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Abstract

Oxygenic photosynthesis sustains life on earth by converting solar energy into sugars. The initial steps
of this procesg the socalled lightdependent reactions involve four protein complexes embedded

in the thylakoid membrane system of the chloroplast] lead to the synthesis of NADPH, ATP and the
pumping of Hin the luminal compartment. Lightarvesting and the activation of photochemistry are
mediated by two pigmenbinding protein complexes: Photosystem Il (PSIl) and Photosystem | (PSI),
while Cybchromebsf transfers electrons between photosystems and the Ayithasecomplex uses

the transmembrane Hgradient for the synthesis of ATP.

The PSII supercompléx equipped with an antenna system which enhances the absorption cross
section of the core complex enabling the harvesting of sufficient solar radiation inlitigted
environments. The excitonic energy is then transferred to the P680 Reaction CdbjaigRwo main
chromophore chain routes. The first route reaches the inner CP43 subunit and D2 (PsbD protein) from
an outer antenna cluster composed of CP26 and théiSlIl trimer (S = strongly bound). The second
route reaches CP47 and D1 (PsbA) fromMRkeHCII (M = moderately bound LHCII trimer) through the
monomeric antenna proteins CP24 and CP29 (see graphical abstract).

However, PSII efficiency and stability is challenged by concomitant environmental stressing conditions
leading to photoinhibition ultimately restraining plant productivityn natural environments, light
conditions are extremely variable. Regular diurnal fluctuations and sudden shading effects caused by
overcasting clouds or neighboring vegetation intermittently expose photosynthetic organisms to
excessive radiation with respt to their capacity for metabolic reactions. This situation results in the
formation of singlet state excited chlorophyll€hl*) and, via the intesystem crossing (ISC), of triplet
excited state chlorophyllSChI*).2Chl* readily reacts with £producing'O. and other reactive oxygen
species (ROS) which damage PSII and cause-pthibition of photosynthesis. Carotenoid pigments
bound to the antenna proteins counteract these effects by quenching single and triplet states of
chlorophylls and directly particigte in ROS scavenging.

Another fundamental photoprotective mechanism employed by all photosynthetic organisms is the
so-called NonmPhotochemical Quenching (NPQ), which permits the promptexstation of
chlorophyll excited states in excess through the release in the form of h&dditional
photoacclimation mechanisms are activated in response to fluctuating light intensities which involve
resizing and composition of the PSII peripheral antenna system, which undergoes dynamic structural
changes to adjust the number of intercept@hotons and the energy conveyed to the RC, thus the
overall excitation pressure and the probability ROS production.

Among the members of the extendédhcsuperfamily, CP29 ficb4locus) has a special status, being
involved in the abovenentioned energy dexcitation pathways. ThArabidopsis thalian&olLhcb4
mutant exhibits an increased photosensitivity and an impaired PSIlI antenna assembly.

CP29 is encoded by thrdehcb4isoforms which are differentially expressed depending on the
prevailing environmental condition. Here, we focused on the different CP29 isoforms employing both
in vivoand in vitro approaches. First, we implemented a recently developed method of studying
pigmentprotein complexes in near native environments by embedding the purified pigment
complexes into s®F f t SR ayl y2RA&aA04a¢ odavYltf LI NIdfaSa 02y
MembraneScaffolding Protein belt, M$PNanodiscs enable the maintenance of hydrophobic
proteins (such as LHC) in solution and in a structural conformation mimicking the thylakoid
environment. In contrast with the previously adopted systems, namely detergent micelles and
liposomes, the partie size of nanodiscs is far smaller. This is particularly suited for-fatita
spectroscopical investigations, which are extremely sensitive to light scattering phenomena, affording
reliable analysis of structurinction relationships through mutationanalysis of pigmenrbinding
residues of protein. In parallel, we performed nvivophysiological assessment and phenotypical
analysis of the effects caused by introducing mutated CP29 versions in response to stressing
conditions. Moreover, we investigated, at molecular level, the structural changes caused by the



substitution of wild type CP29 with alternative isoforms harboring single amino acid mutations of
chlorophyll binding residues.

