/ml), sonicated
for 3 min at 25 °C, and the upper layer was transferred into a new vial. Extraction was repeated
three times, and collected n-hexane extracts were evaporated to dryness under a vacuum at 40
°C and redissolved in 40 ul of acetonitrile. For the quantification, UHPLC-MS/MS analysis
was performed using Nexera X2 UHPLC (Shimadzu Handels GmbH, Kyoto, Japan), coupled
with MS-8050 (Shimadzu Handels GmbH, Kyoto, Japan). Chromatographic separation was
performed on an Acquity UPLC BEH C18 (50 x 2.1 mm; 1.7 um particle size; Waters, Milford,

MA, USA) with the corresponding pre-column. Target compounds were separated using a
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binary gradient consisting of 15 mM formic acid, pH 3 (adjusted with NH4OH) (component A),
and 0.1% formic acid in acetonitrile (component B) at a flow rate of 0.4 ml/min. The column
temperature was maintained at 40 °C. The linear gradient consisted of 75 % B for 2 min, 75—
100 % B for 9 min, isocratic for 0.3 min, back to 75 % B within 0.2 min, and equilibration for
2 min. Injected volume was 5 ul. The effluent was introduced into an electrospray source
(interface temperature of 300 °C, heat block temperature of 400 °C, and interface capillary
voltage of 5.0 kV). Argon was used as the collision gas, and nitrogen was used as the nebulizing
gas. To achieve high specificity in addition to the high sensitivity, the analysis was performed
in the multiple reaction monitoring (MRM) mode alternating the following transitions
431.30>165.10, 431.30>134.05, and 431.30>68.95 for a-tocopherol, and 429.00>164.95,
429.00>163.20, and 429.00>191.20 for a-tocopherolquinone. The calculated amount of a-Toc
and a-TQ in the analyzed PSII fraction was 100 pmol and 81 pmol, respectively, indicating that
the chls/(a-Toc+a-TQ) ratio in the fraction is 188/1. Both data collection and data analysis were

performed via Lab Solutions software (Shimadzu corporation 2008-2019).

Fatty acid composition. Extraction solvent [CHCI::MeOH (2:1, v:v)] was added into
membrane extract and sonicated for 10 min at room temperature. The extract was centrifuged
for 5 min at 14,500 g and the supernatant was evaporated at 40 °C under a vacuum. Methylation
of fatty acids was performed with 1 M NaOMe/MeOH for 5 min at room temperature. After the
addition of 200 pl of saturated NaCl, fatty acid methyl esters (FAME) were extracted with 2 x
500 ul of n-hexane. The solvent was evaporated under a vacuum and the residuum was
dissolved into 20 pl of n-hexane. The resulting FAMESs were analyzed via gas-chromatography
—mass spectrometry using the Agilent system (GC 7890 A; MSD 5975C series 1l) on a fused
silica HP-5MS UI column (30 m x 0.25 mm % 0.25 mm) and carrier gas He (1.1 ml/min). The
temperature was programmed at 120 °C for 3 min, 5 °C/min to 180 °C, then held for 10 min,
10 °C/min to 220 °C, and finally 2 °C/min to 250 °C and held for 5 min. The temperature of
the injection port and detector was 230 °C. Ionization was performed in the EI mode (70 eV).
Injection (1 ul) was done in splitless mode. Identification was performed by comparing
retention times, indices, and mass spectra with the mixture of authentic standards (Supelco 37
Component FAME Mix, Merck, Czech Republic). Pinolenic acid (Cayman, USA) was also
derivatized using the above protocol. All compounds' linear retention indices (RI) were
determined via the Kovats method by injecting homologous series of C8-C40 n-alkanes (Merck,
Czech Republic) in n-hexane solution. Other compounds detected in the sample were identified

by comparison of their mass spectra with those found in the database (NIST/EPA/NIH Mass
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Spectral Library v.2.0, USA). Results are presented as percentage content calculated according
to the area of the chromatographic peaks. Both data collection and data analysis were performed
via MSD ChemStation software (Agilent Technologies, Inc. 1989-2011).

Data Availability

The mass spectrometry proteomic data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the identifiers: PXD035272. The cryo-EM
map of the spruce PSII supercomplex has been deposited in the Electron Microscopy Data Bank
with accession

code EMD-16389. The corresponding structure model has been deposited in the Protein Data
Bank under PDB code 8C29.
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Supplementary Methods

MS identification of proteins in separated PSII supercomplexes from spruce

A sample of PSII supercomplexes obtained from multiple spruce seedlings was equally divided
into 3 parts prior to sample preparation to form 3 technological replicates. These were lysed in
SDT buffer (4% SDS, 0.1M DTT, 0.1M Tris/HCI, pH 7.6) in a thermomixer (Eppendorf
ThermoMixer® C, 30 min, 95°C, 750 rpm). After that, a sample was centrifuged (15 min,
20,000 g) and the supernatant used for filter-aided sample preparation as described elsewhere®
using 0.5 pg of trypsin (sequencing grade; Promega) and 0.5 pg of chymotrypsin (sequencing
grade; Sigma-Aldrich). In parallel, part of the samples were digested only by chymotrypsin.
Resulting peptides were analyzed by LC-MS/MS.

LC-MS/MS analyses of all peptides were done using the UltiMate 3000 RSLCnano

system (Thermo Fisher Scientific) connected to Orbitrap Exploris 480 spectrometer (Thermo
Fisher Scientific). Prior to LC separation, tryptic digests were on-line concentrated and desalted
using a trapping column (pPrecolumn, 300 um x 5 mm; C18 PepMap100, 5 um particles, 100
A; P/N 160,454; Thermo Fisher Scientific). After washing of trapping column with 0.1% FA,
the peptides were eluted in backflush mode (flow 300 nl.mint) from the trapping column onto
an analytical column (EASY spray column, emitter part of the column, Acclaim PepMap RSLC
C18 column, 2 um particles, 75 um x 250 mm; P/N ES902; Thermo Fisher Scientific) by 98
min gradient program (3-80% of mobile phase B; mobile phase A: 0.1% FA in water; mobile
phase B: 0.1% FA in 80% ACN). Equilibration of the trapping and analytical column was done
prior to sample injection into the sample loop. FAIMS module was not installed.
MS data were acquired in a data-dependent cycle time mode (2s) strategy. The intensity
threshold required to trigger the data-dependent scan was set to 5.0e3. The resolution of the
survey scan was 120,000 with a range m/z 350-2000 and a maximum injection time of 500 ms.
HCD MS/MS spectra were acquired with a resolution of 15,000 (first mass m/z 120). The
maximum injection time for MS/MS was 50 ms. Dynamic exclusion was enabled for 45 s after
one MS/MS spectra acquisition. The isolation window for MS/MS fragmentation was set to 1.2
m/z.

For data evaluation, we used MaxQuant software (v1.6.17)% with an in-built
Andromeda search engine®. Samples were searched against databases of spruce thylakoid
protein database (66,989 protein sequences, based on database S2°*) and cRAP contaminants.
Modifications were set as follows for database search: oxidation (M), deamination (N, Q), and

acetylation (Protein N-term) as variable modifications, with carbamidomethylation (C) as a

1



fixed modification. Enzyme specificity was tryptic and chymotryptic, with four permissible
miscleavages. Only three permissible miscleavages were set for samples’ data after
chymotrypsin digestion. Only peptides and proteins with a false discovery rate threshold under
0.01 were considered. Relative protein abundance was assessed using protein intensities
calculated by MaxQuant. Intensities of reported proteins were further evaluated using a
software container environment (https://github.com/OmicsWorkflows/KNIME_docker_vnc;
version 4.1.3a). Processing workflow is available upon request: it covers reverse hits and
contaminant protein groups (CRAP) removal, protein group intensities log2 transformation and
normalisation (median). For this article, protein groups reported by MaxQuant are referred to
as proteins.

Mass spectrometry proteomics data were deposited to the ProteomeXchange

Consortium via the PRIDE® partner repository under dataset identifier PXD035272.



Supplementary Figures

Supplementary Fig. 1 | A gallery of 2D class averages of spruce PSII supercomplexes.

Class-averaged projections of different angular views of PSII supercomplexes used for the 3D

reconstruction of the final cryo-EM map. The scale bar equals 200 A.
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Supplementary Fig. 2 | Single particle cryo-EM workflow and estimation of the resolution

of the cryo-EM map. (a) Overview of cryo-EM data processing workflow for spruce

photosystem Il C>S supercomplex dataset. (b) Local resolution and Fourier Shell Correlation

(FSC) resolution curve of the cryo-EM density map. Local resolution of the cryo-EM map

estimated by cryoSparc 3.1 (resMap). The colour bar indicates the resolution range from 2.5 to

4.5 A. The views are as follows: the upper one — lumenal view, and the lower one — view parallel

to the thylakoid membrane plain. FSC curves as implemented in cryoSparc 3.1. with C2

rotational symmetry applied. The overall resolution of the corrected density map was

determined as 2.785 A at 0.143 Gold Standard FSC cut-off.
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Supplementary Fig. 3 | Structural comparison of the spruce PSII C2S2 supercomplex with
the same type of supercomplexes of other photosynthetic organisms. Superposition of the
cryo-EM structure of the C»S, supercomplex from spruce (green) and from other plant species
(salmon) viewed from the lumenal side. The four-digit codes indicate PDB ID of the particular

structure.
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Supplementary Fig. 4 | Structural comparison of the S-LHCII trimers from Picea abies,
Pisum sativum and Chlamydomonas reinhardtii. Superposition of the cryo-EM structures of
the S-type of LHCII trimers and bound pigments from spruce with those from pea (PDB code:
5xnl) and Chlamydomonas reinhardtii (Cr) (PDB code: 6kac) viewed from the lumenal side.
Colour coding: S-LHCII trimer: spruce (yellow), pea (light blue), Cr (magenta); Chl a: spruce
(yellow), pea (light blue), Cr (magenta); Chl b: spruce (yellow), pea (light blue), Cr (magenta);
carotenoids: spruce (lutein — yellow, violaxanthin — cyan, neoxanthin — orange), pea (all

carotenoids in light blue), Cr (all carotenoids in magenta).



Supplementary Fig. 5 | Identification of S-LHCII as a homotrimer composed of Lhcb1-A
isoforms based on amino acid tracing in the electron density map. (a, b) Maps (contoured
at 3 sigma level) confirm the presence of A180 and G73 and exclude the presence of Leu and
Glu at the equivalent positions found in Lhcb2 proteins (coloured in magenta). (c) Electron
density maps of W171 exclude the presence of the equivalent Leu in Lhcb1-B1, -B2 proteins
(coloured in red). (d) Map of A253 exclude the presence of the equivalent Tyr (coloured in
green) found in Lhcb1-A3 and Lhcb2-A3 proteins. This systematic annotation suggests that the
S-LHCII homotrimer consists preferentially of the Lhcb1-A1/A2 isoforms, but the presence of
the Lhcb1-A3 isoform cannot be excluded for the N and Y chains.
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Supplementary Fig. 6 | Sequence alignment of light-harvesting proteins of photosystem 11

from Picea abies. Multiple sequence alignment of isoforms of Lhcbh1 and Lhcb2 amino acid

sequences from Picea abies run by ClustalW algorithm (scoring matrix BLOSUM®62). Used
source: database S2°*; LHCB2_HC sequence: MA 1043130090020 (HC as high confidence,
designation of another isoform of Lhcb2 confirmed in spruce, adapted from Grebe et al. 2019).

Amino acids in rectangles marked by asterisk represent selected positions with critical

variability in sequences of Lhcbl & Lhcb2 isoforms used for determining the S-trimer of PSII

as homotrimer based on their distinct characteristics features in electron density map. Identic

amino acids in specific positions of alignment are in black colour in the reference sequence

(first row) and plotted as dots in the remaining sequences.
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Supplementary Fig. 7 | Structural comparison of Lhcb5 from Picea abies, Pisum sativum
and Chlamydomonas reinhardtii. Superposition of the cryo-EM structures of monomeric
antenna proteins Lhcb5 and bound pigments from spruce with those from pea (PDB code: 5xnl)
and Chlamydomonas reinhardtii (Cr) (PDB code: 6kac) viewed from the lumenal side. Colour
coding: Lhcb5: spruce (yellow), pea (light blue), Cr (magenta); Chl a: spruce (yellow), pea
(light blue), Cr (magenta); Chl b: spruce (yellow), pea (light blue), Cr (magenta); carotenoids:
spruce (lutein — yellow, neoxanthin — orange), pea (all carotenoids in light blue), Cr (all

carotenoids in magenta).