The possibility of enhancing plant productivity by genetically engineering photosystems relies on the
knowledge of the structuréunction relationship between individual photosystem subunits and their
assembly into supecomplexes. While the genes encodimgction center subunits are evolutionary
conserved, implying that a single solution efficiently serves photochemical reactions, the variability of
genes encoding LHC proteins is far greater, with approximately 30 genes being differently expressed
dependng on environmental conditions in the model speddeabidopsis thalianaTl his consideration
prompted us to explore engineering solutions of PSII antenna system components.

In summary, this thesis work investigates the correlation between structural features of selected LHC
members with their function by looking at spectroscopic and physiological level. Although this
research approach is still in its infancy, we demonstrétedeasibility and potential use towards the
rational engineering of the photosynthetic apparatus to achieve higher light use efficiency and crop
resilience under environmental stressing conditions.

Lhcb4d 1 - Lheh1/2/3 Lhcb4 Lheb1/2/3

Graphical abstract showing the overall structural organization of the dimeric PSIl supercomplex (s.c).
In angiosperms, the PSII s.c. consists of a dimeric core complex. Each moiety includes (i) a reaction
center where the charge separation takes place 4Bd D2 proteins); (i) an inner antenna system
made of the chlorophyll a binding proteins CP47 and CP43; and (iii) an &yapeing Complex, OEC)
where water is oxidized to extract electrons that are subsequently channeled to the electron transport
chain Tre dimeric structure is surrounded by a large peripheral antenna system consisting of arrays of
trimeric LHC protein assemblies connected to the PSII core via the monomeric antenna proteins CP29
(Lhcb4) CP2gLhcb5rand CP24Lhch6) The PSII supercomplex is embedded in the galactolipid bilayer

of the thylakoid membranes with the OEC complex facing the luviedlow and orange arrows in the

left panel show the energy transfer routes from the outer antennas to the inner core, hiiglglitite

key localization of CP29 (Lhcb4) which acts as excitonic bridge undsatocating light condition.

On the right panel, the linear and zggging red arrows represent, respectively, energy fluxes and
thermal energy dissipation in satunag light conditions. Several components involved in dight
harvesting and energy dissipation, including CP29, are useful targets for engineering the
photosynthetic apparatus.



Chapter 1 General introduction






1.1 Oxygenigphotosynthesis
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1- the light phase solar energy is harvested and exploited to prodhaghtenergy compound
ATP and reducing power (NADPH)accordance with the following reactians
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2- the dark phasethis phasedoesnot dependon lightif ATP and NADPH are available. These
two chemicals are crucial to sustain JJQation into glyceraldeid&-phosphate (GAP) the
building block of a wide range of compounds including sugars, produced in plants chloroplasts

through the CalvirBensonrBassham cycl@Bassham et al., 1950he overall process of dark
phase is here summarized:
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1.2 Thechloroplast
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1.3 Photosynthetic pigments in higheplants
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Internal conversiolC, or norradiative emission): is a form of ngadiative decay in which

the excitation energy is released as heat. It characterizes the relaxation that occurs between

different vibrational suHevels within an excited state as well as theakeitationbetween

the S and S states. The process takes place in a time betweet 46d 10's;

Radiative emissiarit consists in the release of a photon, with a wavelength greater than that

of excitation, whiclcan be thefluorescence, in the case in which the decay concerns a singlet

excited state, othe phosphorescence in the casétriplet excited state.

Fluorescence is a phenomenon that occurs in the order 8£1M° s and involves a transition

from the lowest vibrational levslof the excited electronic state. This occurs because the

fluorescence mechanism is anticipated by vibrational relaxation (IC) which has faster kinetics.

The reason why the wavelength of the emitted photon is greater than that of the absorbed

photon is dueto the phenomenon of internal conversion mentioned above. The difference

0S06SSy (GKS SEOAGLE (A2 fieStoeBRshiB YA aaA2y < A& Y2

Phosphorescence arises whenebecitation involves a triplet excited state. The lifetime of this

excited state is relatively long and ranges fronf $@o a few tens of seconds, clearly higher

than those characterizing the emission of fluorescence.

The Pauli exclusion principle states that two electrons in the same quantum state cannot have

parallel spins. Thuysipon excitation, the formation of a singlet state is favored over that of a

triplet; the latter, having parallel spins, requires a spin inversion to form. This explains why

the energetic decay through phosphorescence is unlikely to occur, even if incas@®eit can

occur to a significant and detectable extent. The process of spin revétlatift generates

the triplet excited state is caltkintersystem crossing (ISC). This event is possible because the

lowest vibrational level of the :State is found to have energy comparable to that of the

vibrational levels of the Istate.
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- Transfer of excitation energy molecule in an excited state can transfer its energy to an
adjacent norexcited molecule through exciton transfer, which occurs in picosecond$€1.0
Two different ways in which this process can take place are known (Knox, 1977): transfer by
exchange resonance (also called electron exchange), and dljpuk resonance (or
Coulomb coupling of dipole moments).
In exchange resonance energy transfer (Dekgpe mechanism), two molecules form a
collision complex in which electron clouds overlap. This allows the transfer of the excited
electron from molecule D* to molecule A. To restore the conditions of neutraflityolecule
D, thisreceivesin exchangean electron in the ground state from molecule A. The minimum
distance between the molecules involved cannot be greater by 10 A, for such a transfer to
occur (van Amerongen et al., 2000).
In the dipoledipole resonance transfer (Forstgme mechanismFRE] the excited electron
of the donor molecule D enters in resonance with an electron in the ground state of the
acceptor molecule, to which it transmits the oscillatory movement, relaxing. This transfer is
induced by the electromagnetic field originatingrh D* and therefore does not require direct
contact of the twomolecules buit is favored by their relative proximity (up to 100 A) and by
the correct reciprocal orientation, so thatéhransient dipole of D and A are parallel. For this
event to take place it is necessary that the emission spectrum of D* overlaps, at least in part,
the absorption spectrum of A. Since a small part of the energy is lost in the transfer, the
acceptormoledzf S& gAff 0&d2ND LK2d2ya 6A0GK < x 6A0K
by the donor molecules (Forster, 1965; Sener et al., 2011).
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The photosynthetic pigments that absorb a light quantum and transfer the excitation energy
by resonance to another adjacent pigment are called antenna pigments and will be described
later.

- Photooxidation refers to the excitation energy decay process in which the donor molecule
D* oxidizes by transferring the excited electron to a nearby acceptor molecule A, which is
reduced. In this way a charge separation event takes place (DbHBAr A) which constitutes
the photochemical reaction, the engine of photosynthesis. This procesas lif@simein the
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1.4 Pigmentbinding complexes
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1.5Thelight phase of photosynthesis
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1.6 The Dark Phasef Photosynthesis
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1.7 Photooxidative stress and photprotection mechanisms
M O DB S NI aEeyTEYTO SISO S &