Supplementary Fig. 8 | Structural comparison of spruce Lhcb8 with Lhcb4/8 from other
photosynthetic organisms. a-f, Comparison of spruce Lhcb8 (orange) with Lhcb4/8 from
different photosynthetic organisms: (a) pea (PDB code: 5xnl), (b) spinach (PDB codes: 3jcu),
(c) spinach (PDB code: 3pl9), (d) Chlamydomonas (PDB code: 6kad), (¢) Chlamydomonas
(PDB code: 6kaf), (f) Lhcb8 of high-light acclimated pea (PDB code: 6yp7). Visualized Chl a
(green) and Chl b (red) represent chlorophylls, which are missing in spruce Lhcb8, but present
in the Lhcb4/8 of a given organism. In the cryo-EM structure of Lhcb4 from spinach (b), Chl b
was probably lost during purification®. In high-light acclimated pea (f), the structure of Lhcb8
was predicted by the fit of amino acid sequence of Lhch8 to low resolution density map®’.
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Supplementary Fig. 9 | Elimination of the detergent molecule n-dodecyl-a-D-maltoside as
a possible candidate for the originally uncharacterised density revealed in the structure
of the spruce photosystem 11 C2Sz supercomplex. a, b, Fitting the density map by n-dodecyl
a-D-maltoside shows that the density cannot fully accommodate the second glucose molecule
of the maltoside. Considering the free rotation between the two glucose molecules of maltoside,
the fit was performed for two conformations of glucose rings - position 1 (blue) (a) and position
2 (salmon) (b).
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Supplementary Fig. 10 | Detection of a-tocopherol and a-tocopherolquinone in
photosystem 11 supercomplexes using liquid chromatography-tandem mass spectrometry
(LC-MS/MS) with multiple reaction monitoring (MRM) mode. The MRM chromatograms
of a-tocopherolquinone (blue) and a-tocopherol (red) of 1uM standard mixture (a) and the
MRM chromatogram of a concentrated “PSII sc” fraction (b). The LC-MS/MS analysis was
repeated twice independently with similar results.
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Picea abies Pisum sativum

Supplementary Fig. 11 | Cryo-EM density of a-tocopherol bound in the spruce
photosystem Il C2S2 supercomplex. a, b, The density map revealed in the structure of the
spruce PSII supercomplex fitted by a-tocopherol (orange) and a-tocopherolquinone (magenta),
respectively. ¢, d, The corresponding density found in the structure of the PSII supercomplex

from pea®® fitted by o-tocopherol (orange) and a-tocopherolquinone (magenta), respectively.
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Supplementary Fig. 12 | Sequence alignment of photosystem Il reaction center subunit

CP43 from different organisms. Multiple sequence alignment by ClustalW algorithm (scoring
matrix BLOSUM®62) of CP43 amino acid sequences from Picea abies (YP_008082859.1),
Spinacia oleracea (3JCU), Pisum sativum (5XNL), Arabidopsis thaliana (5MDX), and

Chlamydomonas reinhardtii (6KAC). Selected amino acid sequence positions in rectangles

marked by red asterisks represent contact areas of the CP43 subunit with a-tocopherol in Picea

abies. Source of sequences: RCSB PDB, for P. abies database S2°*. Identic amino acids in

specific alignment positions are in black in the reference sequence (first row) and plotted as

dots in the remaining sequences.

14



P. abies 1 MASC SE QISSLK QLLGV VHGEARVT MRKSSTTKKV SPSPWY 60
S. oleracea (3JCU) 1 sie i9m=—TMy LSS—==PFy KAVK. SEIT. sGals o TBGKPGT VQ:Shuam—se 52
P. sativum (5XNL) 1, e e s e Y R o e i e e =y 5 ol v S$.G..--.. 17
A. thaliana (5MDX) 1 e e e e e s e R e . i e i i Geo==.. 8
Ch. reinhardtii (6KAC) 1  ———————- M. ..LAKS.AR VSRR===~ 3T . KVr e e R VEPA. ===, .TPD.F--.. 42
P. abies 61 GPDRVLYLGP FSGEPPSYLT GEFPGDYGWD TAGLSADPET FAKNRELEVI HSRWAMLGAL 120
S. oleracea (3JCU) (G Klvesnas omn ¥Sun wam ¢ Son v 4o 54 8 8 SO0 s Swy s St & Biais wravsss wia 112
P. sativum (5XNL) 18w s Bicmn cwe sSer vam § 598 © 966 08 & § 5060 SR 5 o e SRR PO 8 77
A. thaliana (5MDX) 9 385 aeleans s o SIr T 1T TRt ' TR Rins o6, 5003 odi & 68
Ch. reinhardtii (6KAC) 43 .. E.P.F..l T ittenn teeinens eeeeeaane o KRY....L. Beveeennn 102
P. abies 121 GCVFPELLAR NGVKFGEAVW FKAGAQIFSE GGLDYLGNPS LIHAQSILAI WACQVILMGA 180
S. oleracea (3JCU) LB s svenaie svanmns  avmwe oanave soamsy @ smnelOliear & & % @ e e TR . 172
P. sativum (5XNL) T e wsese wala woen o wEs wan ¥ e Cisen s % % weew samg % M s v % R e e 137
A. thaliana (5MDX) O o s YEeE e SaEs YAt § aneShee o B s ¥ e e Ve s sions ‘olad % Soe e 128
Ch. reinhardtii (6KAC) 103 ..I..... S WonPoas s o pasy Qs % 9 wEna s N w¥Vs smns g, LET: alis se 162
P. abies 181 VEGYRIAG-G PLGEITDPIY PGGSFDPLGL ADDPDAFAEL KVKEIKNGRL AMFSMFGFFV 239
S. oleracea (3JCU) 173 WV aifine « smome & s @ o @veve Bl croses i sxovass svevsy  syewsrs suesevs sie 231
P. sativum (5XNL) Voo s & oo w o & 5 & e B cvons waa v L avamsn svavave wavsns o 196
A. thaliana (5MDX) N v JABCIDG: ¢ e 5 E s ol sve wR Gnmee s 180
Ch. reinhardtii (6KAC) w=u s sGhnKEG ¢ oown s Sek ve o B Tawes oies SR vus SR SewE e 221
XX KX ¥
P. abies 240 QAIVTGKGPL ENLADHLADP VINNNAWAYAT NFVPCK 275
S. oleracea (3JCU) 230 e aeriane seneah cbuaneisonsils Suile o (—— Bl ws msnn 200
P. sativum (5XNL) 197 e - I Sevt e . 232
A. thaliana (5MDX) 189! s ssvuins wane Lo wasels woons sl e Fos s . 224
Ch. reinhardtii (6KAC) 222 .......... Qv Sasls N s iFPen s ¢ KeT.Q= 256

Supplementary Fig. 13 | Sequence alignment of chlorophyll a-b binding protein Lhcbl
from different organisms. Multiple sequence alignment by ClustalW algorithm (scoring
matrix BLOSUM®62) of Lhch1 amino acid sequences from Picea abies (comp94480_c0_seq6),
Spinacia oleracea (3JCU), Pisum sativum (5XNL), Arabidopsis thaliana (5MDX) &
Chlamydomonas reinhardtii (6KAC). All sequences represent the Lhcbl isoform except Cr,
which is represented by LhcbM1. Selected positions in rectangle marked by red asterisks
represent region in amino acids sequence involved in binding «o-tocopherol/a-
tocopherolquinone. Source of sequences: RCSB PDB, for P. abies database S2%*. Identic amino
acids in specific alignment positions are in black in the reference sequence (first row) and

plotted as dots in the remaining sequences.
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Supplementary Fig. 14 | Detection of fatty acid composition in photosystem Il C:S2
supercomplex fraction. The GCMS chromatograms of FAME (fatty acid methyl esters)
standard mixture (a), and sample (b). C13:0 — tridecanoate; C14:1(A9) — cis-9-tetradecenoate;
C14:0 — tetradecanoate; C15:1(A10) — cis-10-pentadecenoate; C15:0 — pentadecanoate;
C16:1(A9) — palmitoleate; C16:0 — palmitate; C17:1(A10) — cis-10-heptadecenoate; C17:0 —
heptadecanoate; C18:3(A5,9,12) — pinolenate; C18:3(A6,9,12) — y-linolenate; C18:2 (A9,12) —
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linoleate; C18:3(A9,12,15) — a-linolenate; C18:1(A9)-cis — oleate; C18:1(A9)-trans — elaidate;
C18:0 —stearate. Peaks, which are not annotated, do not represent fatty acids but phytol or other
derivatives. The analysis was repeated twice independently (each time in technological

triplicates) with similar results.
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Supplementary Table 1 | Cryo-EM data collection, refinement and validation statistics for

the structural model of the spruce PSI1 C2S2 supercomplex.

Data collection
Magnification
Voltage (kV)
Focal length/Cs (mm)
Objective aperture (pm)
Number of movies collected
Electron exposure (e /A?)

Defocus range (um)
Pixel size (A)
Data Processing
Symmetry imposed
Initial particle images (no.)
Final particle images (no.)

Map resolution (A)/FSC threshold

Map sharpening B-factor (A?)
Refinement
Resolution (A)
Mask CC
Volume CC
Initial model (PDB)
Model composition
Non-hydrogen atoms
Protein residues
Ligands
Water molecules
Average B factors (A?)
Overall
Protein
Ligands
R.M.S. deviations
Bond lengths (A)
Bond angles (°)
Validation
MolProbity score
Clash score
Rotamer outliers (%)
Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

150 000 x

200

3.4/2.7

100

2392

120 (30 at the Bayesian polishing step)

-0.5t0-2.0
0.96127

C2

202251
60956
2.785/0.143
-87.3

2.80

0.858
0.827
3JCU

71184
6773
358
280

56.2
53.7
63.6

0.007
0.780

1.58
8.54
0.07

97.37
2.63
0.00
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Supplementary Table 2 | Cofactors bound by each monomeric subunit of the dimeric

spruce PSII C2S2 supercomplex.

Subunit Chlorophylls Carotenoids Lipids Others
PsbA 4 Chl a 1 B-carotene 1 MGDG 1 bicarbonate ion
2 Pheo 1SQDG 1Cl ion
1 3PH 1Fe®* ion
1LNL 1 plastoquinone
PsbB 16 Chl a 3 B-carotenes 1 MGDG
1SQDG
2 3PH
1 PAM
5 LNL
1PG
PsbC 13Chla 4 B-carotenes 1 DGDG 1 Mg?* ion
1 3PH
6 LNL
PsbD 2Chla 1 p-carotene 1 MGDG 1 plastoquinone
1 diacylglycerol
1 3PH
2 PG
1LNL
PsbE
PsbF 1 heme
PsbH 1 B-carotene 1 DGDG
Psbl
PsbK
PsbL 1PG
PsbM
PsbO
PsbTc
PsbTn
Ycfl2
Psbw
PsbX
Psbz
Lhcb5 9Chla 2 Luteins 1 3PH
4 Chlb 1 Neoxanthin 1PG
Lhcb8 9Chla 1 Lutein 2 MGDG
3Chlb 1 Neoxanthin 1PG
1 Violaxanthin
S-LHCII trimer 24 Chl a 6 Luteins 1 MGDG
18 Chl b 3 Neoxanthins 3 PG
3 Violaxanthins
Total 102 Chls, 2 Pheo 28 40 7

Abbreviations: 3PH, phosphatidic acid; Chl, chlorophyll; DGDG, digalactosyldiacyl
glycerol; LNL, alpha-linolenic acid; MGDG, monogalactosyldiacyl glycerol; PAM,
palmitoleic acid; PG, phosphatidyl glycerol; Pheo, pheophytin; SQDG,
sulfoquinovosyldiacyl glycerol.
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Supplementary Table 3 | Structural deviations between different structures of PSII C2S2
supercomplexes and dimeric core complexes (C2) from different organisms expressed by
the RMSD values. The upper and lower values represent the RMSD of the backbone C-alpha
atoms of the C,S; supercomplex and C,, respectively. The four-digit codes indicate the PDB

ID of the particular structure.