LYy LINB@A2dza aS0Oe2yaz ¢S NBLR2NILISR 2y fAIKIG KI NBS:
SEOS&aa LK2G2ya GKIG OFlyy2d 6S YIyl 3SR 0l (i&S LI
GSEQS\ERYRAGAYELE I YR Oly @FNE RSLSYyRAYy3a 2y 2GKSNJ
altAyAdGe YR ydzZiNASyd RSUOASyOe 6KAOK OFy SEI OSN
¢KS (ddzy A I NPBadWMBKOFI LI OAGex Ay NBalLkryasS G2 OK
Fdzy RFYSyYyildlf FT2NJ LK2G2aéyiKSaO 2NHIYyAAYAa G2 ol f I
¢t2 BKREZIZINRPLIKAO 2NHAlFIyAaYa RSGOSt 2 LISRo NEAIE Y (2B
G022y AaSNIJRB VS & KLl MBEHEISOG G2 SEOAGlIoa2y SySNHeod ¢eéL
I f AIKG &l Gdz2NF e2y Odz2NBS GKIFd OFy 06S RAGARSR Ayl?
FIHOG2INK2W2Ra ey G KSaAa NI GS QANYIShHMIRE e A yio NESA HKSSHNI gM NI
fAYAoy 3 TFI OiockiNG S5 Sa0d20YaSiaNd/GhS 0 Yy R RH/ G % ZAyildkR S oACE KNI
AYOGSYAAGSOT G Al GdzNr ay3ad fAIKGZT (GKS dzaSOSANT NI ¢itS 2y
wdz. ABY hdPKSaSLIK2yRad2EYa RA&&AALIGS SEOSaa SySNHe
LIK2G288y(iKSa0O NIYGSE NBFOKAY3 | LI I GSEHdzd LF GKAA
RNJ & o®l REONY LI 2 (i 2 30&hydliSNKadzd SSNPORAIS i Geds Mo 0
9EOSaa fAIKG O2ZASDNBYAr DRAEFENRBYR LR2GSyaltte& RIy
aLISOASE a4dz0K "ma ANYAGRENREEAIZIE YOI NB 160 SO T FALBIRINIS S
LINE GISYWRAE Y QW RHEM Y H2 2 EA R 6 OB RAfYI §& | £ 0T MEBpAT Sdia
I tH D™ U
ROS are continuously produced in photosynthetic apparatus, and Chls play a crucial role in that, acting
as potential photosensitizers. The main ROS generating centers are: Lhcii; R8H PSI. When
photosynthesis is saturated PQ is fully reduced to R@tds Q cannot further reduce PQ$0 one
electron recombines with P68@rming'P680* which undergoes transition to its triplet stat®680)
(Melis, 1999)Also, PSII antenna system digint absorption excites Chl to the singlet statelfl) that
can be converted into triplet stateéChl) by intersystem crossing (ISC) before excitation energy is
captured by RO&KriegerLiszkay, 2005)Jnder EL conditions, the probability of Chl singlet state being
accumulated is higher. Increasing the lifetime@H() favors the formation of the*Chl) by ICS. The
latter is a longlasting reactive specie (time scale of ms) which can react with molecular oxygen
producing dangerou$0, (Havaux& Tardy, 1996)PSI can also produce ROS, although P7a® a
lower oxidizing power compared to P6§@&sada et al., 1974When the electron accepting capacity
of PSI is saturated, ferredoxin electrons can interact directly with the superoxide radical afijon (O
that produces oxyge(irikkaner& Grebe, 2018)(* is a shoriliving reacting specie and rapidly reacts
with water forming HO,2 NJ h1 X (g2 | 3aANBaaAdS NBFOGADS aLISOA
To avoid detrimental effects of ROS, plants evolved several photoprotective mechanisms to cope with
EL conditions at different time scales; these mechanisms can be distinguished based on their function
(Niyogi, 1999)
Shortterm photoprotective mechanisms include the following:
1 ROS detoxification: ROS are detoxified thanks to the action of antioxidant molecules (such as
Cars, tocopherol, or ascorbic acid) and enzymes as Superoxide Dismutase (SOD).
1 Non Photochemical Quenching (NPQ): when PSII is saturated plants can dissipate excess
energy as heat, thus contributing to lower excitation pressure on PSIl RC (see also section
1.7.2)(Niyogi, 1999)
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1 Xanhophyll cycle the xanthophyll cycles consist of forward reactions which take place
during illumination of plants or algae with high light illumination and back reactions which
revert the forward reaction duringeriods of low light exposure or darknegs.plants, this
is achieved through the conversion of the violaxanthin into zeaxanthin and vice versa (Goss
& Latowski, 2020)

9 State transitionThis mechanism results in balancing the absorbed light energy between PSII
and PSI under varying spectral composition of light. This is possible thanksnbigtiation
of the main LHCII antenna froome photosystem to anothemodulating the corresponding
antenna crossection thus balancing the electron transpaotain(Wollman, 2001);

1 Waterwater cycle: when PSI is saturated ferredoxin can directly interact with oxygen
producing superoxide, this ion is converted intgDk-by SOD and then to water lagcorbate
peroxidasgAsada, 1999)

1 Chloroplast movement: chloroplasts can move in a plant cell to avoid excess light that could
damage organelle functionality (avoidance) or, on the other hand, maximize the absorption
surface under limiting light conditions (accumulati¢Wjada, 2013)

Longterm photo-acclimativemechanisms include:

1 Antenna size modulation: plants can produce or degrade LHC protein to adapt light absorption
based on quantity and quality of absorbed lighscoubas et al., 1995)

1 Modulation of enzyme biosynthesis: Calvin cycle, ATP production, electron transport chain
proteins and LHC proteinamount can be modulated depending on the growth conditions
(Albaneseset al., 2A.8; Flannery et al., 202Moejes et al., 2017)

1 Heliotropism: the movement of leaves in a way to optimize light intercepigimeringer&
Forseth, 198Q)

MOTDRHE 2 (2 OKIRISNYODIHSE YBFENR A AA LN a2 Y

As mentioned above, the formation 8€hl state is an intrinsic property of Chls, leading to the
production of ROS in the close proximdy PSHRC or the PSIl antenna system. In more details,
deexcitation of!Chls* excited states can follow three competitive ways: (a) photochemistry (gP), (b)
it can beremitted as fluorescence (F), or (c) dissipated as KERQ). In limiting light conditions most

of the excitation energy is used to drive photosynthesis and produce ATP, a low percentage {about 1
2%) is emitted as fluorescence and only a small amount is dissipated as heat. In EL, when electron
transport chain g saturated, photochemistry igrtually blocked and excess energy is dissipated as
heat thus shortenindChl lifetime and avoiding (or reducing) ROS formation. NPQ can be monitored
in vivo as a lightdependent leaves Chls fluorescence quenching, thanks to special fluorimeters
(PAM=Pulse Amplitude Modulation system) (Fid) (Brooks& Niyogi, 2011) Several processes
contribute to NPQ amplitude, affecting fluorescence rise and decay, these can be organized into:
GEnerd T I GA2Yy 6 2 Hepelidérd fyuericling RGED With hdifne of about 1 minute),
intermediate quenching component (gZ, gM half time of3M minutes) and the photoinhibitory
guenching (ql, half time of hours). In recent years, gl has been dissected into two components: gl
itself, caused by photoinhibition and photodamages, and gH, a sustained photoprotective slow
relaxing quenchingomponent(Malnoé et al., 2018)
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Fig.14| Typical PAM fluorescence trace on Arabidopsis leaf showing induction and relaxation of
NPQ.Source(Ruban, 2017)

1.7.3Theenergzation quenching (qE)

In excess light conditions, when electron transport chain is saturated, thylakoids/Affasecannot
produce ATP due to the lack of its substrates ADP and Pi. Thus, the protons accumulated in the lumen
as a result of ET cannot return to the stroma and causes hyper acidification of the lumen. Lumen
acidification is the trigger for qE induction, whiis activated in a time scale of about@D seconds,

fast enough to cope with natural sunlight fluctuatigMdiller et al., 2001) The need for lumen
acidification in gE induction has been demonstrated by treating plants with nigericin, an ionophore
RNYz3 AYKAOAGAY3 kLI F2NYI {{Takdhhshi efiakK, @09 LadBs@tiSey G A v 3
low pH in the lumen has been shown to activate at least two events: the xanthophyll cycle (VDE
conformational changes are induced by acidic conditions, thus determining Vio conversion into Zea)
(Adams et al., 1996)nd the protonation of specific lumerxposed residues of PsbS, a pigmless