RMSD pea spinach | At pea Cr Cr Cr
spruce _

[A] 5xnl 3jcu 5madx eyp7 6kac 6kad 6kaf

2.365 2.161 1.671 1.929 2.296 1.488 1.414
spruce -

1.863 1.587 1.545 1.895 2.058 1.273 1.301
pea 2.365 0.923 2.465 3.325 2.749 2.72 2.466
5xnl 1.863 0.827 2.526 3.296 2.597 1.839 1.673
spinach | 2.161 0.923 2.302 3.142 2.455 2,531 2.213
3jcu 1.587 0.827 2.29 3.123 2.31 2.087 2.313
At 1.671 2.465 2.302 2.223 2.262 1.797 1.513
5mdx 1.545 2.526 2.29 2.109 2.032 1.518 1.449
pea 1.929 3.325 3.142 2.223 2.896 1.9 1.611
6yp7 1.895 3.296 3.123 2.109 2.83 1.839 1.673
Cr 2.296 2.749 2.455 2.262 2.896 1.704 2.212
6kac 2.058 2.597 2.31 2.032 2.83 1.457 1.668
Cr 1.488 2.72 2.531 1.797 1.9 1.704 1.033
6kad 1.273 2.352 2.087 2.032 2.83 1.457 0.825
Cr 1.414 2.466 2.213 1.513 1.611 2.212 1.033
6kaf 1.301 2.604 2.313 1.449 1.673 1.668 0.825

Abbreviations: RMSD - root mean square deviations; At — Arabidopsis thaliana; Cr —
Chlamydomonas reinhardtii.
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Supplementary Table 4 | MS analysis of the purified fraction of photosystem Il C2S2
supercomplexes used for cryo-EM analysis. The photosystem Il subunits identified in the
purified fraction after simultaneous digestion with trypsin and chymotrypsin are listed. PsbF

and Lhcb2 were detected only after chymotrypsin digestion. A and B letters stand for a

Protein Accession Peptides (all/unique) | Sequence coverage (%)
PsbA (D1) YP_008082796.1 20/20 38.8
PsbB (CP47) YP_008082835.1 39/39 46.5
PsbC (CP43) YP_008082859.1 32/32 33.6
PsbD (D2) YP_008082860.1 29/29 36.8
PsbE YP_008082810.1 6/6 42.2
PsbF YP_008082811.1 4/4 66.7
PsbH YP_008082838.1 6/6 41.3
Psbl YP_008082813.1 1/1 17.5
PsbL YP_008082812.1 3/3 36.8
PsbO comp75415 c0_seql 62/6 62.5
PsbP MA_3005g0010 6/6 27.9
PsbQ MA_218996g0010 13/13 35.9

Al MA_282g0010 12/7 26.4
PsbR

Ad PUT-175a-Picea_abies-6379 | 9/5 315
PsbTn MA_17217g0020 3/3 37.9
PsbW MA_10431532g0010 2/2 11.6
PsbX UCPabies_isotigl0782 1/1 20.9

Al comp94480_c0_seqb 43/0 61.1

A2 MA_131587g0010 42/0 61.1
Lhcbl

A3 comp94480_c0_seq2 43/0 61.1

B2 UCPabies_isotig06275 32/5 57.6
Lhch2* MA_10431300g0020 57/1 79.2
Lhcb5 MA_176279g0010 27/27 50.2
Lhcb8 comp95233_c3_seql 15/3 33.7

designation of isoforms. *Identification according to Grebe et al.>,

22



Supplementary Table 5 | Interactions between light-harvesting proteins and subunits of
the photosystem 11 core complex from spruce. Interface area and specific bonds (hydrogen
bonds and salt bridges) between amino acids are indicated.

Subunit interactions  Interface H bonds Salt bridge
area [A?]

Lhcb5 — CP43 189

Lhcb5 - S-LHCII 101

Lhcb5 - PsbZ 295 Leu290 - Ser59 Aspl00 - Lys37

S-LHCII - CP43 41

S-LHCII - Psbw 116

S-LHCII - Lhch8 86

Lhcb8 — PsbA 245 GIn122 — Asn230
Asn123 — Asn230
Leul24 — Glu229
Asn127 — Glu229

Lhcb8 — PsbB 828 GIn122 — Thr10 Aspll6 — Argl27
Tyrl15 — GIn223
Tyrll5 — Argl27

Lhch8 — PsbH 524 Leull3 - Val33
GIn114 — Tyr30
Tyrll5 - Gly3l
Aspl118 — Tyr30
GIn147 — Glu29
Ser150 — Lys32

Lhcb8 - PsbL 75 Asn123 - GIn9
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Supplementary Table 6 | Calculated FRET rates for the excitation energy transfer from
the S-LHCII trimer, Lhcb5, and Lhcb8/Lhcb4 to adjacent antenna subunits and the core

complex of photosystem Il in spruce and other selected organisms. The lifetime (t) is

defined as 1/krret. Interacting subunits in bold represent the main pathways for energy transfer.

The four-digit codes indicate the PDB ID of the particular structure.

spruce pea (5xnl) spinach (3jcu) chlamydomonas (6kac)
Interacting FRETrate | lifetime | FRETrate | lifetime | FRETrate | lifetime | FRETrate | lifetime
subunits kerer (ps™) | T(PS) | kerer (ps™) | T(PS) | kener(ps™) | T(PS) | keger(ps™) | T(ps)
S-LHCII - CP43 0.054 18.5 0.077 12.9 0.067 14.8 0.066 15.1
S-LHCII = Lhcb5 0.007 140.8 0.009 117.3 0.009 113.9 0.016 63.6
S-LHCIl = Lhcb8/4 0.003 400.0 0.003 346.8 0.003 303.4 0.003 387.7
Lhcbh5 - CP43 0.107 9.3 0.135 7.4 0.125 8.0 0.085 11.7
Lhcb5 = S-LHCII 0.007 153.8 0.008 127.5 0.008 123.8 0.013 76.5
Lhcb8/4 > CP47 0.220 4.6 0.275 3.6 0.255 3.9 0.213 4.7
Lhcb8/4 - S-LHCII 0.002 434.8 0.002 417.1 0.003 361.0 0.002 461.3

24



References (supplement)

51.

52.

53.

54.

55.

56.

S7.

58.

Wisniewski, J.R., Zougman, A., Nagaraj, N. & Mann, M. Universal sample preparation
method for proteome analysis. Nat. Methods 6, 359-362 (2009).

Cox, J. & Mann, M. MaxQuant enables high peptide identification rates, individualized
p.p.b.-range mass accuracies and proteome-wide protein quantification. Nat.
Biotechnol. 26, 13671372 (2008).

Cox, J. et al. A Peptide Search Engine Integrated into the MaxQuant Environment. J.
Proteome Res. 10, 1794-1805 (2011).

Grebe, S. et al. The unique photosynthetic apparatus of Pinaceae: analysis of
photosynthetic complexes in Picea abies. J. Exp. Bot. 70, 3211-3225 (2019).
Perez-Riverol, Y. et al. The PRIDE database and related tools and resources in 2019:
improving support for quantification data. Nucleic Acids Res. 47, D442-D450 (2019).
Wei, X. et al. Structure of spinach photosystem Il-LHCII supercomplex at 3.2 A
resolution. Nature 534, 6974 (2016).

Grinzato, A. et al. High-light versus low-light: effects on paired photosystem 1l
supercomplex structural rearrangement in pea plants. Int. J. Mol. Sci. 21, 8643 (2020).
Su, X. et al. Structure and assembly mechanism of plant C2S2M2-type PSII-LHCII
supercomplex. Science 357, 815-820 (2017).

25



Photosynthesis Research (2022) 154:21-40
https://doi.org/10.1007/511120-022-00949-0

ORIGINAL ARTICLE q

Check for
updates

Spruce versus Arabidopsis: different strategies of photosynthetic
acclimation to light intensity change

Michal Stroch™2® - Vaclav Karlicky'® - Petr llik*® - Iva llikova*® - Monika Opatikova®® - Luka$ Nosek?
Pavel Pospisil>® - Marika Svrékova®® - Marek Rac>® - Pavel Roudnicky®® - Zbynék Zdrahal®
Vladimir Spunda’?® . Roman Koufil®

Received: 22 April 2022 / Accepted: 30 July 2022 / Published online: 18 August 2022
© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract

The acclimation of higher plants to different light intensities is associated with a reorganization of the photosynthetic appara-
tus. These modifications, namely, changes in the amount of peripheral antenna (LHCII) of photosystem (PS) II and changes
in PSII/PSI stoichiometry, typically lead to an altered chlorophyll (Chl) a/b ratio. However, our previous studies show that in
spruce, this ratio is not affected by changes in growth light intensity. The evolutionary loss of PSII antenna proteins LHCB3
and LHCBG6 in the Pinaceae family is another indication that the light acclimation strategy in spruce could be different. Here
we show that, unlike Arabidopsis, spruce does not modify its PSII/PSI ratio and PSII antenna size to maximize its photo-
synthetic performance during light acclimation. Its large PSII antenna consists of many weakly bound LHCIIs, which form
effective quenching centers, even at relatively low light. This, together with sensitive photosynthetic control on the level of
cytochrome b4f complex (protecting PSI), is the crucial photoprotective mechanism in spruce. High-light acclimation of
spruce involves the disruption of PSII macro-organization, reduction of the amount of both PSII and PSI core complexes,
synthesis of stress proteins that bind released Chls, and formation of “locked-in” quenching centers from uncoupled LHCIIs.
Such response has been previously observed in the evergreen angiosperm Monstera deliciosa exposed to high light. We
suggest that, in contrast to annuals, shade-tolerant evergreen land plants have their own strategy to cope with light intensity
changes and the hallmark of this strategy is a stable Chl a/b ratio.

Keywords Light acclimation - Photoprotection - Picea abies - Arabidopsis thaliana - Thylakoid membrane - Non-
photochemical quenching - LHCII antenna - Photosynthetic control

Introduction

Michal Stroch, Véclav Karlicky, and Petr Ilik have contributed

equally to this work. Light intensity is the most important factor affecting plant

photosynthetic performance. Although light is indispensable

0< Michal Stroch

michal.stroch@osu.cz

Department of Physics, Faculty of Science, University
of Ostrava, 710 00 Ostrava, Czech Republic

Global Change Research Institute, Czech Academy
of Sciences, 603 00 Brno, Czech Republic

Department of Biophysics, Faculty of Science, Palacky
University, 783 71 Olomouc, Czech Republic

Institute of Experimental Botany, Czech Academy
of Sciences, Centre of the Region Hana for Biotechnological
and Agricultural Research, 779 00 Olomouc, Czech Republic

Mendel Centre for Plant Genomics and Proteomics, Central
European Institute of Technology, Masaryk University,
625 00 Brno, Czech Republic

for plants as the driving force for photosynthetic electron
transport, it is also potentially damaging to the photosyn-
thetic apparatus. To cope with changing light intensity,
plants have developed a number of regulatory mechanisms
which enable them to adjust the function and composition
of their photosynthetic apparatus to a particular light envi-
ronment. The responses to fast changes in light conditions
include state transitions and non-photochemical quenching
(NPQ). State transitions enable the optimization of the dis-
tribution of excitation energy between photosystem I (PST)
and II (PSII) via the reversible phosphorylation of light-
harvesting complex II (LHCII), especially under low-light
conditions (for a recent review, see Allen 2017). On the
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other hand, NPQ is active mainly in high-light conditions
and allows safe dissipation of the excess of absorbed light
energy within PSII and LHCII. This prevents overexcita-
tion of PSII reaction centers and protects the photosynthetic
apparatus against photooxidative damage (de Bianchi et al.
2010; Bassi and Dall’Osto 2021; Ruban and Wilson 2021).
The response of plants to longer-term changes in light condi-
tions (acclimation response) involves specific modifications
of the photosynthetic apparatus at the protein level, which
lead to structural and functional changes of PSI and PSII
(Anderson 1986; Walters 2005; Eberhard et al. 2008; Schot-
tler and T6th 2014).

PSII-LHCII of a typical higher plant is composed of a
dimeric core complex (C,) and a variable number of light-
harvesting proteins (LHCB1-6). A major part of the plant
LHCII is formed by LHCII trimers, which consist of three
proteins (LHCB1-3) and which are specifically associated
with the core complex via monomeric antenna proteins
LHCB4-6. According to the character of their bond to the
C,, LHCII trimers have been designated as “S” and “M”
(strongly and moderately bound LHCII, respectively) (Dek-
ker and Boekema 2005; Koufil et al. 2018). The S trimer is
formed by variable combinations of LHCB1 and LHCB2
proteins, whereas the M trimer contains also LHCB3. The
binding of the S trimer to the C, is mediated by LHCB4
and LHCBS, while the binding of the M trimer is facilitated
by the interactions between LHCB3, a constituent of the M
trimer (Dainese and Bassi 1991), and LHCB4 and LHCB6
(Caffarri et al. 2009; van Bezouwen et al. 2017; Su et al.
2017). Under normal light (100 umol photons m~2s~!, NL)
conditions, the most abundant type of PSII-LHCII super-
complex is the C,S,M,, where two copies of the S and M
trimers are bound to the C, (Koufil et al. 2013). In con-
trast to PSII, the plant PSI complex is monomeric and con-
sists of the PSI core complex which binds four monomeric
LHCA1-4 proteins forming LHCI (for a recent review, see
Bai et al. 2021).