protein belonging to the LHC fam{ipominici et al., 2002PsbS is able to sense pH thanks to two Glu
residues (Ghi22, Glu226) arranged symmetrically and exposed to the lumeside of thylakoids,
site-directed mutagenesis on these two residues completely abolished gE induction, as observed in
the koPsbSArabidopsisnutant (hpg4-1) (Li et al., 2004)The precise location of PsbS is still under
debate; itis localized in the grana but is not present in ti&stipercomplex and neither in the&M,

(Nield et al., 2000; Caffarri et al., 200Bgrgantino and cavorkers showed the existence of reversible
interactions, involved in NPQ control, between PsbS andaR&ihna proteinsg(Bergantino et al.,

2003) consistently, in more recent years similar evidence have been reportéshicharz et al., 2017)

As shown in several studies, Limbteins are the best candidates for hosting qE quenching sites. The
contribution of single Lhcb moieties in gE activation has been widely studied thanks to reverse genetic
approaches. The availability of insertional knockout linesltiocb4, lhcb5 and Ihcb6 showed the
fundamental role playeth vivoby Lhcb4 / CP29 in NPQ fast activation, while Lhcb5 / CP26 and Lhcb6

/ CP24 appear not to be involved in the mechan{dmBianchi et al., 2008¢e Bianchi et al2011) In

2014, an RNA interference analysis was applied to knock down the main components of LHCII, namely
Lhcbl and Lhcb2, showing a dramatic decrease in gE ianthlehcbllines and negligible effects in
amiLhcb2(Pietrzykowska et al., 2014kolhch3 mutant did not show significant effects on qE
(Andersson et al., 2003)lowever, no single Lhcb mutant showed a complete depletion of gE showing
redundancy in LHCs gene family.
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In 2017, Dall'Osto and colleagues produced M@M mutant, a triple knockout mutant unable to
accumulate the Lhcb4, Lhcb5, and Lhcb6 proteins that showed slower gE kinetics compared to WT
suggesting the role that monomeric antenna proteins play in NPQ activaiigng t £t Qh a2 Sd | f
However, very recently, the production of tidoLHCIlutant, produced by crossing themiLhcbl
andamiLhcbdines, retaining all monomeric antenna proteins and about 5% of trimeric LHCII showed
gE kinetics very similar &hl, proposing LHCII as a unique quenching site between the outer antenna

of PSI(Nicol et al., 2019)All this contrasting evidence contributed to the definition of different NPQ
activations models designed to settle the role of Lhcb, PsbS, xanthophylls and RCs.

Similarly, in algae, the increase inintiak @ f  { 2 ARIt npLId | OGAGIGS G(KS EIy
protonation of the protein sensor LHCSR. However, this protein retains chromophores such as
chlorophyll a and carotenoids suggesting the ability of LHCSR protein family to cover the double role:
pH sensing and heat dissipation.

It is worth noting that in mosses, suchRisyscomitrium paten®volutionarily intermediate organism

in between plants and algae, both PSBS and LHCSR are expressed and involved in photoprotection
(Gerotto et al, 2011)The phylogenetic analysis of thesproteins suggests that the evolati of PsbS

mediate quenching is more recent with respect to the LH@8&ated andin P. patensthey are
independentlyactive. Themutants lacking PSBS or most of the LHCSR praigtisgnd Ihcsr1KO,
respectively) are still capable of significant NPQ. Although mutual interactions cannot be excluded,
their effect appears to be additive, consistent with the observation that in conditions of maximal NPQ,
fluorescence quenching . patengs faster and stronger than irabidopsisConsistentlyihcsr1KO

plants, missing most of the LHCSR protein, show an NPQ amplitude comparable tottadtiddpsis
plants(Alboresi et al., 2010).

1.7.4Xanthophyll cycle

In response to changes in environmental radiation, the composition of carotenoids within the
thylakoids undergoes changes. Violaxanthin, anteraxanthin and zeaxanthin are the three most
relevant carotenoids with regard to the adaptation of the photosyntbegpparatus to fluctuations in

light intensity. These molecules, in fact, take part in thecalled "xanthophyll cycle”. In this short
pathway, two enzymes located on opposite sides of the thylakoid membrane operate. Zeaxanthin
epoxidase (ZEP), present the stromal side of the membrane, uses O2 and NADPH to epoxidize
zeaxanthin to violaxanthin via the antheraxanthin intermediate. ZEP has an optimal pH around 7.5 and
a constitutive activity not regulated by light. The enzyimlaxanthin De-Epoxidase (VDE),
responsible for the formation of zeaxanthin, has an activity strongly influenced by the excitation
pressure on the photosystems. A strong light intensity, which saturates the electron transport
producing an oveacidification of the thylakinl lumen (pHof less than 5.5), activates VDE (Gilmore &
Yamamoto, 1992). In this condition the enzyme, which at higher pHs is found in free form in the
luminal environment, undergoes a conformational change and binds to the membrane, catalyzing the
epoxidation reactia. The accumulation of zeaxanthin in the thylakoids correlates with the activation
of the thermal dissipation mechanism (Niyogi, 1999; Holt et al., 2005). The Violaxae@mkanthin
reaction is reversible: when the light is no longer in excess, the ptieofumen progressively
increases, VDE is deactivated, ZEP takes over and the levels of violaxanthin increase, until it becomes
the only one present of the three, under limiting light or dark (Bouvier et al., 1996).
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Fig. 5| Schematicepresentation of xanthophyll cycle (Niyogi et al., 1998).
1.7.5State transitiors

As PSI and PSII work in series, a balanced excitation distribution between the two photosystems is
required for optimal photosynthetic efficiency. However, PSI and PSIl have different absorption
spectra and during the day the light spectral composition daange depending on the time of the

day and the position of the leaf in the canopy (Cr8cean Amerongen, 2014; Johns&nWientjes,

2020). At twilight, when the sun sets below the horizon, the ambient light becomes relatively enriched
with colors of shaer wavelengths due to the increased amount of ozone absorption (Spitschan et al.,
2016). Blue light of 46@190 nm is more readily absorbed by PSII, thus resulting in overexcitation of
this photosystem when it is in state 1. Instead, below a canopy the drhal red part of the sun light

is absorbed by upper leaves and the spectrum is enriched in green aretlfaght. The red forms of

PSI absorb the light above 700 nm, thus resulting in overexcitation of this photosystem (Coombe,
1957; Hogewoning et aR012; Johnso& Wientjes, 2020).

State transitions form the weknown acclimation mechanism that rebalances the excitation pressure

on the photosystems by relocating LHCIl between PSI and PSIl (Allen, 2003; Rochaix, 2014;
GoldschmidiClermont& Bassi, 2015). When PSII is overexcited the STN7 kinase phosphorylates the
Lhcbh2 isoform in the mobile pool of LHCII trimers. The STN7 phosphorylated LHCII complex moves to
PSI (State 2), where it binds to the PsalL/H/O site of the PSI core and forntsrardigisistant PS|
LHCGELHCII complex (Baflore et al., 2005; Kouril et al., 2005; Galka et al., 2012; C&@affarri,

2015; Longoni et al., 2015; Pan et al., 2018). Instead, when PSI receives too much excitation energy,
the LHCII is dephosphorylated by the TAP38/PPH1 phosphatase and moves to PSII (State 1; Pribil et
al., 2010; Shapiguzov et al., 2010).
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Fig. | Mechanism of state transitions in plants. (A) The plant photosynthetic thylakoid membrane is
divided into stacked grana and unstacksttomal lamellae domains. PSII and LHCII are concentrated
mostly in the grana, whereas PSI and ATP synthase are exclusively found in the stromal lamellae. cytb6f
is found in both domains. (B) When light conditions favor PSII excitation, the plastoquecinene

carrier pool becomes reduced (PRHhis activates the kinase STN7, which phosphorylates LHCII. (C)
Phosphorylation of LHCII (forming LHgWweakens the lateral and stacking interactions that sustain

the grana structure and leads to increased@sation between PS| and LHCII. (D) Association of LHCII