At light intensity that is limiting to photosynthesis, light
energy must be captured and utilized by plants with the high-
est possible efficiency. Therefore, higher plants respond to
low-light (LL) exposure by two main adjustments of their
photosynthetic apparatus. The first is an enlargement of
LHCII via upregulation of LHCB1 and LHCB2 proteins,
which in turn leads to a lower chlorophyll (Chl) a/b ratio.
The second is a decrease in the abundance of PSII, which is
reflected in the increase in the PSI/PSII ratio (Bailey et al.
2001; Ballottari et al. 2007; Koufil et al. 2013; Albanese
et al. 2016). These modifications lead to an enlarged absorp-
tion cross section of PSII complexes, thereby compensating
for the potentially detrimental effects of LL conditions on
the photosynthetic performance of plants.

Under high-light (HL) conditions, on the other hand,
plants have to cope with a surplus of absorbed light energy,
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which exceeds the utilization capacity of photosynthetic
electron transport. The amount of absorbed light energy is
downregulated by a reduction of the antenna size. This is
achieved by a selective and coordinated downregulation of
LHCB1-3 proteins and the downregulation of the LHCB6
protein, which is crucial for the binding of the M trimer to
the C, (Bailey et al. 2001; Ballottari et al. 2007; Koufil et al.
2013; Albanese et al. 2016). At the same time, LHCB4.3,
one of the isoforms of minor antenna LHCBA4, is strongly
upregulated by HL (Floris et al. 2013). This isoform, some-
times also referred to as LHCBS8, was found to have reduced
affinity to LHCB6 and to weaken the binding of the M trimer
to the C, (Albanese et al. 2016, 2018, 2019). Acclimation
of higher plants to HL is thus typically accompanied by
a gradual transformation of the C,S,M, supercomplex to
its smaller forms—C,S,M and C,S, (Koufil et al. 2013;
Albanese et al. 2016). This reduction of the antenna size
is directly manifested as an increase in the Chl a/b ratio
(Bailey et al. 2001; Ballottari et al. 2007; Koufil et al. 2013;
Albanese et al. 2016). In contrast to LHCII, LHCI does not
change significantly in HL, and the regulation at the level
of PSI is ensured by changes in the PSI/PSII ratio and the
amount of LHCII proteins associated with PSI (Ballottari
et al. 2007; Wientjes et al. 2013a).

Recently, we have found that the structure and composi-
tion of PSII supercomplexes are not conserved among higher
plants; the gymnosperm genera Picea and Pinus (family
Pinaceae) and Gnetum (order Gnetales) lack functional
lhcb6 and lheb3 genes (Koufil et al. 2016). Structural analy-
sis of the PSII supercomplexes from Norway spruce (Picea
abies) revealed that the absence of LHCB3 and LHCB6 pro-
teins changes the binding of the M trimer to the C,, lead-
ing to the formation of a PSII supercomplex configuration
that is unique among land plants (Koufil et al. 2016). In
addition, Grebe et al. (2019) revealed that genes coding for
LHCB4.1 and LHCB4.2 proteins have also been lost from
the genome of Picea abies, while the gene for LHCB4.3
has been retained. Interestingly, this evolutionarily modified
protein composition of the PSII-LHCII complex from Picea
abies has a striking resemblance to the protein composition
of PSII-LHCII of higher plants acclimated to HL condi-
tions (Koufil et al. 2013). The evolutionary modification
of LHCB proteins composition in PSII-LHCII in Pinaceae
and Gnetales could be one of the factors contributing to the
reduced plasticity of LHCII (stable Chl a/b ratio) in spruce
grown under LL and HL conditions observed in our previous
studies (Kurasova et al. 2003; Stroch et al. 2008).

In the present work, we studied the acclimation response
of Norway spruce seedlings and Arabidopsis thaliana
(model organisms of Pinaceae and angiosperms, respec-
tively) to different light intensities under well-defined condi-
tions (i.e., in growth chambers). We focused on acclimation-
related changes in the stoichiometry of protein complexes
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involved in primary photosynthetic reactions and on the
consequences of these changes for the regulation of electron
transport in thylakoid membranes. This approach allowed
us to identify distinct strategies in the acclimation response
in these two species. We suggest that these different strate-
gies may generally represent light acclimation strategies of
shade-tolerant and shade-intolerant species across the land
plant kingdom.

Materials and methods
Plant material and acclimation conditions

Arabidopsis thaliana wild type (accession Columbia) and
transgenic A. thaliana expressing flvA and flvB genes from
Physcomitrella patens (Yamamoto et al. 2016) were pre-
grown in a walk-in phytoscope (Photon Systems Instru-
ments, Drasov, Czech Republic) at a light intensity of
100 umol photons m~2 s™! (with an 8-h light/16-h dark
cycle), air temperature of 21 °C, 50% relative air humidity,
and atmospheric CO, concentration. Norway spruce (Picea
abies [L.] Karst.) was grown from seeds (Semenoles, Lip-
tovsky Hradok, Slovakia) under the same conditions, but
with a 16-h light/8-h dark cycle. Arabidopsis and spruce
seedlings were grown in soil substrate Potgrond H (Klas-
mann-Deilmann GmbH, Geeste, Germany) in separated
pots to avoid overlapping and shading of leaves/needles, and
were regularly watered with drinking water. The seedlings
were transferred (Arabidopsis after 32 days and spruce after
11 weeks) to three spatially homogeneous light intensities:
low light (LL; 20 umol photons m~2 s™!), control normal
light (NL; 100 pumol photons m~2 s~!), and high light (HL;
800 pmol photons m~ s~!) inside the growth chamber
HGC1014 (Weiss, Germany). All other cultivation condi-
tions were kept the same as in the pre-cultivation phase.
The illumination module of the HGC1014 growth cham-
ber consisted of halogen lamps (POWERSTAR HQI-BT
400 W/D Daylight, Osram, Germany) and was shielded by
a UV-absorbing filter (Lee 226 UV filter), which blocks UV
radiation emitted from the halogen lamps. Plants exposed
to each acclimation regime were kept in separate growth
chambers for 10-14 days. After the light acclimation phase,
fully developed Arabidopsis leaves and primary needles of
spruce were used for all measurements.

Isolation of thylakoid membranes, estimation of Chl
a/b and de-epoxidation state of xanthophyll cycle
pigments

Thylakoid membranes were isolated from Arabidopsis leaves
and spruce needles after 30 min of dark adaptation using
the protocol described by Dau et al. (1995). All procedures

were performed under dim green light on ice or at 4 °C.
The chlorophyll content of the final thylakoid membrane
suspension was determined spectrophotometrically (Unicam
UV 500, Thermo Spectronics, UK) by a pigment extrac-
tion in 80% acetone (Lichtenthaler 1987). Thylakoid mem-
brane suspensions were used for estimating the Chl a/b ratio
and de-epoxidation state of xanthophyll cycle pigments
[DEPS,,«=A+2)/(V+A+Z), where V, A, and Z repre-
sent the concentrations of violaxanthin, antheraxanthin, and
zeaxanthin, respectively]. The Chl a/b ratio was determined
spectrophotometrically according to Lichtenthaler (1987).
Quantification of xanthophyll cycle pigments was performed
by reversed-phase high-performance liquid chromatography
(HPLC) using Alliance e 2695 HPLC System (Waters, Mil-
ford, MA, USA). The separation was carried out using a
gradient system (1.5 ml min~! at 25 °C) on a LiChrospher
100 RP-18 (5 pm) LiChroCART 250-4 (Merck, Darmstadt,
Germany) with acetonitrile:methanol:Tris (pH 8) (87:10:3;
v/v) and methanol:n-hexane (80:20; v/v) as solvent systems.
Quantification of the xanthophylls was based on a compari-
son of their absorbance (441, 446, and 454 nm for V, A,
and Z, respectively) with corresponding standards purchased
from DHI Lab Products (Hgrsholm, Denmark).

Mass spectrometry analysis of thylakoid proteins

Thylakoid membranes from Arabidopsis leaves and spruce
needles were subjected to filter-aided sample preparation as
described in Wisniewski et al. (2009). The resulting pep-
tides were analyzed by liquid chromatography—tandem mass
spectrometry (LC-MS/MS) performed using UltiMate 3000
RSLCnano system (Thermo Fisher Scientific) online cou-
pled with an Orbitrap Elite hybrid spectrometer (Thermo
Fisher Scientific). See Supplementary Information for full
details regarding the analyses and data evaluation.

Low temperature (77 K) chlorophyll fluorescence
spectra

Chl a fluorescence spectra of thylakoid membranes at 77 K
were recorded using a Fluorolog 3-22 spectrofluorometer
(Horiba Jobin Yvon, Paris, France) equipped with a Dewar-
type optical cryostat as described by Dlouhy et al. (2021).
Fluorescence spectra were measured on a freshly prepared
suspension of thylakoid membranes in a 2 mm capillary
tube. Chl content was adjusted to 5 ug ml™! to avoid reab-
sorption. The emission spectra were recorded at the pref-
erential excitation of Chl b at 475 nm with 3 and 2 nm slit
widths of excitation and emission monochromators, respec-
tively. The emission spectra were corrected for the spectral
sensitivity of the detection system. The excitation spectra of
PSII and PSI were detected at emission wavelengths 685 nm
and 735 nm, respectively, with 2 and 3 nm slit widths of
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the excitation and emission monochromators, respectively.
The excitation spectra were automatically corrected for the
output of the excitation source, the efficiency of the exci-
tation monochromator, and the sensitivity of the reference
photomultiplier.

Circular dichroism spectroscopy

Circular dichroism (CD) spectra were recorded in the range
of 400-750 nm with a J-815 spectropolarimeter (Jasco,
Tokyo, Japan) as described earlier (Karlicky et al. 2016,
2021). The spectra were recorded in 0.5 nm steps with an
integration time of 1 s, a 2 nm band-pass, and a scanning
speed of 100 nm min~!. CD spectra of freshly prepared thy-
lakoid membranes were recorded in the cell with an optical
path length of 1 cm. Thylakoid membranes were prepared
by resuspending isolated membranes at a Chl content of
20 ug ml~! in a medium containing 50 mM Tricine (pH
7.5), 0.4 M sorbitol, 5 mM KCl, and 5 mM MgCl,.

Chlorophyll fluorescence and P700 redox state
measurements

The function of PSII and PSI was simultaneously assessed
using a Dual-PAM100 measuring system (Heinz Walz,
Effeltrich, Germany). Plants were sampled no earlier than
2 h after the start of the light phase in the growth cham-
ber and were dark adapted for 30 min prior to the measure-
ment. First, minimal Chl fluorescence (F), maximal Chl
fluorescence (F);), maximum quantum yield of PSII pho-
tochemistry [Fy/Fy = (Fy — Fy)/Fy], and maximal level of
P700* (P,,) were measured using 300 ms saturating red light
(635 nm) pulses with an intensity of 10 000 umol photons
m~2 s7! [after pre-illumination with far-red light (720 nm)
for Py, determination]. Then, actinic red light (635 nm) with
an intensity of 20, 100, 400, or 800 umol photons m~2g!
was switched on and saturation light pulses were applied
after 10 s, 30 s, 1 min, 2 min, and further in 1-min intervals.
After 15 min of illumination, the actinic light was switched
off and the recovery phase in darkness was monitored for
15 min using saturation light pulses at 1-min intervals. Blue
measuring light (460 nm) and near infra-red dual-wave-
length (830 and 875 nm) P700 measuring light were used for
excitation of Chl fluorescence and measurement of P700"
transmittance, respectively.

PSII function was assessed by non-photochemical
quenching of Fy;, NPQ = (F\; — F\/')/F\/ (F\' is maxi-
mal Chl fluorescence under illumination) (Bilger and
Bjorkman 1990), non-photochemical quenching of F,
SVo=(Fy — Fy)/IFy' (Fy' is minimal Chl fluorescence
under illumination) (Gilmore and Yamamoto 1991), quan-
tum yield of PSII photochemistry, Y(II) = (F\,' — F)/F\,' (F
is Chl fluorescence level induced by actinic light) (Genty
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et al. 1989), and the fraction of open PSII reaction centers,
qL=[(F\' — F)I(F\f' — FH)]-(Fy'IF) (Kramer et al. 2004).
The complementary PSI quantum yields were determined
according to Klughammer and Schreiber (2008): quantum
yield of PSI photochemistry [Y(I) = (Py,' — P)/Py] (in
analogy to Chl fluorescence levels, P and P’ are P700*
signals induced by actinic light and a saturation pulse with
background actinic light, respectively), quantum yield of
non-photochemical energy dissipation due to PSI donor
side limitation [Y(ND) = P/Py], and quantum yield of
non-photochemical energy dissipation due to PSI accep-
tor side limitation [Y(NA) = (Py; — Py')/ Pyl

Thermoluminescence measurements

Thermoluminescence curves were measured with a Ther-
moluminescence TL 6000/ST (Photon Systems Instru-
ments, Ltd, Drasov, Czech Republic). Thylakoid mem-
brane suspension (400 pl, corresponding to 27.5 pg of Chl)
in a buffer (50 mM HEPES, pH 7.2, 5 mM MgCl,, 15 mM
NaCl) was placed on a metallic disk and cooled from room
temperature to 0 °C, followed by one single turnover flash
prior to the measurement. The thermoluminescence curves
were recorded while the sample was warmed up to 85 °C
at a heating rate of 0.5 °C s~

Data and statistical analysis

Spectroscopic data were processed and analyzed using
MatLAB software (MathWorks, Natick, MA, USA) with
implemented Spectr-O-Matic toolbox (Dr. Petar H. Lam-
brev, Szeged, Hungary), which is available at the MatLAB
File Exchange and homebuilt routines. Before statistical
analysis, the normality of data distribution and homo-
geneity of variances were checked using the Kolmogo-
rov—Smirnov test and Levene’s test, respectively, that were
performed using Origin 8.6 (OriginLab, Northampton,
USA). All data confirmed a normal distribution and for
the data that did not meet the assumption of homogeneity
of variances, logarithmic or power transformations were
applied. Then one-, two-, or three-way ANOVA (level of
significance p < 0.05) was applied to analyze statistical dif-
ferences. Tukey’s post hoc tests were used to identify those
means with significant differences. ANOVA and Tukey’s
post hoc tests were performed using MatLAB (Math-
Works, Natick, MA, USA). The values presented in fig-
ures are means =+ standard deviations (S.D.). The numbers
of samples, from which the means were calculated, are 20
for F,, Fy, and Fy/Fy; and 3-5 for other characteristics
(see figure captions).
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Results

Light acclimation of spruce is characterized
by unusually low plasticity of its electron transport
protein complexes

In Arabidopsis, we observed a typical light acclimation
response previously described for higher plants (e.g.,
Anderson 1986; Anderson et al. 1988; Ballottari et al.
2007; Koufil et al. 2013). With increasing acclimation
light intensity there was a corresponding increase in the
Chl a/b ratio (Fig. 1a), as well as an increase in the rela-
tive abundance of PSII, cytochrome f (Cyt f), and ATP
synthase compared to PSI (Fig. 1b, e, and f). The periph-
eral light-harvesting system of PSII (LHCII) was reduced
with increasing acclimation light intensity (higher PSII/

LHCII ratio, Fig. 1¢), which results mainly from decreased
relative abundances of LHCB1, LHCB2, and LHCB3
antenna proteins—the building blocks of trimeric LHCIIs
(Fig. S1a). Contrary to PSII, the relative extent of the PSI
antenna system did not change in response to light accli-
mation (Figs. 1d and S2a), which was expected as LHCI
(LHCA1-4) is strongly bound to the PSI core and the PSI-
LHCI complex usually behaves as a single unit (Ballottari
et al. 2007).

Surprisingly, spruce seedlings showed much lower plas-
ticity of electron transport protein complexes. We found
virtually no effect of light acclimation on the Chl a/b, PSII/
PSI, and Cyt f/PSI ratios (Fig. 1a, b, and e). However, after
HL acclimation we observed about a 30% decrease in the
PSII/LHCII ratio, an opposite trend to what was found in
Arabidopsis (Fig. 1c). The composition of the PSII core in
spruce was not affected by HL acclimation (Fig. S1b). Thus,
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Fig.1 Chl a/b ratios and relative amounts of electron transport pro-
tein complexes and ATP synthase in light-acclimated Arabidopsis (A.
thaliana) and spruce (P. abies). a Chl a/b, b PSII/PSI, ¢ PSII/LHCII,
d PSI/LHCI, e Cyt f/PSI, f ATP synthase/PSI ratios for low-light-
acclimated (LL), non-acclimated (NL), and high-light-acclimated
(HL) Arabidopsis and spruce. The relative content of protein com-
plexes (proteins) was determined by mass spectrometry; PSII repre-

LL NL HL

sents the sum of relative PG intensities of D1, D2, CP43, and CP47
proteins, LHCII LHCB1-3 proteins, PSI PSAA and PSAB proteins,
LHCI LHCA1-4 proteins, ATP synthase o and B subunits of CF,. The
presented values are means + S.D. from five replicates for Chl a/b and
from four replicates for other ratios. Different letters represent statisti-
cally significant differences (p <0.05, two-way ANOVA followed by
Tukey’s post hoc test)
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the simplest explanation of the decrease in PSII/LHCII,
although physiologically difficult to interpret, would be an
increase in the abundance of LHCB1 and LHCB?2 proteins.
However, this is largely contradicted by the unchanged Chl
a/b ratio at HL (2.77), as the preferential synthesis of tri-
meric LHCII (which have Chl a/b~1.3, see, e.g., Su et al.
2017) would lower the Chl a/b ratio. The observed phe-
nomenon can be explained only by a proportional degrada-
tion of both PSII and PSI-LHCI, accompanied by storage
of released chlorophylls. This explanation would justify
the lower PSII/LHCII and unchanged PSII/PSI and Chl a/b
ratios in HL spruce.

To test the possibility of the retention of released chloro-
phylls, we analyzed the level of stress proteins called ELIPs
(Early Light-Induced Proteins), which are able to bind free
chlorophylls and protect them against oxidation within the
thylakoid membrane (Adamska et al. 2001; Hutin et al.
2003). Indeed, in HL-acclimated spruce, we observed a dra-
matic increase in ELIPs, whereas in all Arabidopsis samples
as well as in LL- and NL-acclimated spruce, the ELIPs were
very close to (or even below) the mass spectrometry (MS)
detection limit (Fig. 2a). Aside from ELIPs, two other pro-
tein groups have been suggested to have possible roles in
the binding of released chlorophylls in the thylakoid mem-
brane—OHPs (One Helix Proteins) and LIL3s (LHC-like 3
proteins) (Rochaix and Bassi 2019). The relative abundance
of these proteins also increased in spruce with increasing
acclimation light intensity, although the changes were much
less pronounced than in the case of ELIPs (Fig. 2b, c).

PSIl photochemistry is considerably downregulated
in HL-acclimated spruce due to “locked-in” NPQ

In Arabidopsis grown at NL conditions, the maximum
quantum Yyield of PSII photochemistry (Fy/F);) was 0.82
(Fig. 3a), which is a typical value for non-stressed plants
(Bjorkman and Demmig 1987). The LL acclimation of
Arabidopsis led to a small decrease of Fy/Fy; (0.78), which
is consistent with data from Ware et al. (2015). After HL.
acclimation, the F/F,; value was 0.8, which implies that
the acclimation strategy of Arabidopsis ensured successful
adjustment of the PSII function to HL conditions.

In spruce, however, HL acclimation resulted in a signifi-
cant decrease in Fy/Fy, as its value dropped from 0.79 in LL
and NL plants to only 0.53 in HL plants (Fig. 3a). A similar
effect was observed in our previous studies with 1-year-old
needles of 5-year-old spruce acclimated to very high light
intensities (= 1000 umol photons m~2 s (Kurasov4 et al.
2003; Stroch et al. 2008). Figure 3b shows that in HL spruce,
the increase in the F, level, reflecting a disconnection of
LHCII antenna from PSII core (e.g., Ware et al. 2015),
played a minor role in this phenomenon, and that the drop
of Fy/Fy was caused mainly by the decrease of the F), level.
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Fig.2 Relative amounts of stress-induced proteins in light-acclimated
Arabidopsis (A. thaliana) and spruce (P. abies). a ELIPs/CP43, b
OHPs/CP43, ¢ LIL3s/CP43 for low-light-acclimated (LL), non-accli-
mated (NL), and high-light-acclimated (HL) Arabidopsis and spruce.
Relative amounts of proteins were calculated as a ratio of relative PG
intensities for the proteins from MS analysis. ELIPs contents in LL
and NL Arabidopsis were below the detection limit. The presented
values are means +S.D. from four replicates. Different letters repre-
sent statistically significant differences (p <0.05, two-way ANOVA
followed by Tukey’s post hoc test)

The pronounced decrease of Fy; during HL acclimation
was shown to be associated with the induction of “locked-
in” NPQ in some representatives of evergreen angiosperms
(e.g., Demmig-Adams et al. 2006, 2014). This type of NPQ
appeared to be connected with the retention of de-epoxidized
xanthophylls and PSBS protein (for a review, see Demmig-
Adams et al. 2012, 2014). To test whether the HL-induced
decrease of F; in spruce could also be a result of such
“locked-in” NPQ, we determined the de-epoxidation state
of xanthophylls (DEPS,,,) and PSBS content.

As expected, DEPS,,, in Arabidopsis was found to be
zero for LL and NL plants and about 13% for HL plants
(due to the A; Z was absent). In spruce, DEPS,,, was
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Fig.3 Maximum quantum yield of PSII photochemistry (Fy/F)y;) in
light-acclimated Arabidopsis (A. thaliana) and spruce (P. abies). a
Fy/Fy ratio and b minimal (F)) and maximal (F);) Chl fluorescence
levels for low-light-acclimated (LL), non-acclimated (NL), and high-
light-acclimated (HL) Arabidopsis and spruce. Measurements were
performed with seedlings dark adapted for 30 min. The presented
values are means =+ S.D. from 20 replicates. Different letters represent
statistically significant differences (p <0.05, two-way ANOVA fol-
lowed by Tukey’s post hoc test). F;, and F\; mean values (panel b)
were analyzed separately

above zero even for LL and NL plants (4-5%, due to the
A; Z was absent) and in HL plants it reached a very pro-
nounced level, about 50% [Z/(V+A+Z)=0.22+0.01; A/
(V+A+272)=0.27+0.01] (Fig. 4a). The relative amount
of PSBS (PSBS/CP43) in HL spruce was more than 70%
higher compared to LL and NL plants, whereas in Arabi-
dopsis the level of PSBS was not affected by light accli-
mation (Fig. 4b). These data indicate that HL acclimation
of spruce shares common features with HL acclimation of
angiosperm evergreens (Demmig-Adams and Adams 2006;
Demmig-Adams et al. 2006) and that indeed, the “locked-in”
NPQ appears to be operational in HL-acclimated spruce.

Absorption cross section of PSll in spruce
is not affected by light acclimation

The slight increase in F, level observed in HL spruce
(Fig. 3b) suggests that some of the LHCII antennae might
be weakly bound to PSII. The possible partial disconnection
of LHCII was further analyzed using the measurement of
77 K steady-state Chl a fluorescence emission spectra, which
can detect the presence of uncoupled LHCII as the emission
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Fig.4 De-epoxidation state of xanthophyll cycle pigments (DEPS)
and relative amount of PSBS protein in light-acclimated Arabidopsis
(A. thaliana) and spruce (P. abies). a DEPS,,, determined in the thy-
lakoid membranes isolated after 30-min dark adaptation of the seed-
lings (mean+S.D., n=>5) and b the relative content of PSBS protein
(PSBS/CP43) (mean+S.D., n=4). Measurements were performed
for low-light-acclimated (LL), non-acclimated (NL), and high-light-
acclimated (HL) Arabidopsis and spruce. DEPS is equal to (A +Z)/
(V+A+2Z), where V, A, and Z represent the concentrations of violax-
anthin, antheraxanthin, and zeaxanthin, respectively. PSBS amount
was calculated as a ratio of relative PG intensities of the proteins
from MS analysis. Different letters represent statistically significant
differences (p <0.05, two-way ANOVA followed by Tukey’s post hoc
test)

peaking at 680 nm (Belgio et al. 2012). The emission spectra
of thylakoid membranes show three typical bands (Fig. 5a).
Two of them are attributed to the emission from PSII (at
wavelengths of 685 and 695 nm, i.e., F685 and F695) and
one to emission from PSI (at 735 nm, i.e., F735) (van Gron-
delle et al. 1994). The emission from PSII in Arabidopsis is
dominated by the F685 band, whereas in spruce by the F695
band. This phenomenon has been observed previously (Weis
1985; Karlicky et al. 2016), but its origin or physiological
significance has yet to be elucidated.