P with PSI rebalances the relative excitation rates of PSI and PSII, allowing reoxidation of the
plastoquinone pool (to PQ). The state transition is reversed by the phosphatase TAP38, which
dephosplorylates LHCII when PSI excitation is fav@iredn Wood & Johnson, 2020).
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1.8 Studyingquenching mechanisms in vitro

Living organisms are complex systems. This means that their physiology and behaviour are determined
by many components that can dynamicafijeract each otheat different timescaleThis is also true
for the photosynthetic processas largely described till now. The multicomponent nature of
photosynthesicould sometimesnake the data interpretatiomifficult. For this reason, alternatives
are used for the comprehension of molecular detail of these processes, such as the in vitro analysis on
isolated elemend. The principle is based on the conservation of some spectroscopic features in
isolated systems respect to living organismhis is trueespeciallyfor ultrafast processes such as
pigmentpigment energy transfer and energy quenching mechanisms. Even if the NPQ requires many
elements to be activated and it requirggnutes to be generates, other energetic quenching processes
are still active inside pigmesiitinding proteins (e.g., quenching of singlet and triplet excited states of
chlorophylls and ROS scavenging). These motivations prompted us to use in vitro aoalysis
disentangle the molecular details of quenching processes.
/| dZNNBy Gt e GKS LINAYFNE LINRBLRASR YSOKIFyAayYa F2NJ |
1. Energy transfer from Chly@ Car @ this model suggests that gEcurs upon aggregation
of LHCII, resulting in a conformational change that facilitates energy transfer from Chl a to a
low-lying excited state of Lut bound to site L1 of LHRban et al., 2007 A similar
guenching pathway has been observed in moss LHCSR1, where it is activated through rapid
energy transfer from excited Chl a to thesgte of ZeaRinnola et al., 2016 while in algae
LHCSR, Lut is involv&@bfente et al., 2011
2. Chargetransfer (CT) quenchinthis model proposes that qE activation involves charge
separation within a CHea heterodimer, generating a transient Zea radical cation’(Zea
(Holt et al., 200% This process has been observed in monomeric LHC proteins of plants but
does not occur in LHCII and involves the Chl paira(688/A5 and Chh609/B5) located
near the Cabinding site L2Guardini et al., 2020
3. ChIChl interaction quenchinghis mechanism suggests that Cars may not play a significant
role in photoprotective quenching processes. Instead, it proposes thatdogl dissipative
electronic states are produced by excitonic coupling between Chls, resulting-&hifest
emission aZ00 nm Miloslavina., 2008
4. ChiCar interaction quenchingimilar to mechanism 3, this mechanism proposes that
excitonic interactions occur between Chl and @Gade et al., 2000

Chl Qy to Car 51 Chl-Car Chl-Chl Charge-transfer
energy transfer interaction quenching interaction quenching quenching
ChlQ CarS1: ChlQ
Chl Q m S— — e (Partial) charge translocation chiq, Chl-Car®
from the donor
CarSi — () |-Car* to the acceptor Chl Chl™ Car*
Excitonic states s CHI-Chl*
hv hv delocalized over hv hv
Chland Car Charge
recombinantion
to
Ch e Chlede Chl et e Chl ! Chlemm Chi-Car

CAI@ NBLRAGKROME I NJ YSOKEFYAAYE T2N OKE 2NRLK&atf bdz
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1.9 Membrane nanodscs
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1.10 Aim of the thesis
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Chapter 2 Methods - Assessing
photoprotective functions of carotenoids in
photosynthetic systems of plants and green

algae
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