Light acclimation led to changes in the emission bands
F680 and F700, which are known to be related to emission
from free and aggregated forms of LHCII, respectively (e.g.,
Miloslavina et al. 2008; Chmeliov et al. 2016; Ostroumov
et al. 2020). The HL-NL difference spectra clearly showed
that in HL spruce, the relative intensities of F680 and F700
bands were significantly higher than in HL Arabidopsis
(Fig. 5a, insets). Thus, in HL spruce, a larger fraction of
LHCII had only a weak connection to the PSII core antenna,
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Fig.5 Low-temperature Chl
fluorescence spectra in light-
acclimated Arabidopsis (A.
thaliana) and spruce (P. abies).
a Normalized 77 K fluorescence
emission spectra, b excitation
spectra of PSII, and c excita-
tion spectra of PSI measured in
thylakoid membranes isolated
from low-light-acclimated (LL),
non-acclimated (NL), and high-
light-acclimated (HL) Arabi-
dopsis and spruce. Emission
spectra were collected at excita-
tion wavelength of 475 nm;
excitation spectra were detected
at wavelength of 685 nm and
735 nm for PSII and PSI,
respectively. Average spectra
from three to five replicates are
presented. Insets in a show HL—
NL and LL-NL difference spec-
tra calculated from emission
spectra in corresponding panels;
the dotted lines highlight the
wavelengths of 680 nm (F680)
and 707 nm (F700). Insets in

b and ¢ show fluorescence
excitation ratios E475/E435
determined from excitation
spectra in corresponding panels.
The presented values in insets
are means + S.D. from three to
five replicates. Different letters
in insets of panels b and ¢
represent statistically significant
differences (p <0.05, two-way
ANOVA followed by Tukey’s
post hoc test)

which is consistent with a higher F, level (Fig. 3b). The
enhanced F700 emission band for HL-acclimated spruce
indicates that a part of LHCIIs form aggregates. The LL-NL
difference spectra for spruce showed a negative peak at
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680 nm, implying that NL spruce had more LHCIIs weakly
bound to PSII than in LL spruce. In Arabidopsis, the situ-
ation is the opposite, as the LL-NL difference spectrum
showed a positive peak at 680 nm. This indicates that LL
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acclimation of Arabidopsis led to the appearance of weakly
bound LHCIIs, which is in agreement with a slight decrease
in Fy/Fy;in LL plants (Fig. 3a).

Analysis of the 77 K excitation spectra allowed us to
examine the changes in the absorption cross sections of both
photosystems. The changes in energy transfer from LHCIIs
to PSII and PSI can be evaluated from the relative changes
in excitation bands corresponding to Chl » and carotenoids
(E475/EA435) for emission wavelengths typical for PSII
(685 nm) and PSI (735 nm) (Tikkanen et al. 2008; Jajoo
et al. 2014). In Arabidopsis, the E475/E435 ratio for PSII
emission gradually decreased with increasing acclimation
light intensity (Fig. 5b), which corresponds with a reduction
of PSII antenna (increase in PSII/LHCII ratio, Fig. 1c). Inter-
estingly, no such changes were observed in the PSII excita-
tion spectrum of spruce, indicating that the PSII absorption
cross section remained the same in spruce during all light
acclimation regimes. The PSII absorption cross section in
spruce was kept notably low (Fig. 5b), much lower than
for LL. Arabidopsis, which had a comparably large LHCII
antenna (similar PSII/LHCII, Fig. 1c). This indicates that
in spruce, a substantial part of this large LHCII was weakly
bound to PSII. A population of partially disconnected LHCII
was present also in LL Arabidopsis (Fig. Sa, inset); however,
in spruce the fraction of loosely bound LHCII appears to be
much larger. The absorption cross section of PSI in Arabi-
dopsis decreased with increasing acclimation light inten-
sity, as in the case of the absorption cross section of PSII
(Fig. 5¢), although its decrease was smaller. This decreasing
absorption cross section thus coincides with the decreasing
amount of LHCIIs (Fig. 1c) that can partially transfer excita-
tion energy to PSI (Chukhutsina et al. 2020; Croce 2020).
On the other hand, in spruce, the absorption cross section
of PSI was found to be much more stable under different
acclimation light intensities, which reflects the fact that the
amount of LHCIIs in spruce did not significantly change.

PSII-LHCII macro-organization is lost
in HL-acclimated spruce

Circular dichroism (CD) spectroscopy of thylakoid mem-
branes provides information on the chiral macro-organiza-
tion of PSII-LHCII, which is connected to the appearance of
intensive W-type CD bands (+)685, (—)673, and (+)505 nm
(Barzda et al. 1994; Dobrikova et al. 2003). The intensity of
positive (+) bands depends on the LHCII content and carries
information mainly about the long-distance lateral macro-
organization of PSII-LHCII supercomplexes (Kovécs et al.
2006; Toth et al. 2016), whereas the negative (—)673 nm
band reflects mostly the degree of grana stacking (Garab
et al. 1991).
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Fig.6 Circular dichroism (CD) spectra in light-acclimated Arabidop-
sis (A. thaliana) and spruce (P. abies). Room temperature CD spec-
tra for a Arabidopsis and b spruce measured in thylakoid membranes
isolated from low-light-acclimated (LL), non-acclimated (NL), and
high-light-acclimated (HL) plants. Spectra are normalized to the Q,
absorbance maximum. Averaged spectra from three to five replicates
are presented. Insets show amplitudes of W-type CD bands at around
(+)685 nm, (—)673 nm, and (+)505 nm with reference wavelengths
at 730 nm or 550 nm. The presented values in insets are means + S.D.
from three to five replicates. Different letters in insets represent statis-
tically significant differences (p <0.05, two-way ANOVA followed by
Tukey’s post hoc test)

In Arabidopsis, the height of all the W-type CD bands
decreased with increasing acclimation light intensity
(Fig. 6a), which corresponds with the decrease in the rel-
ative amount of LHCII (Fig. 1c). In spruce, the extent of
PSII-LHCII macro-organization was much smaller than in
Arabidopsis, as indicated by approximately ten times lower
amplitudes of the W-type CD bands (compare Fig. 6a, b).
This result is consistent with our previous study (Karlicky
et al. 2016), where we hypothesized that the smaller macro-
domains of PSII-LHCII in spruce, leading to smaller WY-type
CD bands, could be the result of different PSII supercomplex
structure (Koufil et al. 2016). Although the MS data suggest
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Fig.7 Steady-state PSII parameters after exposure of light-accli-
mated Arabidopsis (A. thaliana) and spruce (P. abies) to different
light intensities. a Non-photochemical quenching of maximal Chl
fluorescence Fy; (NPQ), b non-photochemical quenching of minimal
Chl fluorescence F|, (SV,), ¢ quantum yield of PSII photochemistry
[Y(ID)], and d the fraction of open PSII reaction centers (qL) for low-
light-acclimated (LL), non-acclimated (NL), and high-light-accli-
mated (HL) Arabidopsis and spruce. Parameters were determined
after 15-min exposure to different light intensities (20, 100, 400, and

that LL acclimation of spruce did not lead to significant
changes in the protein composition of its Chl-containing com-
plexes (Fig. 1), their macro-organization was increased com-
pared to NL (Fig. 6b). In HL-acclimated spruce, by contrast,
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800 umol photons m~2 s7!). The presented values are means=+S.D.
from four to five replicates. The different lowercase letters repre-
sent statistically significant differences between light acclimation
regimes for the same plant species and the same actinic light inten-
sity, whereas the different uppercase letters represent differences
between plant species for the same light acclimation intensity and the
same actinic light intensity (p <0.05, three-way ANOVA followed by
Tukey’s post hoc test)

the macrodomain organization was almost completely lost.
This finding is probably associated with the weakening of
PSII-LHCII interaction, as indicated by the increases in F680
emission at 77 K (Fig. 5a) and in F|, (Fig. 3b).
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A pronounced non-photochemical quenching intensities of actinic light and subsequent dark recovery
in spruce (Figs. 7, 8, and S3-S6). The key photoprotective regulatory

mechanism that prevents the overexcitation of PSII reac-
To assess the functional consequences of the different pho-  tion centers is light-induced thermal dissipation of absorbed
tosynthetic complex structural adjustments observed in HL-  light energy, which can be monitored as non-photochemical

and LL-acclimated spruce and Arabidopsis, we analyzed  Chl fluorescence quenching of Fy; (i.e., the NPQ parameter)
Chl fluorescence kinetics and P700 redox state at various  (Bilger and Bjorkman 1990).
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Fig.8 Steady-state PSI parameters after exposure of light-acclimated ferent light intensities (20, 100, 400, and 800 umol photons m™2 s™1).
Arabidopsis (A. thaliana) and spruce (P. abies) to different light The presented values are means+S.D. from four to five replicates.

intensities. a Quantum yield of PSI photochemistry [Y(I)], b quan- The different lowercase letters represent statistically significant differ-
tum yield of non-photochemical energy dissipation due to PSI donor ences between light acclimation regimes for the same plant species
side limitation [Y(ND)], ¢ PSI acceptor side limitation [Y(NA)], and and the same actinic light intensity, whereas the different uppercase
d the ratio of quantum yield of PSI photochemistry to quantum yield letters represent differences between plant species for the same light

of PSII photochemistry [Y(I)/Y(II)] for low-light-acclimated (LL), acclimation intensity and the same actinic light intensity (p <0.05,
non-acclimated (NL), and high-light-acclimated (HL) Arabidopsis three-way ANOVA followed by Tukey’s post hoc test)
and spruce. Parameters were determined after 15-min exposure to dif-
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As expected, in all acclimation variants of Arabidopsis,
the steady-state level of NPQ increased with increasing
intensity of actinic light (Fig. 7a). The actinic light inten-
sity profile of NPQ was very similar for LL and NL plants,
whereas in HL. Arabidopsis the substantial NPQ was induced
at the highest used actinic light intensity (800 pmol photons
m~2s7!). In spruce, we observed overall higher NPQ com-
pared to Arabidopsis. For example, the actinic light intensity
corresponding to NL (100 umol photons m~2 s~") induced 7
times higher NPQ level in NL spruce than in NL Arabidop-
sis (Fig. 7a). The unexpectedly low level of NPQ detected
for HL spruce (lower than for NL spruce) is associated with
the previously described pre-existing “locked-in” NPQ. As
this NPQ is active already in dark-adapted spruce, it lowers
the measurable value of Fy/F,; (Fig. 3a), which in turn leads
to the underestimation of the real NPQ level. The measured
NPQ parameter reflects only the non-photochemical quench-
ing that is induced by the actinic light and does not reflect
the dark level of NPQ in HL spruce.

As mentioned above, the results of the measurement of
the F, level (Fig. 3b) and 77 K emission spectra (Fig. 5a)
suggest that there were loosely bound LHCIIs in HL spruce.
It is known that weakly bound LHCIIs can form aggre-
gates that are strongly quenched, which often leads to F)
quenching and slow relaxation of NPQ in the subsequent
dark period (see, e.g., Belgio et al. 2012; Ware et al. 2015).
Therefore, we evaluated non-photochemical quenching of
the F, level using the parameter SV, (Gilmore and Yama-
moto 1991), which can be used for the estimation of the
light-induced non-photochemical quenching localized in the
weakly bound LHCIIs (Belgio et al. 2012; Karlicky et al.
2021).

In Arabidopsis, the induction of SV, was very low and
appeared significantly only in LL plants at higher actinic
light intensities (400 and 800 umol photons m~2 s7})
(Fig. 7b). This corresponds with the appearance of LHCIIs
loosely coupled to PSII (see LL-NL difference spectrum
in Fig. 5a, inset). In spruce, we observed much higher SV,
values. In LL spruce, the actinic light intensity profile of
SV, was similar to LL. Arabidopsis (Fig. 7b), which may
indicate that these plants have a roughly similar amount
of LHCII loosely coupled to PSII core. For NL and espe-
cially HL spruce, however, the SV, values were found to
be much higher. This corresponds to a higher amount of
loosely bound LHCII, which agrees with 77 K difference
emission spectra (Fig. 5a) and weaker PSII-LHCII macro-
organization (Fig. 6b).

A pronounced “photosynthetic control” in spruce

As the photochemical activity of PSII and electron trans-
port in thylakoid membranes are the most important factors
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affecting the induction of NPQ, it was necessary to ana-
lyze them in detail to correctly interpret the differences in
spruce and Arabidopsis acclimation strategy. We evaluated
the steady-state values of Chl fluorescence parameters Y (II)
and qL, which reflect the actual quantum yield of PSII pho-
tochemistry and a fraction of open PSII reaction centers,
respectively (Genty et al. 1989; Kramer et al. 2004) (Fig. 7c,
d).

In spruce, Y(II) decreased with increasing actinic light
intensity more steeply than in Arabidopsis (Fig. 7¢), which
corresponds with a pronounced induction of NPQ (Fig. 7a).
The seeming exception is HL spruce, where the measured
NPQ is, however, strongly underestimated due to the pre-
existing “locked-in” NPQ in the dark (see above). At higher
actinic light intensities, PSII photochemistry in spruce is
thus downregulated due to high NPQ, which should keep
PSII reaction centers more open. Nevertheless, gL values
were very low also for NL and HL spruce at higher intensi-
ties of actinic light.

To understand why PSII reaction centers in spruce were
closed despite the strong NPQ, we decided to analyze the
redox state of PSI (Figs. 8 and S3-S6). We determined PSI-
related complementary quantum yields, i.e., the quantum
yield of PSI photochemistry Y (I), non-photochemical energy
dissipation due to PSI donor side limitation Y(ND), and
acceptor side limitation Y(NA). For all acclimation variants
of Arabidopsis, the actinic light intensity profiles of Y(I)
(Fig. 8a) were similar to those of Y(II) (Fig. 7¢). Further-
more, the decrease of Y(I), irrespective of the acclimation
variant, was always connected with the increase in Y(ND),
i.e., with the limitation in electron transport at the donor
side of PSI (Fig. 8b). It is not surprising, as at higher actinic
light intensities the concomitant higher lumen acidification
activates the so-called “photosynthetic control,” i.e., the
slowing down of electron transport on the level of Cyt byf
complex (for a recent comprehensive study, see Yamamoto
and Shikanai 2019). Activation of photosynthetic control
leads to a higher reduction of the plastoquinone (PQ) pool,
which in turn lowers Y(II). In Arabidopsis, photosynthetic
control was pronounced in the LL variant (Fig. 8b), which
probably reflects its large LHCII antenna system (Fig. 1c)
and consequent high excitation pressure in PSII reaction
centers (Fig. 7d). On the other hand, in HL Arabidopsis,
photosynthetic control was low, which can be an indication
that the generation of the trans-thylakoid proton gradient by
photosynthetic electron transport and its utilization by ATP
synthase were optimized and thus well balanced.

In NL and HL spruce, Y(I) decreased more steeply with
increasing actinic light intensity than the corresponding
Arabidopsis acclimation variants (Fig. 8a). Similarly to
Arabidopsis, the decrease in Y(I) can be entirely ascribed
to an increase in Y(ND) (Fig. 8b), which implies that in
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spruce the photosynthetic control is much more pronounced
than in Arabidopsis. In spruce, the Y(I)/Y(II) ratio progres-
sively increased with the increasing intensity of actinic light,
reaching the values 3—4 (Fig. 8d). Such high ratios indicate
highly imbalanced photochemistry of both photosystems
and the involvement of cyclic electron transport around PSI
(CET), which may increase lumen acidification to the level
that causes both pronounced photosynthetic control and
induction of high NPQ.

Very fast induction and slow relaxation of NPQ
in HL-acclimated spruce

The kinetics of PSII and PSI parameters during exposure
to actinic light and a subsequent dark period revealed fur-
ther details on the regulation of NPQ and electron transport
(Figs. S3-S6). For actinic light intensities >400 umol pho-
tons m~2 s~!, the induction of NPQ in LL and NL Arabi-
dopsis was rather monotonic (i.e., without a peak), as a
result of actinic light intensity exceeding the acclimation
light intensity. In LL Arabidopsis, the induction as well as
relaxation of NPQ was slower compared to NL. The slow
recovery of NPQ together with its elevated steady-state level
in the dark period indicate a partial formation of “locked-in”
quenching centers. This finding coincides with the exist-
ence of loosely bound LHCIIs (Fig. 5a) and the induction
of relatively high SV, in LL Arabidopsis (Fig. 7b). On the
other hand, the induction of NPQ in HL Arabidopsis for
the intensities > 400 umol photons m~2 s~! was biphasic,
with a peak at the initial phase of induction when the pho-
tosynthetic control was relatively high [low Y(II), Y(I), and
high Y(ND)]. The subsequent NPQ decay phase in the light
period most probably reflects a decrease in lumen acidity
(and thus also a decrease in photosynthetic control) due to
the high activity of ATP synthase (Fig. 1f).

In LL and NL spruce, the kinetics of NPQ induction for
actinic light intensities > 400 umol photons m~2 s~! was also
monotonic and relatively slow, similar to LL. Arabidopsis. In
HL spruce, however, the NPQ induction kinetics was very
fast, reaching the saturation within the first minute. The
relaxation kinetics of NPQ in the dark was relatively slow
for all acclimation variants, again comparable to LL Arabi-
dopsis. In all acclimation variants of spruce, PSI parameters
as well as Y(II) were also similar to those for LL Arabi-
dopsis. The difference was found in the first two minutes of
induction. While in L. Arabidopsis, the establishment of
photosynthetic control took 1-2 min, in spruce it required
less than 10 s (Figs. S3e and S4e). This phenomenon is prob-
ably associated with the activity of pseudocyclic electron
transport to molecular oxygen, mediated by the flavodiiron
enzyme. This pathway is operational in all non-flowering
plants on the acceptor side of PSI within a second after the
onset of light (Ilik et al. 2017). This alternative electron

transport chain contributes to rapid acidification of the thyla-
koid lumen and thus is probably responsible for the very fast
establishment of photosynthetic control (Yamamoto et al.
2016; Yamamoto and Shikanai 2019). It is also of note that
the fast lumen acidification in spruce due to the flavodiiron-
dependent pathway may be involved in the very fast induc-
tion of NPQ in HL spruce.

To find out whether the flavodiiron-dependent pathway
could participate in the unusually high steady-state Y (I)/
Y () ratio observed in spruce (Fig. 8d), we performed the
measurements of the PSII and PSI parameters in transgenic
Arabidopsis with flavodiiron enzyme from Physcomitrella
patens (Yamamoto et al. 2016) (Fig. S7). The results showed
that although the flavodiiron enzyme can indeed significantly
speed up the establishment of photosynthetic control, it did
not affect the steady-state Y(I)/Y(II) ratio in Arabidopsis. It
thus seems likely that in spruce, the steady-state Y (I)/Y(II)
ratio was not affected by the flavodiiron-dependent pathway
and the most probable explanation of high Y(I)/Y(II) ratios
is the high activity of CET.

Discussion

Acclimation of spruce to different light intensities
does not modulate LHCIl antenna size

Acclimation of the photosynthetic apparatus of Arabidop-
sis plants to different light intensities proceeded via mecha-
nisms considered typical for higher plants. The acclimation
involved modulation of the amount of LHCII trimers, which
is directly reflected by changes in Chl a/b ratio (Fig. 1a)
(Bailey et al. 2001; Ballottari et al. 2007; Koufil et al. 2013;
Wientjes et al. 2013b; Bielczynski et al. 2016).

LL acclimation of Arabidopsis led to an almost 40%
decrease in the PSII/LHCII ratio (Fig. 1c), which is a result
of two simultaneous processes—enlargement of LHCII due
to upregulation of LHCB1, LHCB2, and LHCB3 proteins
(Fig. S1a), and reduction of the number of PSII core com-
plexes (decrease in the PSII/PSI ratio, Fig. 1b) (Ballottari
et al. 2007; Koufil et al. 2013). Under NL conditions, the
dominant form of PSII supercomplexes is C,S,M,, which
binds four LHCII trimers. An increase in the number of
LHCII trimers under LL conditions increases the pool of
trimers, which are loosely bound to the PSII-LHCII super-
complexes. These weakly bound LHCIIs are functionally
connected to PSII and they provide excitation energy to
the reaction center, which increases the light-harvesting
capacity. However, as the transfer of excitation energy from
these trimers to PSII is slower than from the more tightly
attached S or M trimers (Wientjes et al. 2013b), the pres-
ence of weakly bound LHCIIs simultaneously lowers the
quantum yield of PSII photochemistry. In agreement with
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this, LL-acclimated Arabidopsis had lower F\/F\; (Fig. 3a;
Wientjes et al. 2013b; Ware et al. 2015), a parameter used
for the approximation of the quantum efficiency of PSII
photochemistry (Baker 2008). Due to the presence of these
two counteracting effects (better light-harvesting and lower
PSII photochemical yield), there appears to be an upper limit
of the amount of LHCII that is still advantageous and that
leads to a maximally effective light harvesting. Any further
increase in LHCII content would not substantially improve
the light-harvesting function (Wientjes et al. 2013b).

Acclimation of Arabidopsis to HL conditions induced an
inverse response to what was observed for LL acclimation.
In HL Arabidopsis, the relative extent of LHCII antenna
was lowered by more than 50% compared to LL Arabidop-
sis (Fig. 1c). This results from a combination of at least
three processes—downregulation of the LHCB proteins
forming the L and M trimers, downregulation of the mono-
meric antenna protein LHCB6, and an increase in the PSII/
PSI ratio (Figs. 1b and Sla; Ballottari et al. 2007; Koufil
et al. 2013; Wientjes et al. 2013b; Bielczynski et al. 2016).
In addition, HL acclimation was found to upregulate the
LHCBA4.3 protein, which is thought to partially replace the
other two protein isoforms LHCB4.1/4.2 that are present
in the PSII-LHCII supercomplex under NL and LL condi-
tions (Floris et al. 2013; Albanese et al. 2016, 2018). All
these regulatory mechanisms lead to a greater abundance of
smaller forms of the PSII-LHCII supercomplexes (C,S,M,
C,S,) upon HL acclimation (Koufil et al. 2013; Albanese
et al. 2016, 2018).

The acclimation strategy of Norway spruce seedlings
appears to be noticeably different. Our MS analysis indicates
that in spruce, both the protein composition and the rela-
tive amount of LHCII per PSII did not significantly change
during acclimation to different light conditions. This fact
is reflected in the stable value of the Chl a/b ratio (Fig. 1),
a phenomenon described in our previous studies on HL-
acclimated spruce saplings (Kurasova et al. 2003; Stroch
et al. 2008). The hypothesis that the light intensity used in
our HL conditions (i.e., 800 umol photons m~2 s1) is insuf-
ficient to induce Chl a/b increase can be ruled out on the
basis of the fact that no change in Chl a/b was observed
even in 1-year-old spruce needles acclimated to 1200 pmol
photons m~2 s~ (Kurasova et al. 2003).

The size of the LHCII antenna in spruce was consider-
ably larger, irrespective of the applied acclimation light
intensity, and its extent was comparable to LL-acclimated
Arabidopsis, as can be judged from the similar PSII/LHCII
ratios (Fig. 1c). This raises a question about the functional
role of LHCII and its possible involvement in the formation
of PSII-LHCII supercomplexes under different light accli-
mation conditions. Our recent work indicates that spruce
can form unusually large PSII-LHCII supercomplexes with
multiple binding sites for LHCII trimers. Hypothetically, up
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to 18 LHCII trimers can bind in two rows around the PSII
complex (Koufil et al. 2020), which by far exceeds the size
of other currently known large PSII-LHCII supercomplexes
observed, e.g., in green alga Chlamydomonas reinhardtii
(Shen et al. 2019; Sheng et al. 2019). Such a large LHCII
antenna ensures efficient light harvesting under light-limit-
ing conditions and makes spruce LL-tolerant species; how-
ever, it represents a burden for spruce grown in NL or even
HL conditions. Without the ability to regulate the size of its
LHCIL, spruce has to utilize different mechanisms of coping
with the potentially dangerous surplus of excitation energy.

One of these mechanisms may be regulated LHCII reor-
ganization, which is detectable as a change in the long-range
macro-organization of LHCII and PSII-LHCII supercom-
plexes in the thylakoid membrane. CD spectroscopy sug-
gests that the long-range macro-organization of PSII-LHCII
in spruce was generally very low compared to Arabidopsis
(Fig. 6). A low degree of organization is usually connected
with high variability in the PSII-LHCII interaction, which
corresponds to our earlier finding that the random distribu-
tion of PSII complexes dominates in the grana membranes
of spruce. In spruce, PSII complexes are not arranged into
the 2D crystalline arrays (Koufil et al. 2020), which are often
present in other higher plant species (Koufil et al. 2012;
Kirchhoff 2013) and which are one of the probable sources
of the W-type signal bands in CD spectra (T6th et al. 2016).
Interestingly, despite the almost unchanged composition of
protein complexes in the thylakoid membrane of LL and
NL spruce, the acclimation to LL revealed a certain degree
of adjustment, manifested as an increase in macrodomain
organization (Fig. 6b). We hypothesize that this could reflect
the strengthening of interactions between LHCII trimers and
PSII, which is associated with a decrease in Chl fluores-
cence emission from weakly bound LHCIIs (Fig. 5a). On
the contrary, HL-acclimated spruce revealed a strongly lim-
ited macrodomain organization, which could be related to a
weakening of these interactions. Similarly, a drastic reduc-
tion in macrodomain organization was previously observed
in HL-grown cells of C. reinhardtii (Nama et al. 2019) and
was explained mainly by the severely reduced formation of
PSII-LHCII supercomplexes.

Interestingly, the PSII/LHCII ratio was the lowest for HL
spruce (Fig. 1c). This is the exact opposite of what is typi-
cal for HL-acclimated angiosperms (e.g., Koufil et al. 2013;
Albanese et al. 2016; Bielczynski et al. 2016), which tend to
reduce large antenna and thus increase the PSII/LHCII ratio
in HL. The low PSII/LHCII ratio in HL spruce likely results
from partial degradation of the PSII core (see “Results”
section), which is further evidenced by the decrease in the
intensity of the B band occurring at around 30 °C in thermo-
luminescence curves (Fig. S8). The degradation of the PSII
core in HL spruce was not accompanied by changes in Chl
a/b and PSII/PSI ratios (Fig. 1a, b), which implies that PSI
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was degraded proportionally to PSII and that Chls released
during the degradation of pigment-protein complexes were
somehow preserved. We propose that the light-stress-related
proteins, ELIPs and OHPs, could have a crucial role in this
process. These proteins, which were significantly upregu-
lated in HL spruce (Fig. 2a, b), are known to be associated
with PSII core degradation and repair (Rochaix and Bassi
2019) and have been proposed to play an important photo-
protective role. Whereas ELIPs are able to transiently bind
released Chl a and thus prevent the formation of reactive
oxygen species (Hutin et al. 2003), OHPs are important for
the delivery of Chl a to PSII reaction centers during PSII
repair cycle (Li et al. 2019).

Functional consequences of the acclimation
of spruce photosynthetic apparatus to different
light intensities

Our results confirmed that Arabidopsis, a representative
of angiosperms, follows the well-known strategy of higher
plants for coping with changes in light intensity on the
thylakoid membrane level. Apart from the increase in the
PSII/LHCII ratio with increasing acclimation light inten-
sity discussed above, this strategy involves increases in
PSII/PSI, Cyt f/PSI, and ATP synthase/PSI ratios (Fig. 1)
(e.g., Anderson 1986; Bailey et al. 2001; Ballottari et al.
2007). All these adjustments serve to increase the capacity
of photosynthetic linear electron transport at higher light
intensities. These changes were reflected in the balanced and
coordinated increase in the photochemical yield of both PSII
and PSI and in the minimization of regulatory processes
involvement—photosynthetic control and induction of NPQ
(Figs. 7, 8, and S3-S6).

In contrast, spruce showed a completely different acclima-
tion strategy to the changes in light intensity. We observed
no adjustment in the stoichiometry of PSI, PSII, and Cyt f
(Fig. 1) with increasing acclimation light intensity. Upon LL
acclimation, there was also no change in ATP synthase and
LHCII levels. These results show that, unlike Arabidopsis,
spruce does not adjust its photosynthetic capacity through
the adjustment of the relative amounts of protein complexes
involved in primary photosynthetic reactions. In line with
these results, the yields of PSII and PSI photochemistry
were very similar in spruce acclimated to all light intensi-
ties, which was evident mainly at higher intensities of actinic
light (Figs. 7, 8, and S3-S6). The unavoidable disadvantage
of this strategy is, however, the necessity of permanent and
massive involvement of regulatory processes.

Another interesting finding came from the comparison
of relative amounts of photosynthetic protein complexes in
spruce and Arabidopsis (Fig. 1). In spruce, the antenna size
of PSII (PSII/LHCII ratio) and Cyt f/PSI ratio were close
to the levels for LL. Arabidopsis, suggesting that under all

light acclimation conditions, the light-harvesting antenna
of spruce stayed “adjusted” to light-limiting conditions.
However, the PSII/PSI ratio in spruce was constantly high
(Fig. 1b)—its value was similar to that of HL Arabidopsis.
This could imply that there might be a considerable imbal-
ance between PSII and PSI function in spruce, which could
lead to an overreduction of the PQ pool and consequent
rapid closure of PSII reaction centers at higher actinic light
intensities.

To verify this assumption, we analyzed the steady-state
levels of PSII reaction center openness (qL) in all acclima-
tion variants of spruce (Fig. 7d) and compared them to LL
Arabidopsis, which had a similar PSII/LHCII ratio to spruce.
In LL Arabidopsis, the PSII reaction centers were gradually
closed with increasing actinic light intensity. Considering
the higher PSII/PSI ratio in spruce, one might expect that
the PSII closure in spruce would be even more pronounced
than in LL Arabidopsis due to the faster supply of electrons
to PQ pool. However, our data show rather an opposite
trend, suggesting that some regulatory process maintains
more open PSII reaction centers in spruce at higher intensi-
ties of actinic light. We suggest that this process is the non-
photochemical quenching of F; and F,, which alleviates the
excitation pressure at PSII and dramatically reduces PSII
photochemical yield Y(II) (Fig. 7¢). For LL spruce, all the
monitored PSII parameters (NPQ, SV, Y(II), and qL)) were
very similar to LL. Arabidopsis. However, in NL spruce, we
observed a much higher level of NPQ than in NL Arabidop-
sis, as it reached values up to 3—4 at actinic light intensi-
ties > 400 umol photons m~2 s~!. The induction of such high
NPQ requires high lumen acidification, which, in general,
can be achieved by low ATP synthase activity (Rott et al.
2011) and/or by highly active CET (Miyake et al. 2005). In
spruce, it appears that both these mechanisms acted in uni-
son, when compared to Arabidopsis, as spruce had a mark-
edly lower amount of ATP synthase per PSI (Fig. 1f) and
higher Y(I)/Y(II) ratio (Fig. 8d).

In LL Arabidopsis, the kinetics of NPQ induction and
its dark recovery was very slow (at actinic light intensi-
ties > 400 umol photons m~2 s~!) and a similar phenomenon
was observed in LL and NL spruce (Figs. S3a and S4a). In
all these plants, a part of light-induced NPQ did not recover
even after 15 min dark adaptation and we ascribe this to the
formation of “locked-in” NPQ. The origin of this type of
quenching seems to be related to the existence of loosely
bound LHCIIs (Fig. 5a) and the induction of relatively high
SV, (Fig. 7b). Similarly slow NPQ relaxation, as well as
the appearance of the “locked-in” NPQ, has been described
earlier on various systems where LHCIIs were weakly bound
to PSII (Belgio et al. 2012, 2018; Ware et al. 2015; Karlicky
et al. 2021).

In HL spruce, the high “locked-in” NPQ was perma-
nent and led to persistently low maximum Y(II) (i.e., low
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Fy/Fy; value). The maintenance of this highly quenched
state requires not only high amount of loosely bound/
detached LHCII (Fig. 5a) but also a persistently high dark
level of DEPS (Fig. 4a), i.e., high amount of zeaxanthin,
which is crucial for the formation of quenching centers. The
“locked-in” NPQ observed in HL spruce partially resembles
the “sustained NPQ,” which is induced in spruce in win-
ter. However, during the “sustained NPQ,” the quenching
was attributed to a direct energy transfer from PSII to PSI
(the so-called spillover) and was connected with a much
more pronounced decrease of Fy/Fy; (e.g., down to 0.2) and
with dramatic quenching of PSII emission in 77 K emission
spectra (Bag et al. 2020; Grebe et al. 2020). As we did not
observe these characteristics in our study, the mechanism of
the “locked-in”” NPQ in our HL spruce is probably different.
It is most likely based on the zeaxanthin-dependent forma-
tion of aggregates from LHCIIs, which are characterized
by fluorescence emission at about 700 nm in 77 K emission
spectra (Fig. 5a).

The analysis of the PSI function in LL Arabidopsis
showed that, for higher actinic light intensities, there was a
pronounced limitation of electron transport at the donor side
of PSI, i.e., high Y(ND) (Fig. 8b). As this increase in Y(ND)
coincided with the decrease in qL (Fig. 7d), this response
reflects the induction of pronounced photosynthetic control
on the level of Cyt bsf complex. This regulatory process
slows down the electron transport from the PQ pool to PSI
(for areview see, e.g., Tikhonov 2013) and keeps P700 oxi-
dized, which is crucial for the photoprotection of PSI, as
P700% acts as a non-photochemical quencher of absorbed
light energy (e.g., Bukhov and Carpentier 2003). In spruce,
the photosynthetic control at the level of Cyt b,f was less
pronounced and was partially substituted by the strong NPQ,
which by itself slows down the linear electron transport.

Conclusion

In this study, we found that spruce seedlings follow the char-
acteristics of shade-tolerant plants, i.e., they have a large
LHCII antenna (similar to LL-acclimated Arabidopsis). In
Arabidopsis, a shade-intolerant plant, acclimation to HL
conditions results in a massive reduction of LHCII, which
appears to be necessary for optimizing its photosynthetic
capacity and balancing the functions of PSII and PSI. In
spruce, however, there is no such reduction of LHCII in HL.
conditions. This raises an interesting question of how spruce
is able to tolerate HL, despite the fact that its light-harvesting
apparatus appears permanently adjusted to LL. We propose
that the answer may lie in the ability of spruce to induce
massive NPQ in its antenna system (Fig. 7)—much higher
than what was observed for LL Arabidopsis with a similarly
large PSII antenna. We suggest that one of the reasons for
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the unusually strong NPQ is higher acidification of thylakoid
lumen because spruce has more active CET and a lower
relative amount of ATP synthase than Arabidopsis (Figs. 1f
and 8d). In Arabidopsis plants, which optimize their light-
harvesting antenna size to particular light conditions, the
induction of extremely high NPQ (i.e., strong lumen acidifi-
cation) is not necessary. This allows them to increase the rel-
ative amount of ATP synthase and thus improve their overall
photosynthetic performance, which represents a substantial
evolutionary advantage in HL environments.

Beyond the strong induction of NPQ, we revealed that
spruce also has other mechanisms to help it to cope with
long-term exposure to excessive light. When the light inten-
sity exceeds the capacity of the energy-dependent NPQ,
spruce downregulates the amount of PSII and PSI com-
plexes and induces “locked-in” NPQ. Although the latter
might appear disadvantageous as it permanently lowers the
photochemical yield of PSII (low Fy/F) ratio), it is probably
crucial for the survival of spruce during long-term expo-
sure to HL. The formation of “locked-in” quenching cent-
ers (aggregated LHCII, probably with zeaxanthin) coincides
with the synthesis of stress proteins, which can bind Chls
released from degraded photosystems.

An interesting question is whether the loss of LHCB3 and
LHCB6 proteins in spruce somehow affects its light acclima-
tion strategy. The shade-tolerant tropical evergreen angio-
sperm Monstera deliciosa has been reported to have a simi-
lar response to HL as spruce—formation of high “locked-in”
NPQ, synthesis of stress proteins (Demmig-Adams et al.
2006). As Monstera belongs to Araceae family, whose repre-
sentative has been shown to possess genes for both LHCB3
and LHCB6 (Michael et al. 2017), it seems that their absence
is not a prerequisite of these phenomena. Nevertheless, the
loss of LHCB3 and LHCB6 can be a result of evolutionary
pressure imposed on spruce by exposure to HL conditions
(Kouril et al. 2016). It is possible that this unique feature,
observed only in Pinaceae and Gnetales, contributes to better
photoprotection in these plants. As the absence of LHCB3
and LHCB6 appears to weaken the binding of LHCII trim-
ers to PSII (Ilikov4 et al. 2021), it is possible that the loss
of these proteins leads to a higher number of weakly bound
LHCIIs, which in turn enables a stronger induction of NPQ
and the formation of more “locked-in” quenching centers.

It is possible that the formation of “locked-in” quenching
centers and the induction of massive NPQ (associated with
weakly bound LHCIIs and a higher level of photosynthetic
control) is a common response to HL in all shade-tolerant
evergreen plants. These plants, which include a large group
of non-flowering plants and perennial angiosperms, appear
to have a low ability to regulate LHCII size, i.e., they have
stable Chl a/b ratios (see Ferroni et al. 2016 for lycophytes,
Gerotto et al. 2011 for bryophytes, and Murchie and Hor-
ton 1997 for shade-tolerant angiosperms). The specific light
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acclimation strategy we described in spruce may be common
to many shade-tolerant plants, even from evolutionarily dis-
tant plant groups in the land plant kingdom. This phenom-
enon deserves to be thoroughly studied.
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tary material available at https://doi.org/10.1007/s11120-022-00949-0.
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